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Editorial on the Research Topic 


Interactive effects of plant growth-promoting microbes and nanoparticles on the physiology, growth, and yield of crops


Continuous demand of plant-based nutritious food from the ever-growing population has become an alarming issue throughout the world. Inorganic, organic and hybrid nanoparticles (NPs) having 1-100 nm size have enormous potential to improve crop yield and assure sustainability. Nanoparticles are essential for plant development and quality enhancement because they boost photosynthetic activity, improve metabolism, and increase nutritional content. Yield and quality of agricultural crops may be enhanced through the judicious application of nano techniques which increases effectiveness of inputs and reduces related losses. Nanotechnology assists in preserving stability of pathogen-free food items. Nanomaterials have been used to develop pesticides, fertilizers and other plant growth promoting products. An enormous quantity of various fertilizers is required for the improvement of soil fertility leading to higher crop yield. However, the recurrently applied higher quantity of fertilizers negatively affects soil health and fertility. A large quantity of conventional fertilizer persists in the rhizosphere or may leach down causing environmental contamination that injures the adjacent fauna and flora. Hence, the appropriate administration of fertilizer is a tricky task for the development of sustainable agriculture. Nano fertilizers not only mitigate nutrient deficiency but also release nutrients according to the needs of the crop. Therefore, higher fertilizer use efficiency by applying nano fertilizers enables farmers to obtain better crop yield without polluting the ecosystem.

Plant growth-promoting microbes (PGPM) may improve plant stress tolerance, fertilizer use efficiency and nutrient uptake potential of assisted plants. Such microbes live in plant tissues or within rhizospheric area and sustain plant growth by several mechanisms including enhancement of hormonal synthesis, phytostimulation, augmentation of stress tolerance besides improvement of nutrients availability and uptake. Hence, application of PGPM should be examined to decrease the dependance on synthetic agrochemicals to enhance crop yield. In vitro studies, under controlled and ideal environments, have shown beneficial effects of PGPM inoculation on various crops. Nevertheless, further field experimentations especially under environmental extremes seems mandatory to evaluate the effects of plant microbe cross talk to advance growth and yield of inoculated plants.

Keeping in view the importance of nanoparticles and PGPM, the Guest Editors of the Research Topic made a call for research manuscripts through Frontiers in Plant Science. Guest Editors encouraged scientists to submit their manuscript regarding crucial aspects related to beneficial effects of PGPM and NPs on the physiology, growth, and yield of crop plants. It is expected that this Research Topic will be very productive to trigger a quest in researchers to find the dynamic potential of NPs and PGPM to increase plant growth. Research articles for this Research Topic come from various continents. Scientists applied numerous physiological, biochemical, molecular procedures to elucidate the interaction among NPs, PGPM and plants.

In this Research Topic 27 manuscripts were received. However only 10 manuscripts having the better quality were accepted for publication following peer-review. Adoko et al. found that PGPR-based bio stimulants combined with mineral fertilizer enhanced growth, yield and nutritional status of maize. Ahmad et al. reported that differentially expressed genes of Cymbidium ensifolium, C. goeringii and C. sinense were mainly related to bacterial secretion systems (FLS2, CNGCs and EFR) which adjust hypersensitive response, stomatal movement and defense induction. Ali et al. revealed that growth promoting Bacillus strain NMTD17 improves the activity of antioxidative enzymes and stress tolerance of rice plants under saline conditions. Mirza et al. demonstrated that application of bio-fabricated graphene oxide nanoparticles enhances growth and seed yield of Vigna radiata.

Sehar et al. found that combined application of Serendipita indica and phosphorus alleviate the arsenic stress in rice through genotype-dependent modulations. Microbes may enhance the medicinal value of associated plants. Zhang et al. observed the role of Cercospora inoculation on growth and active ingredients of Polygonum hydropiper sp. Sohail and Chen proposed a systematic approach on assessment of sustainable agriculture in climate change particularly in floods. Zhou et al. concluded that intercropping improved soil health, microbial community, plant growth and biomass production in tobacco. Salehi et al. concluded that manganese nanoparticles improved seed germination, photosynthetic activity, antioxidative activity and plant growth in Artemisia annua. Jalal et al. observed synergistic effects of nano-Zn and B. subtilis and Pseudomonas fluorescens in improving wheat plant growth and nutrition.

In general, the manuscripts selected for this Research Topic divulge the importance of interaction among NPs, PGPM and plants. However, further studies at the transcriptomics, metabolomics, proteomics and genomics level are required to identify and demonstrate beneficial and harmful interactions among NPs, PGPM and plants to continue sustainable crop production under normal and harsh environmental conditions. Conclusively, this Research Topic includes valuable research articles which enables scientists and community workers to acquire the basic information about NPs, PGPM and plant communication.




Author contributions

AA: Conceptualization, Writing – review & editing. WA: Conceptualization, Writing – original draft, Writing – review & editing. NY: Conceptualization, Writing – original draft, Writing – review & editing. RS: Validation, Writing – review & editing.




Acknowledgments

The Guest Editors would like to thank Editorial Board and Staff Members of the Frontiers in Plant Science, Authors and Reviewers for their positive contribution for the successful completion and publication of this Research Topic.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.





Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2024 Ahmad, Akram, Sardar and Yasin. 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.












	 
	

	TYPE Original Research
PUBLISHED 25 August 2022
DOI 10.3389/fpls.2022.990785





A systematic PLS-SEM approach on assessment of indigenous knowledge in adapting to floods; A way forward to sustainable agriculture

Muhammad Tayyab Sohail1,2 and Shaoming Chen3*

1School of Public Administration, Xiangtan University, Xiangtan, Hunan, China

2South Asia Research Center, School of Public Administration, Xiangtan University, Xiangtan, Hunan, China

3International Business School, Guangzhou City University of Technology, Guangzhou, China

[image: image]

OPEN ACCESS

EDITED BY
Aqeel Ahmad, University of Florida, United States

REVIEWED BY
Sidra Sohail, Pakistan Institute of Development Economics, Pakistan
Ifeanyichukwu Anthony Ogueji, University of Ibadan, Nigeria
Muzammil Khurshid, University of the Punjab, Pakistan

*CORRESPONDENCE
Shaoming Chen, chensm@gcu.edu.cn

SPECIALTY SECTION
This article was submitted to Plant Symbiotic Interactions, a section of the journal Frontiers in Plant Science

RECEIVED 10 July 2022
ACCEPTED 01 August 2022
PUBLISHED 25 August 2022

CITATION
Sohail MT and Chen S (2022) A systematic PLS-SEM approach on assessment of indigenous knowledge in adapting to floods; A way forward to sustainable agriculture.
Front. Plant Sci. 13:990785.
doi: 10.3389/fpls.2022.990785

COPYRIGHT
© 2022 Sohail and Chen. 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.

The present study was conducted in one of the major agriculture areas to check farmers indigenous knowledge about the impacts of floods on their farming lives, food security, sustainable development, and risk assessment. In the current study, primary data was used to analyze the situation. A semi-structured questionnaire was distributed among farmers. We have collected a cross-sectional dataset and applied the PLS-SEM dual-stage hybrid model to test the proposed hypotheses and rank the social, economic, and technological factors according to their normalized importance. Results revealed that farmers’ knowledge associated with adaption strategies, food security, risk assessment, and livelihood assets are the most significant predictors. Farmers need to have sufficient knowledge about floods, and it can help them to adopt proper measurements. A PLS-SEM dual-stage hybrid model was used to check the relationship among all variables, which showed a significant relationship among DV, IV, and control variables. PLS-SEM direct path analysis revealed that AS (b = −0.155; p 0.001), FS (b = 0.343; p 0.001), LA (b = 0.273; p 0.001), RA (b = 0.147; p 0.006), and for FKF have statistically significant values of beta, while SD (b = −0.079NS) is not significant. These results offer support to hypotheses H1 through H4 and H5 being rejected. On the other hand, age does not have any relationship with farmers’ knowledge of floods. Our study results have important policy suggestions for governments and other stakeholders to consider in order to make useful policies for the ecosystem. The study will aid in the implementation of effective monitoring and public policies to promote integrated and sustainable development, as well as how to minimize the impacts of floods on farmers’ lives and save the ecosystem and food.
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farmer, PLS-SEM, climate change, floods, South Punjab, Pakistan


Introduction

In recent decades, more people have become aware of the effects of climate change on the entire world. Climate change is a worldwide problem that would disproportionately affect low-income countries (Rosenzweig et al., 2001; Adger et al., 2003; Thornton et al., 2014). Due to climate change, natural disasters like floods, droughts, tsunamis, storms, and tornadoes commonly occur (Abid et al., 2016; Khan et al., 2020). Patt and Schröter (2008) stated that this phenomenon (climate change) may result in shifting climatic zones, altered rainfall patterns, and rising sea levels. The frequency of floods that are mostly caused by excessive rainfall or occur from the unintended release of water storage, such as dams, snow, or tides, is one of the most often observed effects of climate change (Kavvada and Held, 2018; Samu and Kentel, 2018). Due to low incomes and limited adaptations, impoverished agricultural and rural residents in developing countries are extremely concerned about climate change (Thornton et al., 2014; Sohail et al., 2014b; Sohail et al., 2019b). Emerging economies are more vulnerable to climate hazards than industrialized ones, and Pakistan is one of the areas most affected by climate change (Ali and Erenstein, 2017). Floods and droughts are the most prevalent natural disasters that seriously endanger humanity’s economic and social well-being, especially in developing nations with little capacity for adaptation and vulnerable populations (Strömberg, 2007; Muhammad et al., 2014; Shahab et al., 2016; Mahfooz et al., 2017, 2019, 2020; Rasool et al., 2017; Lu and Sohail, 2022; Mustafa et al., 2022a). High rates of urbanization in flood-prone locations, a huge number of sub-customary buildings, changes in land use, an increase in population density, and especially global warming, have all had a substantial impact on flooding. The intensification of extreme weather events, which also contribute to global warming and present another barrier to sustainable growth, will result in food shortages and a decline in poverty. Land use, particularly management, urban planning, and the development of flood control technologies, has a substantial impact on flood damage (Luino et al., 2018). Implementing acceptable and effective adaptation measures (such as disaster risk reduction measures) into management plans and strategies can help to minimize the impacts of natural disasters (Thomalla et al., 2006; Begum et al., 2014). Pakistan is one of the countries most susceptible to natural calamities. One of the most important environmental problems caused by global climate change is flooding, as Pakistan has experienced over the past 6–7 years (Webster, 2011; Azam and Mariani, 2012; Surminski and Oramas-Dorta, 2014; Yen et al., 2017, 2021; Sohail et al., 2020; Zinda et al., 2021; Wang and Sohail, 2022). Natural disasters, such as floods, droughts, scorching temperatures, and high rates of pests and disease, have been more frequent and severe in the United States over the previous 10 years (Smit and Skinner, 2002). In 2010, 2011, 2012, and 2015, Pakistan was ranked seventh for climate change and the hazards it poses, and sixteenth for flood vulnerability (Kreft et al., 2013; Abid et al., 2016; Khan et al., 2020). The deterioration of these weather patterns will hasten global warming and introduce fresh barriers to sustainable development, increasing poverty and causing a food shortage (Sohail et al., 2017; Luino et al., 2018; Yat et al., 2018; Yasar et al., 2019; Sohail et al., 2021a; Sohail et al., 2021a; Sohail et al., 2021a). It is envisaged that developing countries can minimize natural hazards and dangers connected with extreme climate change by incorporating appropriate and effective adaptation measures (including disaster risk reduction measures) into their management plans and strategies (Hoanh et al., 2006; Thomalla et al., 2006; Atta-ur-Rahman et al., 2010; Azam and Mariani, 2012; Begum et al., 2014; Jiang et al., 2021). In the previous 10 years, the freuqency and intensity of natural disasters in the nation have increased. Examples include floods, droughts, painful heat, and high rates of pests and diseases (Smit and Skinner, 2002). According to Abid et al. (2016) and Khan et al. (2020), Pakistan was seventh among the countries most vulnerable to the risks associated with climate change, while it was ranked seventeenth most vulnerable to floods in 2010, 2011, 2012, and 2015, respectively (Kreft et al., 2013). These analyses make a strong argument for the creation of a specialized, market-based flood insurance policy as a climate change adaptation measure. It is crucial to research the factors that affect farmers’ willingness to pay for flood insurance before starting a program in order to reduce their flood risk, regardless of whether they accept it. Along with risk attitudes and subjective estimates of the risk of flooding, they also include social and geographic factors. Farmers’ flood risk behaviors, in particular their risk perception and attitude, may be crucial when considering willingness to pay for flood insurance. Their decisions about agricultural productivity, investments, and farm management may also be impacted by this (Champonnois and Erdlenbruch, 2021). At the moment, it’s thought that managing flood risk necessitates using subjective risk assessment, including risk perception (Lechowska, 2018). The farmer’s risk aversion, however, affects their economic behavior and the coping mechanisms they use to decrease the effects of numerous disaster-related threats (Saqib et al., 2016; Zhao et al., 2019, 2022a,b; Sohail et al., 2021b,d). In this study, the influence of various factors on farmers’ perceptions of floods and their potential consequences on their farming practices were assessed. Floods won’t have much of an impact on farmers’ regular activities provided they have the equipment and knowledge to handle such disasters. Based on the literature that is already available, the following questions have been raised: Global warming-related over-melting of the Karakoram glacier is expected to rise by 50% in the first half of the century before falling by 40% by the end of the century (Rees and Collins, 2006). There is significant geographical variation in the amount of precipitation and air temperature along the Indus basin tributaries that flow out of Punjab, Pakistan (Saqib et al., 2016). These spatial and temporal variations in temperature and precipitation have a direct impact on the hydrological cycles and climatic extremes in the area. Floods are the worst of all-natural disasters that hurt humans; they can cause a large number of fatalities and put populations at risk of economic and social loss (Ali et al., 2013). Data from the past shows that floods in Pakistan have increased in frequency, size, and duration during the past few decades. The flood history of Pakistan from 1950 to 2019 is presented in Table 1. However, the floods that hit Pakistan in 2010, 2011, 2012, and 2014 are typical examples that significantly impacted both the GDP and the lives of the populace (Mustafa and Wescoat, 1997; Abid et al., 2016). Future forecasts of potentially catastrophic events like earthquakes, floods, and droughts are important to estimate the losses caused by natural disasters like earthquakes. In this study, we examined the impending floods in Pakistan and their consequences on GDP, impacted populations, and urban damage. A detailed literature review was conducted to find out more about Pakistan’s vulnerability to floods and previous flood disasters. To assess the potential harm that flooding could cause, look into the prospective effects on GDP, and illustrate the long-term effects, various flood prevention measures were used based on the literature research. These are some main research questions on the basis of literature. What are the influences of farmers’ knowledge about floods to minimize the impacts of natural disasters (floods) on their daily lives? What is the stabilized importance of adaptation strategies against floods in South Punjab, Pakistan? Does gender play a moderating role in farmers’ knowledge and adaptation strategies against floods? The main purposes of this study are (1) to analyze the influences of farmers’ knowledge about floods to minimize the impacts of farmers on their daily lives and food security livelihood assets; (2) to determine the possible causes of floods and estimate future flood-related risks in the country; (3) Farmers’ views about floods and adaption strategies against them, and (4) How can we minimize the impacts of floods on farmers’ lives and safe ecosystems and foods?


TABLE 1    Flood in Pakistan (1950–2019).

[image: Table 1]

To expand, preserve self-sufficiency, and guarantee access to enough food, the agricultural sector needs to implement effective climate change adaptation measures, particularly in the wake of natural disasters like floods (Ferdushi et al., 2019). Sharing information/knowledge and understanding about adaptation is one of these and is crucial for boosting the agricultural sector’s resilience in Bangladesh since it will help protect farmers’ livelihoods and agricultural sustainability (Budhathoki et al., 2020). In this regard, smallholder farmers who are already feeling the effects of climate change have begun to apply a range of agricultural approaches (Alam et al., 2017; Manoj, 2017). The opinions, knowledge, and awareness of climate change among farmers are necessary for adaptation strategies. Therefore, farmers need to have a thorough awareness of climate change to use the most effective adaptation strategies and methods (Somda et al., 2017). One of the best and most important risk management techniques for natural catastrophes is the employment of dependable strategies. It has also been suggested as one of the adaptation strategies for climate change (Goodwin and Smith, 1995; Goodwin and Mahul, 2004). Farmers that are aware of natural disasters can utilize good management to prevent them (Di Falco et al., 2014; Jian et al., 2021; Sohail et al., 2021a,Sohail et al., 2022a; Lan et al., 2022; Li et al., 2022a,b). Over the years, crop insurance has been employed in numerous ways and for numerous purposes in numerous countries, with variable degrees of success (Vandeveer, 2001; Enjolras et al., 2012; Parvin et al., 2016; Mustafa et al., 2021). Food security depends on agriculture and farmers managing natural disasters effectively and using the right techniques to minimize their effects on food production (Yang et al., 2015). Due to the increased frequency of natural disasters like droughts and flooding, global warming harms agricultural production (Gong et al., 2003; Sun et al., 2005; Zhao et al., 2009; Zhang et al., 2011). Due to the climate, some farmers, particularly smallholder farmers, are vulnerable and lose their livelihoods (Sen, 1981; Valdivia et al., 2010). Climate change exacerbates global inequality because those most affected are also the least to blame for it (Barnett, 2006; Roberts and Parks, 2007). Vulnerable households employ their limited resources to deal with a changing range of stressors, such as social, economic, political, and environmental stress (Mortimore and Adams, 2001; Sohail et al., 2014a; Sohail et al., 2015; Sohail et al., 2019a; Liu N. et al., 2022; Liu Y. et al., 2022; Sohail et al., 2022a; Sohail et al., 2022a). It is believed that natural disasters are mostly to blame for the recent increases in undernourishment and food insecurity around the world, particularly in developing countries where farmers’ livelihoods are more exposed to and vulnerable to calamities brought on by climate change. Furthermore, it is widely established that natural catastrophes reduce smallholder farmers’ resistance to threats, shocks, and pressures while increasing the vulnerability of their livelihoods. Despite being a worry on a global scale, the implications of human-caused climate change vary depending on the location, system, family, and community. Because of this, the susceptibility of each object varies (Adger and Kelly, 1999; Adger et al., 2004, 2006; Zahid and Khurshid, 2018; Zahid et al., 2022a,b). This has led some researchers to advocate using local assessments to gauge a region’s vulnerability to climate change (Deressa et al., 2009; Below et al., 2012). Understanding the vulnerability of rural households’ livelihoods is essential to establishing adaptation strategies and practical solutions/policies for decreasing climate-related risks and strengthening their resilience, particularly in countries that are heavily dependent on agriculture. By encouraging landowners to invest in long-term soil remediation, land tenure rights are thought to improve sustainable natural resource management and ensure the livelihoods of nearby households (Jakobsen et al., 2007). This investigation led us to develop the following research proposal: H1: Adaption strategies (AS) against floods are positively associated with farmers’ knowledge of floods. H2: The Risk Assessment (RA) against floods is positively associated with farmers’ knowledge of floods. H3: Livelihood Assets (LA) of farmers (which help) against floods are positively associated with the farmer’s knowledge of floods. H4: Impacts of floods on food production. Food security (FS) against floods is positively associated with farmers’ knowledge (floods). H5: Floods’ impacts on the sustainable development (SD) of a specific area are positively associated with farmers’ knowledge (floods). The explanatory variables are linked by age, gender, and educational attainment as significant modiators (Mustafa et al., 2022a,b, c). Men and women approach decision-making with very diverse perspectives on the surrounding environment. There are numerous ways in which the world appears extremely different when viewed through the eyes of a man as opposed to a woman. According to Pakistani studies (Mustafa et al., 2022d), environmental knowledge has a significant impact on men’s intentions but has a minimal effect on women’s. Mustafa, Tengyue, Jamil, et al. argue that there are differences in the way that the relationships between different factors hold across sexes (2022e). Because of the observed pattern of gender differences, we can predict that male and female farmers will have quite different preferences for adapting to their environment. As a result, it is assumed there is a strong relationship between farmers’ knowledge of AS, RA, LA, FS, and SD (H1a-H5a), all of which are strongly affected by their gender (floods) Figure 1.
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FIGURE 1
Research model.




Materials and methods


Study area

Punjab is the most populated area with five rivers. Most of the people from this province work in farming. The Khyber Pukhtunkhwa Province and the federal capital region of Islamabad are located north of Punjab. The Indian Punjab and Rajasthan are to the south-east, Sindh is to the south-west, Baluchistan and the Federally Administered Tribal Areas are to the west, and Azad Kashmir is to the north-east (FATA). Although the province is predominantly flat, the extreme north and south-west contain some hilly areas. In addition, Cholistan is a desert belt in the south-eastern region, and the Potohar plateau is a plateau adjacent to the mountains. This province is traversed by all five of the country’s major rivers: the Indus, Jhelum, Chenab, and Ravi, in addition to the Sutlej. They originate in the Himalayas and travel from north to south. They are primitive, and during monsoon rains in the summer, the water level rises, causing occasional flooding. Punjab is the province with the largest population in Pakistan. As of the 1998 Census, the province had a population of 7,258,500 people. It includes Lahore, Faisalabad, Rawalpindi, Multan, and Gujranwala, which are some of the most populous cities in the country (Figure 2).
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FIGURE 2
Study area.




Data sources and data preparation

This study was carried out in Punjab province, based on farmers’ experiences with flooding, climate change, and adaption measures (Sohail et al., 2021a,2022a). This area of Pakistan is primarily agricultural, making it particularly susceptible to natural disasters, including riverbank erosion, floods, and droughts. Floods are mostly caused by the Indus rivers, making this area highly vulnerable to natural disasters. A systematic questionnaire was used to conduct in-depth interviews with farm households that had experienced flooding to gather primary data (Figure 2). To analyze the relationship between farmers’ knowledge about floods to minimize their impacts on their daily lives and to determine the possible causes of floods; estimate future flood-related risks in the country; famers’ views about floods and adaption strategies against them; and how to minimize impacts of floods on farmers’ lives and safe ecosystems and foods. Eight districts in the Punjab province were selected based on the degree of previous flood damage, flooding history, vulnerability, and agricultural significance. A semi-structured questionnaire adapted from a previous study was used to gather information from eight districts in South Punjab, Pakistan (Sohail, 2013; Sohail et al., 2013; Fahad and Wang, 2020; Sohail et al., 2022a). To gather information from farmers in South Punjab, Pakistan. We informed farmers about climate change as well as information about the study’s objective. Data was entered into SPSS 25 and Smart-PLS for further analysis after data collection. The information was examined using statistical techniques. Because PLS-SEM is one of the most efficient methods for predicting outcomes, PLS-SEM was used to analyze the data in our study to check the relationship between DV and IV variables. PLS-SEM is the method that is most often recommended for predicting and evaluating explained variables in order to account for the most possible differences.




Results and discussion

For this study, 1,200 farmers from Pakistan’s Punjab Province were interviewed. Table 1 includes numerous internal variables that may influence a farmer’s response and adaptability, including personal characteristics, unique conditions, and farming practices (Bryan et al., 2013). Deressa et al. (2009) found that a farmer’s awareness is positively associated with their farming background and education. Existing research indicates that farmers’ perceptions of climate change and its implications are influenced by the features of farmland and farmers’ demographic assets (Singh et al., 2017). Previous research supports the importance of farmers’ socioeconomic and demographic characteristics in the implementation of climate change adaptation techniques on their farms.

Figure 3 elaborates the main reasons for the floods in South Punjab, Pakistan. Without a doubt, the effects of climate change have become more apparent over the last few decades (Patt and Schröter, 2008). The main indicators which were encompassed to check perception were lack of proper management, lack of dams, lack of policy implications, climate change, heavy rainfall, deforestation, inadequate maintenance of drainage facilities, and overflowing of rivers and settlements in flood plains. According to farmer responses about a lack of proper management in Layyah 80%, Muzaffargarh 85%, DG Khan 75%, Lodhran 65%, Multan 50%, Rajanpur 64%, Bahawalpur 53%, and Rahim_Yar_Khan 76%, respectively, flooding could be the main threat to farmers in that area due to the Indus River provided sufficient evidence of the impacts of temperature stress and floods on farmers’ lives (Maheen and Hoban, 2017). Farmers in Layyah responded 71%, Muzaffargarh 88%, DG Khan 90%, Lodhran 69%, Multan 55%, Rajanpur 83%, Bahawalpur 89%, and Rahim_Yar_Khan 90% to a lack of policy implications. Both short-term and long-term actions are essential to effectively managing the losses caused by floods. When undertaking rational decision-and risk analysis regarding catastrophic events, the gathering of information is a key stage. Making more informed decisions can be aided by the capacity to draw from a sizable body of knowledge from prior decisions and safety measures put in place in disaster zones. With a solid conceptual framework, it can be simpler to understand perspectives on fair procedures and results. A standardized model makes data collection simpler and can aid in the development of a knowledge base that various model instances can use. This article explores the trends in national flood control as well as flooding in the major basins. Flooding in the Indus Basin is mostly brought on by monsoon precipitation, whereas flooding in the Kharan Basin and Makran Coastal Area is brought on by Mediterranean waves and cyclones that occur over the Arabian Sea. Floods in the Indus Basin have caused substantial financial harm. Since Pakistan’s founding in 1947, the government has allotted a sizeable percentage of its budget toward relief efforts and flood relief projects. Several provincial and federal laws, regulations, agreements, and treaties influence the nation’s flood policy. The institutional setting for flood hazard and disaster management has evolved. However, data does not show a material drop in the flood-to-damage ratio. Examining and maximizing the interactions between structural and non-structural measures is necessary for more effective flood management. All rivers in Pakistan’s transboundary rivers flow via India, and upstream activities mostly determine the shape of a flood wave’s shape. Layyah, Muzaffargarh, DG Khan, Lodhran, Multan, Rajanpur, Bahawalpur, and Rahim Yar Khan all received 100% farmer feedback on the lack of a dam. Farmers in Layyah, Muzaffargarh, DG Khan, Lodhran, Multan, Rajanpur, Bahawalpur, and Rahim Yar Khan are concerned about climate change. Recent environmental degradation in Pakistan caused floods in 2010 and 2011. In the future, more disasters are expected. Changing environmental conditions like urbanization, population increase, etc., threaten Pakistan’s ecosystem and biodiversity. According to the Federal Bureau of Statistics, the forest area declined by 3% between 2000 and 2005. Overgrazing, farming methods, and rural wood consumption create this. Northern Pakistan’s rising temperatures are due to deforestation. In the past 50 years, both the risky area’s population and human settlement vulnerability have increased. Human choices and investments enhance catastrophic losses (Benson and Clay, 2004). According to Jamshed et al. (2019), Pakistan’s socioeconomic basis has been undermined by flooding. The country is one of the most flood-prone in the world, with frequency and intensity rising (Hirabayashi et al., 2013). The 2010 floods alone inundated 2.1 million acres of standing crops and harmed nearly 400,000 animals. Khyber-Pakhtunkhwa (KP) remains highly vulnerable to flooding and its catastrophic impacts. Pakistan is a growing nation attempting to advance in many areas, but a large portion of the population, especially farmers in rural disaster zones, lives in poor conditions (Fahad et al., 2020). In 2010, 2011, and 2014, Pakistan witnessed devastating floods in several places that devastated forestry, cattle, fisheries, infrastructure, fertilizers, animal barns, and more than 250,000 farmhouses on 1 million acres of cultivated land (NDMA, 2014). Crop failure, low yields, and livestock fatalities can result from these disasters (Harvey, 2014).
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FIGURE 3
Main reasons for overflooding in South Punjab Pakistan (%).


The present study also included adaptation techniques against floods; these parameters were: creating runoff pools; stopping cutting trees; planting trees; buying insurance; canal cleaning; and information before floods (Figure 4). It is very common for many farmers to choose different techniques to deal with livelihood risks (Kuang et al., 2020). It is reported that similar kinds of adaptation measures like changing planting trees, cleaning canals with the government, and other techniques are adopted by farmers in Pakistan (Gorst et al., 2015). According to research, small farmers are more likely than large farms to have problems responding to climate change (Jamshidi et al., 2019). Additionally, the effect of climatic threats on farmers’ income, family food, and security was even more pronounced for farmers with limited access to resources (Shukla et al., 2019). Researchers discovered that the first step in responding to climate change was to modify how people thought about it in another study conducted in Africa (Trinh et al., 2018). Farmers must be aware of the threats posed by the climate and how to adapt to them. They can do this to boost agricultural productivity and reduce risk (Fahad and Wang, 2020). The physical, natural, and social resources of farmers aid in the adoption of adaptation techniques (Kuang et al., 2020). The percentage of farmers who claimed they wished to create runoff pools was 4% in Layyah, 6% in Muzaffargarh, 2% in DG Khan, 93% in Lodhran, 100% in Multan, 90% in Rajanpur, 89.9% in Bahawalpur, and 88% in Rahim-Yar-Khan. City life can be severely disrupted by runoff flooding. As a result, runoff flooding should not be a problem for a city. The study of ecology gave rise to the concept of resilience. A system’s resilience is its capacity to handle external changes while maintaining its identity, structure, and functions (Holling, 1973). A system that has resilience can adjust to stress and become less vulnerable. The socio-ecological system is utilized in conjunction with the emerging concept of ecological resilience as a comprehensive human-in-nature perspective (Berkes and Folke, 1998). Dam failure disasters are a major concern around the world, especially in poorer nations where dam safety hasn’t received much attention (WB, 1990; Dam, 2011). Numerous organizations from around the world are looking for tools and strategies to improve the situation, such as increased data collection, performance measurement, and rankings, as a result of the development of water infrastructure in developing countries and the deterioration and poor management of older infrastructure (Berg). (Bryan et al., 2009). 31.5 percent of farmers in Layyah said they would plant trees; 35.7 percent in Muzaffargarh; 33.1 percent in DG Khan; 28.6 percent in Lodhran; 39.4 percent in Multan; 41.1 percent in Rajanpur; and 41.1 percent in Rahim-Yar-Khan. There is some evidence that, at least occasionally, clearing a landscape of trees increases the likelihood of flooding (Bruijnzeel, 1990, 2004). According to the postulated process, less vegetation is thought to increase runoff because less rainfall is captured and less water evaporates from the tree canopy. This makes it more difficult for water to seep into the soil, which is associated with a decrease in the hydraulic conductivity (infiltration rate) of soils (Clark et al., 2021). So, the idea that the loss of natural habitat increases the danger and severity of catastrophic floods, as well as the harm they bring to people and their property, has arisen as a result of the rapid rate at which forests are currently being chopped down (Achard et al., 2002; Laurance, 2004; Clark et al., 2021). According to what farmers in Layyah, Muzaffargarh, DG Khan, Lodhran, Bahawalpur, and Rahim Yar Khan said regarding not cutting down trees, 26.2 percent, 22.9 percent, 33.1 percent, 33.1 percent, 67.5 percent, 48.6 percent, 41.3 percent, 65.5 percent, and 40 percent, respectively, said they would refrain from doing so. According to farmer opinions on purchasing insurance against natural catastrophes, 0% of farmers in Layyah, 0% in Muzaffargarh, 0% in DG Khan, 0% in Lodhran, 0% in Multan, 0% in Rajanpur, 0% in Bahawalpur, and 0% in Rahim-Yar-Khan purchased insurance. One of the most significant methods of risk transmission is insurance. By eliminating or lowering the financial risks, it can assist in managing the flood risk before it occurs (Surminski and Oramas-Dorta, 2013). Although this kind of policy is uncommon in underdeveloped nations, many industrialized nations use flood insurance as a non-structural method of dealing with flooding (Champonnois and Erdlenbruch, 2021). Even if structural adjustments can prevent actual property damage and fatalities, flood insurance can significantly reduce economic losses, especially in low-income nations that are prone to floods (Aliagha et al., 2014). People have observed that small and medium-sized farmers have had an extremely difficult time recovering the money they lost due to the floods (Wedawatta and Ingirige, 2012). Small farmers in Bangladesh may therefore find flood insurance to be a wise investment because it enables them to adapt to climate change by covering insured losses in the event of a flood disaster. According to Hossain et al. (2019), climate-related floods, heavy rain, drought, cyclones, and storms have a severe impact on agricultural output as well as on buildings, dams, and other architectural structures in underdeveloped developing nations. The impact on rural income and food security is significant. As a result, the poorest nations in South and Southeast Asia will be severely harmed (Vinke et al., 2017). Extreme weather events have increased in frequency and severity during the past few decades (Hossain et al., 2019). One of the most dangerous natural calamities that individuals might experience is flooding. They might result in numerous fatalities as well as social and economic issues (Ali et al., 2013; Mondal et al., 2020).
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FIGURE 4
Adaption strategies/measures (%) against floods by farmers in South Punjab Pakistan.



PLS-SEM and multivariate assumptions

One of the most effective methods for predicting outcomes and explanatory variables is PLS-SEM to examine relationships between variables (Hair et al., 2020). PLS-SEM generates more accurate results with smaller sample sizes. Internal and external processing of every model is possible simultaneously. Complex route models can be studied using this data collection (Hair et al., 2021; Mustafa and Wen, 2022; Mustafa et al., 2022e). The non-linear account interactions in the model necessitate a two-stage analysis. A PLS-based route modeling method is verified twice to ensure accuracy and dependability. Analyze the validity, reliability, and convergent validity of a structural model before developing an inner model or link between latent components. According to academics, multivariate assumptions need to be verified before an investigation (Mustafa and Wen, 2022; Mustafa et al., 2022e). Data assumptions include linearity, multicollinearity, and homoscedasticity. A Kolmogorov-Smirnov analysis was used to determine whether the data set was normal. There are both linear and non-linear interactions between the explanatory variables and the exploratory variables. Finally, we examined the VIF of the model for collinearity. In Table 2, all variables have VIF values under 5. When VIF is less than 5, according to them, dataset collinearity isn’t a concern.


TABLE 2    Demographic information of participants (%).
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Convergent and discriminant validity should be examined when evaluating measurement models. To determine if the concept indicators accurately assessed the research variables, we evaluated the instrument’s dependability using item loading and Cronbach’s alpha. The average variance extracted (AVE) and composite reliability (CR) show how much the hidden construct offsets indicator variance. The reliability of each item is assessed using factor loadings on linked structures (Figure 3 and Table 2). For a component to be deemed significant, its outer loading must be at least 0.6 (Hair et al., 2020). To boost confidence, Cronbach’s alpha should be higher than or close to 0.7 for all conditions. According to Werts et al. (1974), this improves reliability. Composite reliability (CR), as well as Cronbach’s alpha, were measured. The conventional method was replaced by this (Werts et al., 1974). Strong dependability ratings (>0.7) support these conclusions, and convergent validity estimates above 0.50 are shown in Table 2 (Hair et al., 2020). Figure 5 displays computations of the PLS algorithmic measurements model for all variables and DV/IV variables (Figure 5).
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FIGURE 5
Measurement model.


The discriminant validity of the proposed model is evaluated using the Fornell-Larcker criterion and heterotrait-monotrait (HTMT) ratios (Hair et al., 2020, Hair et al., 2021). The strongest significant correlation of variables in each column in Table 3 demonstrates that the Fornell-Larcker criteria have been utilized to demonstrate discriminant validity (Fornell and Larcker, 1981; Henseler et al., 2015). The values of the Fornell-Larcker criterion, the standard deviation, and the mean of all the variables are shown in Table 3. Even if it was adequate for measuring discriminant validity, the Fornell-Larcker criteria couldn’t distinguish between its lack and presence, they said. This led to the use of the HTMT to test discriminant validity. Table 4 shows the HTMT values for each of the research criteria. As per requirement, values of HTMT must be below 0.90 to prove data validity, and in this research, HTMT values were below 0.90, which showed this research data was valid (Henseler, Ringle, Sarstedt) (Table 4).


TABLE 3    Validity and reliability analysis.
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TABLE 4    Fornell–Larcker criterion.
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Structural model research is the second phase of PLS-SEM evaluation. Examine the predictive relevance, multicollinearity, empirical significance, and confidence of the structural path model. Evaluation of the structural route model’s dependability. This study used data guidelines from Hair et al. (2021) to analyze the structural model. To determine how various factors impact FKF (Figure 6 and Table 5) elaborate on the real situation of structural model research. As per the beta value and significance of this study, H1-H4 were significant and showed a relationship with IV, while H5 was insignificant. Under this research, H1-H4 hypotheses were approved while H5 was rejected. R2 and adjusted R2 are 0.379 and 0.372, respectively Table 6. This study found that control variables (gender and education) showed a significant direct relationship with DV. This study found that farmers’ awareness of flooding and their capacity to cope with natural disasters are influenced by their gender and education (Table 5). To test the validity of the hypotheses that had been put forward previously, we began by examining the causal relationships that were already known to exist between the different variables. Following that, we carried out a bootstrapping test using 5,000 replicates to evaluate the degree to which our findings were consistent with the hypothesis (Mustafa and Wen, 2022; Mustafa et al., 2022e). PLS-SEM direct path analysis rveealed that AS (b = −0.155; p 0.001), FS (b = 0.343; p 0.001), LA (b = 0.273; p 0.001), RA (b = 0.147; p 0.006), and for FKF have statistically significant values of beta, while SD (b = −0.079NS) is not significant. These results offer support to hypotheses H1 through H4 and H5 being rejected. We have also looked at the levels of education and gender of the respondents as control variables have a significant relationship with the dependent variable. On the other hand, age does not have any relationship with farmers’ knowledge of floods (Figure 6 and Table 5).
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FIGURE 6
PLS-SEM path model.



TABLE 5    HTMT ratio.
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TABLE 6    Path analysis (PLS-SEM).
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Conclusion

This research was carried out in one of the important agricultural regions of Pakistan to check farmers’ knowledge about the impacts of floods on their farming lives, food security, sustainable development, and risk assessment. Floods are very common in this study area, which has very adverse effects on farmers’ lives and food security. Flood types vary considerably across the country because of differences in physiographic, climatic, hydrologic, demographic, and socioeconomic features. A PLS-SEM dual-stage hybrid model was used to check the relationship among all variables, which showed a significant relationship among DV, IV, and control variables. Following that, we carried out a bootstrapping test using 5,000 replicates to evaluate the degree to which our findings were consistent with the hypothesis. PLS-SEM direct path analysis revealed that AS, FS, LA, RA, and FKF had statistically significant beta () while SD was not significant. These results offer support to hypotheses H1 through H4 and H5 being rejected. As control variables, we also looked at how much education the respondents had and what gender they were. Both of these things have a strong relationship with the dependent variable. On the other hand, age does not have any relationship with farmers’ knowledge of floods. This study can help policymakers and government officials to make suitable policies for this study area, and it can help farmers to get more knowledge about floods.
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Soil salinity is a major environmental stress that has been negatively affecting the growth and productivity of rice. However, various salt-resistant plant growth-promoting rhizobacteria (PGPR) have been known to promote plant growth and alleviate the damaging effects of salt stress via mitigating physio-biochemical and molecular characteristics. This study was conducted to examine the salt stress potential of Bacillus strains identified from harsh environments of the Qinghai-Tibetan plateau region of China. The Bacillus strains NMTD17, GBSW22, and FZB42 were screened for their response under different salt stress conditions (1, 4, 7, 9, 11, 13, and 16%). The screening analysis revealed strains NMTD17, GBSW22, and FZB42 to be high-salt tolerant, moderate-salt tolerant, and salt-sensitive, respectively. The NMTD17 strain produced a strong biofilm, followed by GBSW22 and FZB42. The expression of salt stress-related genes in selected strains was also analyzed through qPCR in various salt concentrations. Further, the Bacillus strains were used in pot experiments to study their growth-promoting ability and antioxidant activities at various concentrations (0, 100, 150, and 200 mmol). The analysis of growth-promoting traits in rice exhibited that NMTD17 had a highly significant effect and GSBW22 had a moderately significant effect in comparison with FZB42. The highly resistant strain NMTD17 that stably promoted rice plant growth was further examined for its function in the composition of rhizobacterial communities. The inoculation of NMTD17 increased the relative abundance and richness of rhizobacterial species. These outcomes propose that NMTD17 possesses the potential of PGPR traits, antioxidants enzyme activities, and reshaping the rhizobacterial community that together mitigate the harmful effects of salinity in rice plants.
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Introduction

Rice (Oryza sativa L.) is a vital staple food and feed crop that provides nutrition to billions of people around the world. It is usually cultivated as a staple crop in tropical regions (Abbas et al., 2019). Soil salinity is one of the major limiting factors of abiotic stress that decreases rice production. Due to the rising level of soil salinization, crop productivity is limited in many regions of the world (Kumar et al., 2020a). Because of salinity stress, plants can undergo many metabolic, molecular, and physiological changes (Wang et al., 2019; Kumar et al., 2020b, 2021). Salt stress triggers ionic toxicity, osmotic stress, ion imbalance, and decreased water potential, which severely affects plant physiology and metabolism. It mainly affects physiological, morphological, and biochemical processes of plant development and growth (Bistgani et al., 2019). The level of global soil salinization is increasing year by year, and it is estimated that 50% of agricultural land will be affected by salinization by 2050 (Ansari et al., 2019).

Salinity stress affects various aspects of plant development that eventually results in an overall reduction in crop production. For example, it affects seed germination, plant growth and development, spike development, and reproductive growth (Ke et al., 2020; Korenblum et al., 2020). Plant growth and metabolism are severely affected by salt stress because of ion (Na+ and K+) accumulation. High salt concentrations in soil accumulate simultaneously as Cl− and Na+; nonetheless, their impact differs (Abbas et al., 2019; Mengistu, 2020). Increased Na+ levels alter soil qualities, such as aeration, water conductivity, and porosity (Compant et al., 2019; Mukherjee et al., 2020). In addition, the cell walls activate osmotic stress and cause cell death in plants with the increase of sodium ions. The chlorophyll content in the leaf is reduced by drought and salinity stresses, which results in reducing the rate of photosynthesis. Stomatal conductance, leaf area, and photosynthetic efficacy may possibly be disturbed by high salinity (Stassen et al., 2020; Hassan et al., 2021; Solangi et al., 2021).

For the sustainable development of agriculture, enhancing the cadmium and salt stress tolerance of plants is therefore of high practical importance (Ali et al., 2022). To overcome this problem, chemical fertilizers and pesticides are widely used in modern agriculture, gradually altering the supply of nutrients, reducing microbial activity, diversity, and deteriorating soil health (Etesami and Glick, 2020; Ali et al., 2021a,b). However, in the natural environment, many microorganisms, including plant growth-promoting bacteria (PGPB) inhabit plants. Plants are exposed to billions of microbes in nature, which form colonies and occupy various compartments of plants, such as endosphere, rhizoplane, rhizosphere, and phyllosphere, which are thus regarded as the secondary genome of plants (Dubey et al., 2019; Kumar et al., 2019). In general, the interaction between plants and microorganisms in the rhizosphere/root zone is essential for plant nutrient acquisition, resistance to various stresses, and plant development (Hubbard et al., 2019; Kong et al., 2021). For in-plant resistance to abiotic stresses, plant relationship with beneficial microorganisms plays an important role (Liu et al., 2020; Sun et al., 2021; Ali et al., 2022). Several studies have evaluated the potential of microorganisms to enhance the growth of host plants under salt stress. A number of studies have reported that beneficial plant bacteria have a complex regulatory mechanism that promote growth and improve host plant damage to salt stress. Plant growth-promoting rhizobacteria (PGPR) increase plant development directly or indirectly by producing growth-promoting traits, for example, 1-aminocyclopropane-1-carboxylate (ACC) deaminase production, and nitrogen fixation (Sarkar et al., 2018; Kumar et al., 2020a).

In addition, rhizosphere bacteria increase plant resistance to salt stress by controlling the effectiveness of photosynthesis, ion homeostasis, osmotic regulation, secondary metabolite accumulation, and plant hormone gene expression signaling pathways (Hassan et al., 2021; Manghwar et al., 2022). Furthermore, various plants possess the natural capability to change soil salinity through metabolism, gene expression, and signal pathway regulation (Daliakopoulos et al., 2016). Salt toxicity is mediated by the formation of antioxidants and the suppression of the generation of reactive oxygen species (ROS) (Abbas et al., 2019). In the natural environment, several crops are recurrently affected by salt stress because it interrupts ecological relations between plants and microorganisms in the soil and inhibits the proliferation of microorganisms in the surrounding environment (Barnawal et al., 2014; Trivedi et al., 2020).

Research has revealed that the bacteria isolated from saline soil, such as Enterobacter, Pseudomonas, Arthrobacter, Bacillus, Chryseobacterium, Achromobacter, and Ochrobactrum can enhance plant growth under saline conditions (Sarkar et al., 2018; Kumar et al., 2021). PGPR can help crops survive adverse environments by increasing their development and growth (Kumar and Verma, 2019; Zubair et al., 2019). PGPR are a unique set of microbes that settle/colonize the surrounding plant rhizosphere and promote plant growth in stressful conditions (Kumar and Verma, 2018; Singh et al., 2020). Plant–microbe interactions play a vital role in maintaining soil properties, microbial diversity, and crop productivity under abiotic stresses, including high salinity (Zubair et al., 2019; Kumar et al., 2020b). Several PGPR have been reported worldwide to improve plant growth and development in salt and natural environments (Mukherjee et al., 2019).

The current study aimed to conduct genetic screening and expression analysis to better understand the genetic potential and physiological characteristics of Bacillus spp., which enable them to tolerate salt stress. The Bacillus spp. were used in the present study to evaluate their potential in alleviating the unfavorable effects of salt stress in rice plants, which showed resistance by regulating their metabolic process under salt stress conditions. The Bacillus strains NMTD17 and GBSW22 were found to have a significant PGP ability that enhanced growth and alleviated salt stress on rice plants by regulating salt stress response and plant growth hormones under stress environment. Furthermore, the analysis of relative clusters and structural composition of rhizosphere bacterial clusters through 16S rRNA gene sequencing revealed that the NMTD17 inoculation increased the relative abundance and richness of rhizobacterial species.



Materials and methods


Screening of bacterial strains under salt stress

The Bacillus strains used in this study were isolated in our laboratory from rhizosphere soil of different plants collected from the Qinghai–Tibetan Plateau, China (Wu et al., 2019). Four strains, Bacillus spp. NMTD17, Bacillus safensis GBSW22, Bacillus pumilus NMSW10, and Bacillus velezensis GBSW11 were tested for their growth promotion and salt resistance potential along with model biocontrol strain B. velezensis FZB42 as a control on Luria Bertani (LB) agar plates containing various salt (NaCl) concentrations, i.e., 1, 4, 7, 9, 11, 13, and 16%, maintained at 37°C for 4 days (d). The selected strains were then grown in liquid culture to determine their growth pattern via the spectrophotometer in terms of optical density (OD600) at different time intervals at 37°C for 4 days. The growth curves at various time intervals were used to determine the growth pattern of each strain. The experiment trial was repeated three times.



Biofilm formation assay under salt stress

The formation of biofilm by microorganisms is an essential feature from which it is possible to analyze their binding to the surface of roots for different functions in their community (Chaves et al., 2020). The selected strains were grown on LB liquid culture in order to know the effect of various salt concentrations on biofilm formation. To achieve an OD600 = 1.0, 4 μl, the selected salt-tolerant strains were grown in 20 ml flasks at 37°C. Each bacterial strain was cultured in LB with various salt concentrations, and the resulting mixture was poured onto cluster plates of costar® sterile 12-well cell culture. The cluster plates were tightly closed with parafilm and kept at 37°C for 4 days. A confocal laser scanning microscope (Confocal Microscope Zeiss LSM 780, Japan) was used to evaluate the influence of various salt concentrations on the biofilm formation of each strain. Further, the reactive oxygen species (ROS) were also analyzed under the same conditions (see details in Supplementary material).



RNA extraction and qPCR

The RNA isolation kit (OMEGA Bio-tek, Inc. Norcross, GA, United States) was used to extract the RNA from different samples as described in (Supplementary material). The sequence of each gene was taken from NCBI, followed by designing primers via the primer Quest tool listed in Supplementary Table S1. The rpsJ gene was used as a housekeeping gene in Bacillus strains, as previously used by Zubair et al. (2019). The cDNA of each sample was used in qPCR to check the gene expression profile. The expression profile of these genes (Supplementary Table S1) in salt-tolerant strains was measured through qPCR [Quant Studio Real-Time Thermocycler (Thermo Fisher Scientific, San Jose, CA, United States)]. The qPCR was programmed with the initial temperature of denaturation 95°C for 30 s, including 40 cycles of 95°C for 5 and 34 s for 60°C. The relative expression levels of the genes were calculated by the method of 2−ΔΔCT as reported by (Ayaz et al., 2021).



Vigor index and root morphology analysis under salt stress

The effect of salt stress on the germination and growth of rice seedlings was calculated by measuring the vigor index as the formula described by Rasul et al. (2019). The seedlings were then removed from each treatment to measure different root parameters to study the root morphology. The rhizoscanner (EPSON Perfection V700 Photo, Epson America, Long Beach, CA, United States) and WinRHIZO software given by Regent Instruments Co (Sainte-Foy, Quebec, Canada) were used to measure root morphological parameters as described by Rasul et al. (2019). (Detailed description in Supplementary material).



Salt stress alleviation and plant growth promotion by Bacillus strains

The soil was sterilized at 180°C for 30 min and stored in a controlled cold room at 4°C for further use. Seven days old rice seedlings were transplanted into similar-sized pots filled with sterilized soil and kept in a controlled environment in the greenhouse. The PGPR cell cultures [NMTD17, GBSW22, and FZB42 grown overnight to OD600 of 1.0 (1 × 107 cfu/ml)] were added into the respective pots. After 1 day, 20 ml salt solutions with various concentrations (0, 100, 150, and 200 mmol) were applied to inoculated PGPR strains and un-inoculated only salt in rice plants. The simple ddH2O was used for plants grown as a control (CK). Each treatment was performed in triplicate with three rice seedlings in each pot. After 9 days of inoculation, the effect of salt stress was observed for each treatment. The growth parameters, i.e., fresh/dry weights were measured, and the root morphological parameters were analyzed. The data were used as an indication of growth promotion traits. (See details in Supplementary material).



Determination of antioxidant enzyme activity

Various stress response parameters were analyzed for bacterial inoculated and control plants in the salt stress environments, for example, catalase (CAT), peroxidase (POD), ascorbate peroxidase (APX), and superoxide dismutase (SOD) 9 days of post-inoculation (dpi) followed by the method of Ayaz et al. (2021). Briefly, fresh leaf samples of 0.3 g were ground in a phosphate buffered solution (PBS) of pH 7.8 and 1 mM EDTA in an ice bath, followed by centrifugation for 30 min and 12,000 rpm at 4°C. Enzyme extracts were made from the supernatant using ddH2O as a control. The absorbance activity was recorded at 240 nm for CAT, 470 nm for POD, 560 nm for SOD, and 290 nm for APX, and ddH2O was used as a control. The commercial kit (Nanjing Jiancheng Bioengineering Institute, China) was used to determine the APX concentrations.



RNA extraction and gene expression analysis

To find the relative expression of the above salt stress response parameters, the genes Ossamdc2, Osdreb1f, Oserebp2, Oslea3-1, Oserf104, and Oscyp89g1, and the actin gene OS03G0836000 were used. For this, the selected gene sequences were taken from NCB1, followed by designing primers through the PrimerQuest tool; primers are listed in Supplementary Table S2. For RNA extraction, the fresh leaves of plants were harvested from PGPR inoculated plants grown in a salt environment for 7 days using the TRizole method. The Applied Biological Materials Inc. (abm®, Beijing, China) 5 × All-In-One RT Master Mix (with AccuRT Genomic DNA Removal Kit) kit was used for cDNA synthesis. The qPCR was performed to analyze the expression profile of selected genes in rice plants through Quant Studio Real-Time Thermocycler (Thermo Fisher Scientific, San Jose, CA, United States). The PCR machine was programmed using the following steps: i.e., initial denaturation at 95°C for 30 s, including 40 cycles of 95°C for 5 s, and 34 s at 60°C. Finally, relative quantification was performed according to the comparative C method of 2−ΔΔCT as described by (Liang et al., 2022).



DNA extraction, 16Sr DNA gene sequencing, and bioinformatics analyses

Rhizosphere soil samples were collected from PGPR inoculated and un-inoculated rice plants grown under various salt treatments (0, 100, 150, and 200 mmol). The genomic DNA was isolated using the applied protocol TIANamp Soil DNA Kit [TIANGEN Biotech (Beijing) Co., Ltd.]. The V5–V7 bacterial portions of the 16S rRNA gene were amplified using primers (799F: AACMGGATTAGATACCCKG, and 1193R: ACGTCATCCCCACCTTCC), as described in Supplementary material. The refined amplicon was combined in equimolar amounts and sequenced with an Illumina MiSeq platform following paired-end pairing (2 × 300) according to Meige Biotechnology Co., Ltd. (Guangzhou, China) standard protocols (Illumina, San Diego, CA, United States). The fastq-formatted sequences were processed and analyzed using QIIME2 (ver. 2022.01). Sequence read quality, denoising, and filtering were examined by following the procedure of Han et al. (2020). Briefly, fastq-formatted sequences with primers, quality scores < 28, and read length < 300 bp were removed. The diversity metrics of within-sample (alpha-diversity; Observed, Shannon, Chao1, ACE, and Simpson index) and between samples (β-diversity; Bray-Curtis matrix) were calculated using the R package vegan (version 2.1). Spearman’s correlation coefficients were used to find correlations among the bacterial community at the genus level with growth promotion and plant antioxidant activity parameters.



Statistical analyses

All the experiments were carried out in a completely randomized design. The data were expressed in ± standard deviations (SD) of three replicates (n = 3). The means were calculated using Tukey’s HSD test at p ≤ 0.05 after ANOVA. IBM SPSS Statistics 21.0 was used to conduct all statistical analyses of the data. The graphical illustrations were made with Origin graphical and analysis software (Version 2022, OriginLab Corporation, Northamptom, MA, United States).




Results


Bacterial growth screening under various salt concentrations

The PGPR strains isolated from harsh environments were screened for their growth potential under different salt concentrations (1, 4, 7, 9, 11, 13, and 16%) on LB medium along with a known salt-sensitive B. venzelisis FZB42 strain. Most of the strains, including FZB42 and GBSW22 were able to grow on LB medium containing up to 11% salt concentration. The strain NMTD17 was able to grow up to 13 and 16%, showing the highest resistance under salt stress conditions compared to control (Figure 1). All three strains were then grown in LB liquid medium containing the same salt concentrations (1–16%) as mentioned above, and the growth pattern of each strain was evaluated through OD600 calculation at 600 nm by using a spectrophotometer. The OD600 was calculated at different time intervals, and growth parameters were noted, which showed that the growth curve for strain NMTD17 continuously increased in a linear method up to 96 h (Figure 1). The salt-tolerant strain NMTD17 exhibited the highest growth at 16% salt treatment, followed by GBSW22. In comparison, the growth curve of FZB42 showed a non-significant growth pattern at 16% post-inoculation up to 96 h.
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FIGURE 1
 The Bacillus spp. grown on LB media with salt stress incubated for 96 h at 30°C. (A) The growth of strains on solid LB media with different salt concentrations (a-g represent 1, 4, 7, 9, 11, 13, and 16%, respectively). Each number showing Bacillus strain: (1) CK, (2) FZB42, (3) NMTD17, (4) GBSW22, (5) NMSW10 and (6) GBSW11. (B) The graphical representation of the optical density of each strain at the same salt concentrations (1 to 16%) at different time intervals measured by spectrophotometer.




Biofilm formation assay under salt stress and ROS production

The results of the three strains’ biofilm-forming capabilities under various saline environments (1, 4, 7, 9, 11, 13, and 16%) at 37°C with multiple time intervals up to 96 h exhibited that all three strains were able to form the finest biofilm structure up to 11% salt concentration. However, the potential of FZB42 to make biofilm at 11% was reduced and finished under high saline conditions of 13–16% up to 96 h (Figure 2A). NMTD17 was observed to be the strong strain to form biofilm continuously up to 16% and enclosed the full well surface at 96 h after inoculation, followed by GBSW22. The strains FZB42 and GBSW22 were unable to generate appreciable biofilm structure at 16% salt concentration at 96 h after inoculation. In addition, selected strains were grown in 16% LB media at 37°C for 4 days to determine their ROS levels. The data showed that salt-tolerant strains NMTD17 and GBSW22 sustained lower levels of ROS-stained cells observed under the microscope. Whereas the strain FZB42 exhibited a considerable rise in the amount of ROS production when grown in the same conditions (Figure 2B).
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FIGURE 2
 The biofilm formation of Bacillus strains grown under different salt conditions (1, 4, 7, 9, 11, 13, and 16%) up to 96 h at 37°C. The biofilm formation ability was observed in selected Bacillus strains (A). The higher amount of green fluorescence in the FZB42 strain cultured for 4 days at 37°C indicates a higher quantity of reactive oxygen species (ROS). When compared to GBSW22 and FZB42, the reduced fluorescence indicates that NMTD17 cells produce less ROS (B).




Relative expression profiling of predicted genes through qPCR

The expression profile of important genes involved in salt resistance was studied in NMTD17, GBSW22 and FZB42 grown in various salt treatments (1, 7, 11, 13, and 16%) for 4 days. The results showed a linear up-regulation in the expression of salt-resistant genes in NMTD17 and GBSW22 as compared with control. The relative expression of salt-resistant genes in FZB42 was observed up to 11% salt treatment. However, by increasing saline conditions, i.e., 13 and 16%, FZB42 was unable to exhibit the expression of salt-resistant genes (Figure 3). The high expression of selected salt-resistant genes was noticed in NMTD17 followed by GBSW22 in linear order by increasing salt treatment from “11% to 13 and 16%.” The genes (DegU and DegS) involved in the signal transduction pathway mitigating stress response also revealed elevated expression levels for NMTD17 and GBSW22 strains. The responsible superoxide dismutase genes (SodA and SodB) were noticed to be highly expressed in respective treatments under saline conditions. The glycine betaine genes (OpuAC and OpuD) responsible for osmotic stress were also increased in NMTD17, followed by GBSW22 under salt conditions. The HPII gene playing an important role in catalase regulation under saline conditions, was observed to be highly expressed in NMTD17. The high expression of the ComA gene involved in quorum-sensing regulation, was also observed in NMTD17 and GBSW22. The overall results exhibited that all the selected salt-resistant genes showed a significant relative expression level in high salt-resistant strains, as shown in Figure 3.
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FIGURE 3
 Relative expression levels of various Bacillus strains grown under salt and normal conditions for 96 h. (A) OpuAC, (B) SodB, (C) DegS, (D) DegU, (E) HPII, (F) OpuD, (G) ComA, and (H) SodA. Vertical bars on graphs indicate the standard deviation of the mean (n = 3). Tuckey’s HSD test was used to recognize a significant difference at p ≤ 0.05 between the treatments.




Seedling growth and root morphological parameters

The inoculation of selected strains promoted seedling development and root morphological factors under different saline conditions (0, 100, 150, and 200 mmol). The seedling growth in vigor index (VI), which is a measure of total germination (%) and total length of seedlings, which was found to be highest in rice seedlings treated with NMTD17 (VI = 1,210) under high saline conditions (200 mmol) that was significantly greater than control, as well as GBSW22 and FZB42 treatments as shown in Supplementary Figure S1. Seedlings inoculated with GBSW22 showed moderate VI (VI = 1,157) growth under 200 mmol saline conditions. At normal condition (0 mmol), the rice seedlings inoculated with all selected Bacillus strains NMTD17, GBSW22, and FZB42 demonstrated the significant VI (VI = 1,211, 1,157, and 1,153 respectively) as compared to control (Supplementary Figure S1).

Furthermore, root morphological analysis revealed that the root morphological parameters were significantly improved under control and salt stress treatments when inoculated with selected strains. However, NMTD17 exhibited the highest impact on seedling root morphology, such as root volume, area, length, diameter, and number of root tips under high salt stress (200 mmol) compared to control seedlings grown under the same condition. When compared to the control under normal conditions (0 mmol), seedlings treated with all three bacterial strains significantly improved root morphological factors (Supplementary Figure S2).

Furthermore, the seedling and plant root morphology, including total root length, root tips, volume, diameter, and surface area were analyzed. PGPR strain NMTD17 increased plant root morphological parameters by 2–3-fold as compared to controls plants. Root diameter, surface area, and tips were increased significantly in the case of NMTD17-inoculated plants, followed by the plants inoculated with GBSW22 and FZB42 (Supplementary Figure S3). Thus, the strain NMTD17 was found to be more effective at reducing the risk of high salt stress treatment (200 mmol) compared to GBSW22 and FZB42.



The growth of rice plants under salt stress

The plant growth promotion characteristics showed significant improvements under both normal and salt stress conditions when inoculated with PGPR strains. As mentioned in above findings, the strain NMTD17 exerted the highest impact on plant growth parameters, i.e., plant shoot length and fresh and dry weight were significantly increased by NMTD17 under salt stress compared to control plants (Supplementary Figure S4). Plants inoculated with GBSW22 showed substantial growth improvement as well, whereas FZB42-inoculated plants were unable to tolerate high salt stress (200 mmol). In normal conditions, i.e., 0 mmol, the selected strains significantly enhanced shoot length and fresh and dry weight of rice plants in comparison to the control. Whereas no significant difference was found among the selected strains for different growth-promoting factors. Moreover, the increase in salt stress condition, i.e., 100−200 mmol negatively affected the growth of un-inoculated rice plants. The NMTD17 presented the most beneficial effect on rice seedlings by alleviating the negative effect of increased saline condition. The overall data showed that the loss caused by salt toxicity in rice plants was observed to be alleviated in the presence of selected strains NMTD17 and GBSW22 (Supplementary Figure S4).



Antioxidant enzymes activity under salt stress in rice plants

The increased soil salinity effectively modulates the microbial community, plant enzyme activity, and soil health. Thus, the antioxidant activity of different enzymes (POD, CAT, SOD, and APX) was examined in rice plants grown under different salt concentrations. The bacterial-inoculated rice plants had higher POD activity than the control plants under salt treatment. The POD activity increased by 20.22, 45.35, and 50.45% with FZB42, GBSW22, and NMTD17, respectively, in salt-stressed plants. It increased 10.45, 15.39, and 20.85% with FZB42, GBSW22, and NMTD17, respectively, in the control plants, as shown in Supplementary Figure S5a. The inoculated plants exhibited higher SOD activity as compared to control plants. Compared to control, the SOD activity was increased by 25.75, 45.46, and 52.68% in inoculated plants under salt stress, followed by 12.25, 20.65, and 35.34% with FZB42, GBSW22, and NMTD17, respectively, in control plants without salt stress (Supplementary Figure S5c). The activity of CAT was increased due to salt stress in rice plants, and it was greater under the salt condition as compared to the control. The plants inoculated with FZB42, GBSW22, and NMTD17 showed higher CAT activity 25.36, 35.75, and 55.57%, respectively, as compared to control plants followed by 15.65, 18.36, 20.45%, respectively, compared to control plants as shown in Supplementary Figure S5b. Similarly, the activity of APX increased due to salt stress in rice plants, where the inoculated plants showed higher APX activity as compared to control plants under salt stress. The APX activity was increased by 45.25, 50.63, and 58.35% in inoculated plants and 13.36, 15.45, and 19.68% in control plants for FZB42, GBSW22, and NMTD17, respectively (Supplementary Figure S5d). In general, the results revealed that as the salt concertation was increased in rice plants, the antioxidant activity was significantly enhanced with bacterial inoculation as compared to control conditions (Supplementary Figure S5).



Relative gene expression analysis

The relative expression profiling of various differentially expressed genes (DEGs) related to salt stress, including Ossamdc2, Osdreb1f, Oserebp2, Oslea3-1, Oserf104, and Oscyp89g1 was observed to be highly stimulated in inoculated rice plants under salt stress. We observed that DEG expression levels under various salt circumstances were not the same as that of the control rice plants. After salt treatment, the plants treated with the highly halophilic strain NMTD17 showed the highest up-regulation of all the six salt stress-responsive genes, followed by GBSW22 and FZB42 compared to control plants (Figure 4). The 4–5-fold up-regulation of these genes was found in rice plants inoculated with NMTD17 grown under high salt stress conditions as compared to control plants. In addition, GBSW22 exhibited the higher expression of these genes, followed by FZB42. It was observed that the rice plants inoculated with halophilic strains NMTD17 and GBSW22 showed higher expression of salt stress-related DEGs under saline conditions, which might play important roles in rice tolerance to high salinity.
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FIGURE 4
 Relative expression levels of six possible DEGs in inoculated and un-inoculated rice plants under salt stress and control conditions (A) Ossamdc2, (B) Osdreb1f, (C) Oserebp2, (D) Oslea3-1 (E) Oserf104, (F) Oscyp89g1. The rice plants were subjected to different treatments. Vertical bars on graphs indicate the standard deviation of the mean (n = 3). Tuckey’s HSD test was used to recognize a significant difference at p ≤ 0.05 between the treatments.




Microbial community associated with rice rhizosphere

The relative abundance of the dominant bacterial community in inoculated and non-inoculated rice rhizosphere was determined using Illumina sequencing and the 16S ribosomal-RNA (rRNA) sequencing method. At the phylum level, the classification of the high-quality fragments revealed changes in bacterial communities among the selected treatments (Figure 5). A total of 28 bacterial phyla were found across all samples: the twelve with a relative abundance > 1.0%, as shown in Figure 5A. Proteobacteria was the most prevalent phylum in all treatments, with a relative abundance of 78.26%, Actinobacteriota 25.94%, Bacteroidetes 7.65%, Firmicutes 30.22%, and Armatimonadetes 2.33%. Both the inoculated and un-inoculated rice rhizosphere soils showed that Proteobacteria was the dominant phylum among all bacterial communities. In addition, the heatmap was constructed, which revealed significant differences in relative abundances of taxa among rice rhizosphere soil samples (Figure 5B). The analysis at the genus level exhibited that the genera Enhydrobacter, Bacillus, Hydrocarboniphaga, Brenneria, Macrococcus, Sorangium, and Caldicellulosiruptor were highly abundant in control. Whereas the genera Burkholderia, Luteibacter, Bosea, Shimia, Pseudoclavibacter, Nocardiopsis, Mesorhizobium, Cryocola, Rhodococcus, and Actintobacter had a high abundance in inoculated followed by Streptococcus, Paenibacillus, Emiticicia, Niastella, and Propionispora in un-inoculated soil. The data revealed that a high abundance of genera was found in inoculated and un-inoculated rice rhizosphere soil under salt stress as compared to control.
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FIGURE 5
 Taxonomic composition of the microbial communities in different inoculated and un-inoculated rice rhizosphere soils. (A) Microbial compositions at the phylum level. (B) Heatmap of compositions showing 43 microbial communities at the genus level.




Diversity matrix of bacterial community

The evaluation of the α-diversity of rhizosphere bacterial community among each treatment showed significant differences in microbial diversity. The alpha-diversity and beta-diversity, such as Observed index, Shannon index, Simpson index, Chao1 index, and ACE diversity of the microbial community in rhizosphere soil isolated from inoculated and un-inoculated treatments were observed. The outcomes revealed a significant difference in the microbial community in inoculated, un-inoculated, and control rhizosphere soils (Figures 6A–E). Significant variances were also observed for the rhizobacterial community from rice rhizosphere soil treated with different salt concentrations. These findings suggested that the rhizospheric bacterial community diversity and relative abundance of the bacterial microbiomes within the rhizosphere might be influenced by salt stress. Besides, in inoculated rhizosphere soil, the bacterial community increased due to Bacillus strain NMTD17, which is highly resistant to salt stress. To validate these outcomes, the Venn diagram was used to compare and contrast the bacterial communities of all treatments based on operational taxonomic units (OUTs; Figure 6F). The overall number of common OTUs was 276, accounting for 48.25% of all OTUs detected (i.e., 1,375). The shared OTUs indicated that microbial community existed in all respective treatments.
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FIGURE 6
 Analysis of the bacterial communities in various inoculated and un-inoculated rice rhizosphere soils. The box diagram of alpha- and beta-diversity of the inoculated and un-inoculated rice rhizosphere soil in groups (A) ACE, (B) Observed value, (C) Chao1 index, (D) Shannon index, (E) Simpson index, (F) Venn diagram of bacterial communities of different inoculated and inoculated rice rhizosphere soils in groups based on OTUs.




Principal coordinate analysis (PCoA) and correlation of bacterial communities with plant growth promotion

To understand more details, we conducted the Bray–Curtis distance metrics using principal coordinate analysis (PCoA), which indicated the differences in microbial communities of inoculated and un-inoculated rice rhizosphere soil (Figure 7A). The inoculated and un-inoculated rhizosphere soil in rice showed a similar microbial community structure. However, the inoculated rhizosphere soil was separated according to salt concentration level. The results demonstrated that the samples with an inoculated and un-inoculated rhizosphere soil were separated as compared to control due to salt stress, indicating that microbial communities and structural sequence were different in inoculated and un-inoculated rhizosphere soil.
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FIGURE 7
 (A) The Principal coordinate analysis (PCoA) ordinations of bacterial community composition based on total OTUs using the Bray–Curtis matrix from the rhizosphere of rice under inoculated and un-inoculated plants. (B) Spearman’s correlation coefficients between the relative abundance of dominant bacterial community at genera level with plant growth and antioxidant activity parameters. Root length (RL), superoxide dismutase (SOD), Root diameter (RD), Root tips (RT), Dry weight (DW), Shoot length (SL), catalase (CAT), Fresh weight (FW), Root surface (RS), Peroxidase (POD), ascorbate peroxidase (APX).


The relative abundances of dominating bacteria at the genus levels were calculated using Spearman’s correlation coefficients, and growth promotion parameters were identified at the jointing stage. The dominating bacteria, rice growth and antioxidant activity displayed a general positive or negative correlation. In inoculated and un-inoculated rice rhizosphere soil, relative abundances of Streptococcus, Paenibacillus, Propionispora, Rhizobium Couchioplanes, and Niastella at the genus level were positively correlated (p < 0.05) with rice growth promotion and enzymatic activity (Figure 7B).




Discussion

Salinity stress is one of the important abiotic factors affecting growth and production of crops, including rice, which necessitates appropriate sustainable agricultural management (Akram et al., 2019; Kumar et al., 2021). Many plant growth-promoting rhizosphere bacteria are known to mitigate the hazardous effects of abiotic stresses, including salinity and heavy metals through a variety of direct and indirect processes and eventually enhance crop development and yield (Choudhary, 2012; Hussain et al., 2019). However, the effectiveness of PGPR in reducing plant salt stress in plants has yet to be completely investigated. Therefore, in the present study, the Bacillus strains were screened for salt tolerance in vitro and the prospective salt-tolerant PGPR strains with desired traits were then employed in soil–plant systems under salt stress conditions. The growth curves at different time intervals up to 96 h of growth indicate the high potential of these strains against salt stress (Figure 1). Among these, the NMTD17 strain exhibited a higher potential to grow at a high salt concentration (16%) as compared to GBSW22 and FZB42. Previously reported PGPR strain FZB42 was also used that could effectively grow up to 11% at salt stress conditions but failed to grow as the concentration was increased from 13 to 16% (Wu et al., 2019).

The role of PGPR in biofilm formation in rhizosphere soil and root surface colonization is being increasingly recognized as a key feature for successful survival mechanisms (Ansari and Ahmad, 2018; Abbas et al., 2019). Biofilm is a collection of bacteria in a self-secreted environment that allows bacterial colonies to exist and produce secondary metabolites in extreme environments (Marsden et al., 2017). After 4 days’ inoculation in LB media, the maximum biofilm formation was found in NMTD17 under salt stress, whereas GBSW22 and FZB42 developed biofilm structures up to 11% saline condition, and it lost biofilm ability as the salt concentration was raised from 13 to 16% (Figure 2A). Research has reported that bacterial biofilm structures are distorted under stress (Feldman et al., 2016), but there is very little evidence of biofilm development under severe salt stress conditions. The halophilic PGPR strains employed in the present study exhibited a unique biofilm-forming ability that allows them to persist and generate the essential metabolites under salt stress. This characteristic is related to the bacterial ability to colonize plant roots and help them cope with salt stress. In addition, ROS are dominant free oxy-radicals that can be generated in response to biotic and abiotic stresses (Ramu et al., 2016; Ayaz et al., 2021). The selected bacterial strains were cultured under salt conditions for 96 h. The salt-sensitive strain FZB42 produced the high ROS, as demonstrated by green fluorescence emitted by the bacterial cells, showing a higher level of cellular disruption (Figure 2). In contrast, the NMTD17 and GBSW22 strains produced the least ROS labeled cells, showing that these strains can withstand salt stress agreeing to (Zubair et al., 2019).

Furthermore, important genes involved in membrane transport, lipid metabolism, fatty acid regulation, and cell signaling, as well as those involved in combating salt stress were analyzed to compare their expression in FZB42, GBSW22, and NMTD17. The following genetic characteristics have a significant influence on abiotic stress tolerance in bacteria that have already been examined (Allen et al., 2009; Zubair et al., 2019). Under salt treatments, the expression level of genes associated with salt stress tolerance in all three Bacillus strains revealed an up-regulation of selected genes in PGPR strain NMTD17 and GBSW22, which might be a key cause of growth capacity to survive in high salinity conditions. The expression of all these genes decreased in FZB42 as salt concentration was increased, which might be the reason for its inability to survive in high salt concentrations. The expression level of the quorum-sensing regulator gene ComA, which acts as a transcriptional activator for several significant physiological responses in bacteria, also helps salt-tolerant strains survive under salt stress conditions (Dogsa et al., 2014). The signal transduction pathway genes (DesS and DegU) had higher expression levels in NMTD17 and GBSW22, suggesting that these genes can change the response to abiotic stress or a changing environment. This is consistent with the previous finding that these genes play a significant role in the Bacillus Pumilus 7P strain under salt stress (Helmann et al., 2003). When these genes are overexpressed in NMTD17 and GBSW22, the strains are better able to perceive and detect the salt stress signal, but FZB42 only minimally increases the expression of these genes growing under high salt stress conditions. Glycine betaine encoding genes (OpuD and OpuAC) are key osmo-protectants and are involved in osmotic stress management. In NMTD17, the OpuAC gene revealed the greatest expression level (4-fold), followed by GBSW22 (Figure 3). Our results are agreeing by the fact that these transcription features are active in response to abiotic stress (Helmann et al., 2003).

We also analyzed different plant growth attributes, such as root length, dry weight, fresh weight, height, antioxidant enzymes, and microbial quantity. In general, plant growth characteristics reduced as the salt concentration in control plants was increased. However, compared with the control, the plant growth attributes of the inoculated plants were significantly enhanced (Supplementary Figure S4), as supported by (Zhang et al., 2018; Ansari et al., 2019). Salt stress has been linked to an imbalance in plant nutrition and osmosis, resulting in lower growth and photosynthesis (Khan et al., 2019). The application of the Bacillus NMTD17 strain proved that it could restore normal physiological characteristics more effectively, followed by GBSW22 and FZB42 as compared to control in rice plants under salt stress. Similarly, Zhang et al. (2018) described the restoration of plant physiological functions through bacterial inoculation.

The use of PGPR to enhance plant development has received much attention because PGPR can help plants grow better under stress conditions (Etesami and Maheshwari, 2018; Li et al., 2020). Inoculating Pseudomonas sp. into pea plants under drought stress has been observed to promote the development of pea plants (Sarkar et al., 2018). Similarly, in the present study, the PGPR Bacillus strains NMTD17 and GBSW22 improved rice plant development under salt stress via increasing seed vigor index (Supplementary Figures S1, S2). Under normal conditions, the selected PGPR strains showed the highest results for all seedling growth promotion factors, but this is the first report of the FZB42 strain having no significant effect on plant development when exposed to high salt (200 mmol). However, it is well proven that Pseudomonas and Bacillus strains have a favorable influence on seedling and young plant vigor index and root morphological characteristics (Rasul et al., 2019; Kumar et al., 2021). However, we found a significant difference in the root morphological and vigor index factors of rice seedlings and rice plants under salt stress after inoculation with highly halophilic Bacillus strains NMTD17 and GBSW22. The fresh and dry weight of root and shoot length of inoculated plants increased significantly under salt stress when compared to control plants (Supplementary Figure S3), which is in accordance with (Ansari and Ahmad, 2018; Abbas et al., 2019).

The outcomes of this investigation clearly reveal that plants treated with Bacillus strains have significantly increased the activity of antioxidant enzymes (Supplementary Figure S5). Under salinity stress, the studies have discovered that bacterially inoculated plants have higher antioxidant enzyme activity (CAT, SOD, POD, and APX) than control plants (Narayanasamy et al., 2020; Kumar et al., 2021). The findings of this study demonstrate that as the concentration of NaCl in rice plants increased, antioxidative enzyme activities like CAT and SOD were also increased (Numan et al., 2018; Mubeen et al., 2022). Increased NaCl content was closely associated with higher antioxidant enzyme activity in rice (Khan et al., 2017; Numan et al., 2018). Plants have evolved an enzymatic defense mechanism to alleviate the effects of salt stress. The findings imply that at greater NaCl doses, increased antioxidant activity is necessary to protect plants from oxidative stress caused by salt stress (Li et al., 2020).

Furthermore, stress-related genes were also studied to explain the improved resistance to salt stress. Using qRT-PCR, we confirmed the expression levels of six genes, including Ossamdc2, Osdreb1f, Oserebp2, Oslea3-1, Oserf104, and Oscyp89g1 (Figure 4). The NMTD17 and GSW22 strains upregulated the expression levels of Oscyp89g1 and Oserf104 genes, which are members of the CPY and ERF families and may be crucial in stress-related responses (Yao et al., 2018; Yu et al., 2018; Zhang et al., 2020). Through binding to the DRE/CRT element (G/ACCGAC), the transcription factor gene Osdreb1f has been found to increase rice salt tolerance by promoting the expression of many stress-related genes (Wang et al., 2008). A transcription factor that regulates a receptor-like kinase gene Oserebp2, which is a negative regulator of the NaCl stress response, was found to be involved in rice NaCl tolerance (Serra et al., 2013). S-adenosylmethionine decarboxylase and stress-induced protein kinase genes were encoded by Ossamdc2. The ROS scavenging pathway of these genes was postulated to be implicated in rice salt tolerance (Ouyang et al., 2010; Shah et al., 2021). The relative expression level further supports our findings that Bacillus strains have the ability to regulate the genes mentioned above under salt stress. We confirm that the Bacillus strains NMTD17 and GSW22 can alleviate salt toxicity in rice by owning genes that also improve growth and regulate the expression level of stress-responsive genes and improve plant development under salt stress.

Numerous studies have shown that the PGPR application can strongly impact the bacterial community (Song et al., 2021). In the current study, the Proteobacteria, Actinobacteriota, Bacteroidetes, Firmicutes, Armatimonadetes, Chloroflexi, and Acidobacteriia were the dominant microbial communities in the rice rhizosphere soil (Figure 5), which is consistent with earlier findings (Chen et al., 2021a,b). Our findings revealed that PGPR inoculation could change the rhizobacterial communities (Figure 6), which agree with the previous study (Hu et al., 2020). The rhizobacterial populations were changed after the inoculation of PGPR. The differences in rhizobacterial communities between the inoculated and non-inoculated treatments as well as control, were correlated to growth promotion in a linear method (Figure 7). As a result, the PGPR effect on rhizobacterial populations was typically beneficial to plants, as demonstrated by earlier investigations (Li et al., 2021; Taye et al., 2022). At the genus level, Streptococcus, Paenibacillus, Propionispora Rhizobium Couchioplanes, and Niastella showed higher abundance following PGPR inoculation. According to previous research, these taxa were favorably correlated with growth traits and antioxidant activities (Chen et al., 2021b). These bacterial communities are common in plant rhizosphere soil and have the ability to improve plant growth (Kielak et al., 2016; Gu et al., 2020; Chen et al., 2021a). Bacillus is the most common member of the Bacilli class that has long been employed in microbial fertilizers to boost crop growth and disease resistance (Ali et al., 2021c). Plants have been shown to be protected from abiotic conditions (including cold, salt, and drought) and to have improved nutrition, vigor, and yield when inoculated with Arthrobacter and Bacillus (Krishnan et al., 2016; Zubair et al., 2019). These findings imply that PGPR inoculation can lead to rhizosphere communities with other beneficial microorganisms (Li et al., 2021).



Conclusion

The current study discovered that biofilm-forming Bacillus strains are resistant to salt stress and have a variety of biological and physiological features that help them cope with salt stress. In comparison to control plants, those treated with bacteria (Bacillus strains NMTD17 and GBSW22) demonstrated higher rice plant growth and antioxidant enzyme activity. Biochemical and physiological characteristics were also discovered to play a significant role as a marker of salt stress and can be utilized to determine the efficacy of new bacterial inoculants. Furthermore, inoculation of PGPR strain NMTD17 improved species richness and rhizobacterial abundance, as well as enriched the relative abundances of beneficial bacteria in rice rhizosphere soil. Furthermore, the beneficial effects of Bacillus strains in saline environments must be tested in large-scale field trials before they can be used in sustainable agriculture.
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In the context of eco-sustainable acquisition of food security, arsenic (As) acts as a deterring factor, which easily infiltrates our food chain via plant uptake. Therefore, devising climate-smart strategies becomes exigent for minimizing the imposed risks. Pertinently, Serendipita indica (S. indica) is well reputed for its post-symbiotic stress alleviatory and phyto-promotive potential. Management of phosphorus (P) is acclaimed for mitigating arsenic toxicity in plants by inhibiting the uptake of As molecules due to the competitive cationic exchange in the rhizosphere. The current study was designed to investigate the tandem effects of S. indica and P in combating As toxicity employing two rice genotypes, i.e., Guodao-6 (GD-6; As-sensitive genotype) and Zhongzhe You-1 (ZZY-1; As-tolerant genotype). After successful fungal colonization, alone and combined arsenic (10  μ M L−1) and phosphorus (50  μ M L−1) treatments were applied. Results displayed that the recuperating effects of combined S. indica and P treatment were indeed much profound than their alone treatments; however, most of the beneficial influences were harnessed by ZZY-1 in comparison with GD-6. Distinct genotypic differences were observed for antioxidant enzyme activities, which were induced slightly higher in S. indica-colonized ZZY-1 plants, with or without additional P, as compared to GD-6. Ultrastructure images of root and shoot exhibited ravages of As in the form of chloroplasts-, nuclei-and cell wall-damage with enlarged vacuole area, mellowed mostly by the combined treatment of S. indica and P in both genotypes. Gene expression of PHTs family transporters was regulated at different levels in almost all treatments across genotypes. Conclusively, the results of this study validated the promising role of S. indica and additional P in mitigating As stress, albeit corroborated that the extent of relevant benefit exploitation is highly genotype-dependent. Verily, unlocking the potential of nature-friendly solutions will mend the anthropogenic damage already been done to our environment.
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 arsenic toxicity, endophytic fungus, phosphorous nutrition, Oryza sativa, antioxidant enzymes, gene expression analysis


Introduction

Rice (Oryza sativa L.) stands out among the cereals as the 3rd most commonly cultivated crop across the globe with a production of 211 million metric tons in 2020, spreading across 164.19 m ha (FAOSTAT, 2021). Most concerning, the World Population Prospects report, promulgated by the Department of Economic and Social Affairs (UNDESA, 2019), presents an extensive review of the future global demographic trends/prospects, according to which the world population is expected to reach 9.8 billion in 2050 and the statistical ascension of population size is projected to persist. Unfortunately, the available arable land is actually reducing in size and rice production is under threat due to the heavy metal (HM) pollution (e.g., cadmium, arsenic, lead, etc.), brought about by human activities (Adil et al., 2020a). As a matter of fact, about 1/3rd of the world’s cultivable land has been lost due to these reasons in past 4 decades with potentially devastating consequences on the horizon as the global food demand rises exponentially (Ahmad et al., 2014; Delang, 2018). Arsenic toxicity is prevalent in rice production due to the considerable amount of water required for a production cycle (Nagajyoti et al., 2010). Arsenic is an exceptionally harmful and ubiquitous metalloid in the environment that not only has adverse effects on agricultural production, but also on human health. Arsenate (As5+) is the abundant form of arsenic in aerobic environments and promotes plant cell damage via oxygen species (ROS) signaling pathways (Zvobgo et al., 2018). Acceptable levels of arsenic set by United States Environmental Protection Agency (USEPA) in soil range from 0.39 to 39 ppm (ATSDR, 2007). Although, the concentration of soil As varies with geographical regions, the global average is about 5 mg kg−1; however, the concentration could reach hundreds or thousands of mg kg−1 in contaminated environments (Zhao et al., 2010). Soil samples collected across China’s arable soils in 2011 and 2016 revealed that the median As concentration in surface soils was 9.7 mg kg−1; moreover, the total arsenic in the Chinese agricultural surface soils was inventoried to be 3.7 × 106 tons (Zhou et al., 2018). Due to the increasing reports of contamination of As in the soil and water and its potential downstream health risks (Shahzadi et al., 2022), it is reasonable to investigate how As toxicity could be counterbalanced. Therefore, crop scientists have been working round the clock to help find alternatives, researching on sustainable and productivity boosting aspects of agricultural crops around the world (Shah et al., 2021; Ulhassan et al., 2022).

Fortunately, there are some ways to help plants manage As stress; these ways include beneficial microorganisms’ interaction with plants and one of the great illustration is S. indica, an endophytic fungus with exceptional abilities to promote plant growth indices even in stressful scenarios such as arsenic exposure (Unnikumar et al., 2013). Classified under a rather new fungal family Sebacinaceae and new order Sebacinales under the phylum Glomeromycota (Varma et al., 1999), S. indica, (previously known as Piriformospora indica), can colonize a wide range of crop and non-crop plants, including but not limited to rice, maize, wheat and barley (Gill et al., 2016). Ever since its discovery, S. indica has been the cynosure of many scientific investigations because of its phenomenal potential; Singhal et al. (2017) and Bakshi et al. (2017) have thoroughly reviewed the magnificent features hidden in the fungus, such as bio-protection, growth promotion and enhancement of plants’ defense mechanisms against abiotic and biotic stresses. Mohd et al. (2017) explored the S. indica colonization-mediated response of Oryza sativa to As toxicity and revealed that host root-fungal symbiosis promoted the rescue of total biomass, chlorophyll and root damage caused by As toxicity. S. indica was able to achieve this by immobilizing soluble As and restrict its infiltration to the roots, with only a small amount of As gaining access to the shoots. Its colonization led to a change in the cells’ redox status by manipulation of the antioxidative framework, thereby defending the photosynthetic apparatus of the plant from As stress (Mohd et al., 2017). As reported by Ghorbani et al. (2021), S. indica-colonized seedlings displayed significant reductions in malondialdehyde and methylglyoxal levels by modulating AsA, glyoxalase system and GSH homeostasis. Evidence provided by Bertolazi et al. (2019) substantiate the claim of crop growth promotion and a higher performance by means of symbiotic interactions, as they witnessed similar growth responses in their investigation with the wild-type rice plants set against H + -PPase gene overexpressing transgenic plants.

Another way to cope with arsenic toxicity is through nutrient management such as P, which can specifically interact with As due to the anionic structural similarity (Zvobgo et al., 2018). Phosphorus makes about 0.2% of a plant’s dry weight and is among the three macronutrients most essential to plants’ existence, as it partakes in many key metabolic pathways, enzymatic reactions and is the chief constituent of biological molecules such as phospholipids, nucleic acids and adenosine triphosphate. It is notable that enzymes that utilize P, have the same binding mode and kinetic parameters as As5+, therefore plants incur toxicity when As5+ substitutes P in metabolic reactions (Kamiya et al., 2013). Phosphorus has been registered as an alleviant of stress specifically As stress in plants, as P and As share common transporters (Ye et al., 2017). Rice plants lack inherently evolved As transporters (Ghorbani et al., 2021), yet arsenic manages to get easily transported across the plasma lemma by PHT proteins (Ye et al., 2017). The function and characteristics of all plant PHTs, and their roles in Arabidopsis and rice have been discussed in depth by Młodzińska and Zboińska (2016). A research on Salix spp. revealed that the expression of PHT 1; 3 and PHT 1; 12 in the absence of P, was up-regulated immediately upon As exposure (Puckett et al., 2012); moreover, some PHTs have been identified in plants that show strong association with mycorrhizal symbiosis, such as PHT11 and PHT13 (Ye et al., 2017). Previous studies attribute S. indica-mediated promotion of plant development to phosphate transfer, as impairment in growth resulted from plant’s inoculation with its phosphate transfer (PiPT) knock-out strains (Kumar et al., 2011). According to an experiment conducted by Ngwene et al. (2016), P utilization is increased by the endophytic root symbiont S. indica, particularly when the source is inorganic; moreover, the resultant symbiosis could reprogram gene expression but may not necessarily compensate for phosphate limitation (Bakshi et al., 2017), therefore an additional P supply would certainly help.

To further comprehend the role of S. indica in plant As toxicity amelioration, it is paramount to discern first how S. indica utilizes P for counteracting As toxicity, and second its capability to work together with the innate genotypic potential of the crop in question. Based on the above facts, the current study was designed with the salient objectives: (i) to study the physio-biochemical responses of rice to arsenic stress under the combined treatment of S. indica and phosphorus, (ii) to investigate the possible mechanism involved in the combined treatment of S. indica with phosphorus in alleviating arsenic stress in rice, and (iii) to explore the ultrastructural configurations of root and leaf tissues and relative gene expression involved in As-stress mitigation.



Materials and methods


Plant material, Serendipita indica culture preparation and inoculation

Healthy seeds of two rice genotypes, Guodao-6 (high As accumulator) and Zhongzhe You-1 (low As accumulator), were disinfected using 3% perhydroxic acid for about 15 min, then rinsed 3 times with ddH2O. Thereafter, the seeds of each genotype were soaked in a labeled germination box overnight at room temperature (25°C). Afterward, the well moist seeds were placed for germination in a rice growth chamber at 29°C ± 1°C during the day (12 h) and 26°C ± 1°C at night. A hydroponic setup was arranged and 10 days old, uniform sized seedlings were transferred to half strength nutrient solution (slightly modified from Zeng et al., 2008) for 3 days followed by full strength solution for 4 days before fungal inoculation. Nutrient solution comprised of the following chemicals (L−1): 2.9 mM NH4NO3, 1.7 mM MgSO4·7H2O, 1.0 mM K2SO4, 1.0 mM CaCl2, 0.125 mM NaH2PO4.2H2O, 36 μM EDTAFeNa, 18 μM H3BO3, 9.1 μM MnCl2·4H2O, 0.52 μM (NH4)6Mo7O24·4H2O, 0.16 μM CuSO4·5H2O, and 0.15 μM ZnSO4·7H2O. Serendipita indica was first grown on agar Petri plates with Aspergillus medium; circular agar disks (5 mm in diameter) inclosing active spores of S. indica (Hill and Kafer, 2001), were placed on solidified medium and kept in absolute dark for 7 days at 30°C ± 1°C. For inoculation, S. indica was grown in a liquid Käfer medium from previously inoculated Petri plates; a small circular section of about 1 mm diameter of the inoculated fungus was introduced into a 500 ml glass flask and then incubated for 12 days at 30°C ± 1°C in a shaking incubator (200 rpm). Thereafter, the liquid containing active spores was filtered through sterile muslin cloth then used for plant inoculation by root soaking method (Chadha et al., 2015).



Confirmation of Serendipita indica root colonization and treatment application

Seven-day post-inoculation, successful colonization was confirmed by microscope visualization of S. indica spores in the root cortical tissues of the host plant. Inoculated plant roots were first gathered and rinsed thoroughly with water before cutting them into 1 cm long pieces and then immersed in KOH solution (10%) overnight at room temperature (25°C; Chadha et al., 2015). The roots were thereafter, washed three times with ddH2O and then immersed again, this time with 1% HCl for about 3 min prior to trypan blue (0.05%) staining for microscopic visualization as seen in Figure 1. Followed by successful colonization, plants were kept either as positive control (S.i) or treated with alone 10 μM As L−1 (As + S. indica), 50 μM P L−1 (P + S. indica) and their combination (As + P + S. indica). A set of un-inoculated plants were also treated with either alone or combined As and P treatments (As, P, and As + P), meanwhile seedlings without any treatment were designated as control (CK). Arsenic was provided as Na2HAsO4.7H2O (0.0078 g L−1), whereas for 50 μM phosphorus, 0.25 mM NaH2PO4.2H2O (0.039 g L−1) was added (stock solutions).

[image: Figure 1]

FIGURE 1
 Photograph of a petri plate growing culture of Serendipita indica (A), and microscopic images of both rice genotypes successfully colonized with S. indica spores; Roots of ZZY-1 genotype (B) and, GD-6 genotype (C).




Evaluation of phenotypic and photosynthetic attributes

Measurement process and methods used were identical for both genotypes; growth indices including shoot height (SH) and root length (RL), fresh (FW) and dry weights (DW) were measured upon harvest (15-day post-treatment) taking two seedlings from each of the three biological replicates. Dried mass was measured after drying the roots and shoots separately in labeled paper bags at 75°C ± 2°C for 72 h using a hot air oven. Measurements of net photosynthetic capability (Amax), stomatal conductance (Gs), transpiration rate (Tr), and intercellular CO2 concentration (Ci), were performed on second fully expanded leaves 24 h before harvest at day 14 post-treatment, using an infrared analyzer (LI-6400 System, Li-COR Company, United States). All measurements were performed between 9 am and 12 pm, with relative humidity of 50%–70%, CO2 concentration of 400 μmol mol−1, air temperature of 25°C to 28°C and photosynthetic photon flux density of 1,000 μmol m−2 s−1.



Electron microscopic imaging

Ultrastructural study was performed on root and shoot of both genotypes, the samples were examined using only a tiny portion of the plant tissues, about 1 mm2 sections of fresh root tips and fully expanded uppermost leaves of the plants. The samples were fixed in a 1:1 mixture of 2.5% glutardialdehyde and 0.1 M phosphate buffer (PBS; pH 7.0) for 6 h and post-fixed in a 1:1 mixture of 2% OsSO4 and 0.1 M PBS (pH 7.0) for 2 h. A series of graded ethanol (75%, 80%, 90%, and 95%) was used to dehydrate the samples with a subsequent pure acetone wash (Mapodzeke et al., 2021). Later, the samples were infiltrated with successive combinations of Spur resin and acetone, followed by embedding in Spur resin overnight. The samples were then polymerized at 70°C for 9 h. Ultrathin sections of the samples were made and stained in uranyl acetate (C4H6O6U), and later by lead citrate (C12H12O14Pb2). Shoot and root ultra-structures were examined and photographed under a Hitachi H7650 transmission electron microscope.



Determination of elemental concentration and translocation factor

Dried root and shoot samples of the two genotypes were collected (0.1 g) and placed in digestion glass tubes with high heat resistance according to their labels, then 3 mL of nitric acid (HNO3) were added to each sample tube and processed in a microwave (Mars 6, CEM Technologies, United States) at 120°C for 1 h 30 min. Macro-, meso- and micro-elements were then detected using an inductively coupled plasma–optical emission spectrometer (ICP-OES; Optima 8000DV; Perkin Elmer). The translocation factor (%TF) was calculated by the ratio of As total accumulation in the shoot with As total accumulation in the root as presented by Zvobgo et al. (2018).



Antioxidant enzyme activity and estimation of lipid peroxidation

About 0.2 g of leaf tissue was homogenized with 4 mL cold 5 mM PBS (pH 7.8) and centrifuged (Eppendorf 5810R; Hamburg, Germany) at 4°C for 15 min at 12,000 rpm. The activities of SOD (EC 1.15.1.1), CAT (EC 1.11.1.6), and POD (EC 1.11.1.7) were assayed according to Wu et al. (2003). By measuring the MDA content (Murphy et al., 2014), lipid peroxidation levels were calculated; the reaction solution comprised of 5% trichloroethanoic acid solution, 2.5 g of thiobarbituric acid and enzyme extract. The final mixture was heated for 15 min at 95°C, followed by immersion in an ice water bath to halt the reaction and subsequently centrifuged for 10 min at 4,800 rpm. Lastly, the supernatant was read spectrophotometrically (BMG Labtech—SPECTROstar® Nano; Offenburg, Germany) at 532 nm (Zhang et al., 2005). Quantification of H2O2 in crude extracts was performed using the colorimetric H2O2 assay kit (A064-1), as per the manufacturer’s protocol (Nanjing Jiancheng Bioengineering Institute NJBI). Quantification of O2− was performed using crude extracts following the method of Jiang and Zhang (2001). Frozen root/shoot tissues (0.1 g) were homogenized with 1 mL of 65 mM PBS (pH 7.8) and centrifuged for 10 min at 5,000× g. The incubation solution contained 65 mM PBS (pH 7.8; 0.9 mL), 10 mM hydroxylamine hydrochloride (0.1 mL), and supernatant (1 mL). Incubation at 25°C for 20 min ensued both before and after the addition of 17 mM sulfanilamide and 7 mM α-naphthylamine. Ethyl ether (4 mL) was added followed by centrifugation at 1,500× g for 5 min. The upper organic layer was removed and absorbance in the lower aqueous layer was read (at 530 nm). In order to calculate the production rate of O2− from the chemical reaction of O2− and hydroxylamine, a standard curve with NO2− was used.



RNA extraction, synthesis of cDNA, and qRT-PCR assay

Total RNA was extracted from 100 mg of root and shoot samples from each treatment employing TaKaRa MiniBEST Universal RNA Extraction Kit (catalog # 9767) as per the manufacturer’s instructions. Titertek-Berthold nanospectrometer (Pforzheim, Germany) was used for RNA concentration check, whereas for quality assessment, the samples were electrophoresed in 1% agarose gel running with 1X TAE buffer. To obtain cDNA, TaKaRa Prime script RT reagent Kit (catalog # RR037A) was used. The cDNA samples were assayed by quantitative real time PCR (qRT-PCR) in the Roche Light Cycler® 480 Instrument II Real Time PCR System using the TB Green® Premix Ex Taq™ II Clontech (catalog # RR820A; Takara). To calculate threshold cycle values, software provided with the qRT-PCR system was used; consequently, the quantification of mRNA levels was performed employing Schmittgen and Livak (2008) method. Ten primers were designed including the reference gene for Oryza sativa with genes of interest and are listed in Table 1. The genes were blasted from NCBI primer blast and designed choosing the most promising output among which phosphate transporters from PHTs families were chosen for expression across treatments. Other genes related to antioxidant activities were also selected and designed for expression to check correlation with antioxidant and ROS enzyme assays, performed through enzyme extraction and different reagent solutions.



TABLE 1 List of Oryza sativa specific primer sequences used in this study.
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Statistical analysis

A completely randomized experiment was designed with 3 biological replicates for each treatment administrated and the statistical analysis (one-way ANOVA) was performed by SPSS-10 statistical software (SPSS Inc., Chicago, IL, United States) using Duncan’s Multiple Range test (DMRT) at p < 0.05 (Goodall, 1991). OriginPro 2019 (Origin Lab Corporation, Wellesley Hills, Wellesley, MA, United States) was employed for PCA analysis and graphs, whereas the tables were made in Microsoft Excel 2019.




Results


Growth responses and photosynthetic indices

The phenotypic differences across the two rice genotypes are presented in Table 2. Growth attributes of both genotypes, i.e., fresh (FW) and dry biomass (DW) or length of roots (RL)/height of shoots (SH), were severely affected by arsenic toxicity. It is interesting to note that symbiosis of S. indica, in the absence of any other treatment, had a burgeoning effect on the growth of plants, although not statistically significant from their respective controls in some cases, with 15.6% and 18% increase in SFW, 16.8% and 13.7% in RFW, 16% and 14.8% in RDW, as well as 3.8% and 5.9% in RL, for ZZY-1 and GD-6 genotype, respectively; whereas, a significant difference in SDW (30.7%) was observed with S. indica colonization for ZZY-1, and in SH (18% and 14.6%) for both ZZY-1 and GD-6, respectively, as compared to their control plants. The combined treatment of P and S. indica also had a positive impact on all the growth indices except for SFW in As-stressed ZZY-1. When the ameliorative treatments were compared for their efficacy, S.i + As displayed 41.4% and 2.34% improvement in RL against As alone treatment, As + P showed 27% and 17.5%, whereas S.i + As + P had 27% and 33.4% better root growth in ZZY-1 and GD-6, respectively. Moreover, in terms of SL, ZZY-1, and GD-6 indicated a 21.9% and 17.7%, 3.8% and 3.5%, along with 0.52% and 30.3% recovery under S.i + As, As + P, and S.i + As + P treatments, respectively. A noteworthy 2.3- and 2.7-fold improvement in RDW was observed for ZZY-1 under combined S. indica treatments with As and As + P than alone As treatment. Moreover, GD-6 plants benefited the most from S.i + As + P with 66.5% lesser reduction in comparison with their alone As treated counterparts. While recording the data for shoot dry weight, it was observed that S.i + As brought forth a better shoot dry weight than As + P and S.i + As + P application (4.7- and 3.4-fold, respectively), when compared to As treated ZZY-1 plants; however, S.i + As + P showed a 2.5- and 2-fold higher SDW preservation compared to S.i + As and As + P, respectively. Against arsenic treated plants, root fresh weights were restored significantly under S.i + As + P application than S.i + As and As + P, while an opposing trend was seen in SFW values, where both S.i + As and As + P treatments presented higher FW (43% and 24.7% for ZZY-1, 97% and 99% for GD-6) against 2.35% and 2% under S.i + As + P, respectively.



TABLE 2 Growth indices of rice plants differing in arsenic accruing tendency following alone and combined interactions of Serendipita indica symbiosis and phosphorus against arsenic stress.
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The effects of all treatments across rice genotypes on Amax, Gs, Ci, and Tr under As stress are illustrated in Figure 2. Arsenic stress, as expected significantly reduced net Amax (66% and 58%), stomatal conductance (93% and 77%), and transpiration rate (66% and 71%) compared to control plants in ZZY-1 and GD genotypes, respectively. Furthermore, the combined treatment of S. indica and phosphorus under As stress showed much improvement in net photosynthetic rate (41%) when compared to S.i + As and As + P, in ZZY-1 genotype. However, GD-6 plants took advantage of S. indica alone (S.i + As; 22.7%) and in combination with phosphorus (S.i + As + P; 37.8% improvement), when compared with their As treated counterparts. The results indicated better performance of GD-6 under S.i + As + P (values closer to control) in terms of Gs in contrast to ZZY-1 genotype (48% revival). Although, As stress caused an elevation in intercellular CO2 concentrations, ZZY-1 experienced a recuperative effect under As + P (116%), S.i + As + P (91%), and S.i + As (49%); while for GD-6 plants, S.i + As + P tended to ameliorate the most (109%). It was interesting to note that transpiration rate was highly improved under S.i + As + P, and S.i + As treatment (41.3% and 15.4% higher compared to As treated plants, respectively) for ZZY-1 genotype, whereas for GD-6, arsenic stressed plants benefited mostly under S. indica symbiosis combined with phosphorus (i.e., S.i + As + P; 20% improvement).
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FIGURE 2
 Photosynthetic attributes of two rice genotypes differing in As accumulation tendency following alone and combined interactions of Serendipita indica symbiosis and phosphorus against As stress. Error bars represent standard errors (n=3). Different letters represent significant difference (p ≤ 0.05) among the treatments within each genotype.




Effects of the treatments on root and leaf cell ultrastructural fingerprints

The ultrastructure images of the root and shoot tissues present noticeable differences on cellular structure level among the treatments and across genotypes (Figure 3). It is apparent that most cellular organelles, such as mitochondria, chloroplast etc. in the control plant tissues, both in root and shoot, present normal morphology. However, other treatments in combination with As showed negative impact on plant cell organelles structures with the most damaging effect being in the cells of GD-6 genotype. Furthermore, the combined treatment of S. indica and P in addition to As, in particular showed greater phenotypic difference in GD-6 genotype (As-sensitive) and less damaging effect in ZZY-1. Arsenic deposition in vacuole is also visible in most of the ultrastructure images across treatments with increased vacuole area and in some, complete cell destruction.
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FIGURE 3
 Transmission electron micrographs of root and leaf cells. Key: (A–J) = Root; GD-6: A = Control; B = As; C= Serendipita indica + As; D = S. indica + As + Phosphorus; E = As + Phosphorus; ZZY-1: F=Control; G = As; H=S. indica + As; I = D=S. indica + As + Phosphorus; J = As + Phosphorus. (K–T) = Leaves; GD-6: K=Control; L = As; M = S. indica + As; N=S. indica + As + Phosphorus; O = As + Phosphorus. ZZY-1: P=Control; Q = As; R = S. indica + As; S=S. indica + As + Phosphorus; T = As + Phosphorus.




Concentration of macro, meso, and micronutrients

Mineral concentrations of root and shoot As, zinc (Zn), iron (Fe), calcium (Ca), potassium (K), phosphorus (P) and magnesium (Mg) were measured and the effects of all treatments applied to both rice genotypes are shown in Figure 4A, whereas percentage of arsenic translocation is also depicted alongside (Figure 4B). In shoots of ZZY-1, the ameliorative treatments, i.e., S.i + As, As + P and S.i + As + P, instigated a reduction of 42%, 24.7%, and 62.8% of arsenic concentration as compared to As alone stress, whereas for GD-6, 56.5%, 42.2%, and 68.7% decrease was observed, respectively. Roots of ZZY-1, displayed a decline of 28%, 12.6%, and 39.8% in comparison with its respective As treated counterparts, while GD-6 roots also exhibited an attenuative trend to a lesser extent (20.2%, 14.6%, and 22.4% under S.i + As, As + P and S.i + As + P, respectively). Regardless of the genotype, symbiosis of S. indica alone and in combination with phosphorus, tended to increase the concentration of Zn, Fe, Ca, Mg, and K, predominantly in shoots than the roots. The concentration of Zn in ZZY-1 and GD-6 shoots reduced significantly under As stress (30.8% and 18.6%, respectively), however S.i + As + P treatment rescued both genotypes (49.4% and 58% improvement, respectively) when compared to their respective As alone treated counterparts, while S.i + As and As + P proved to be more promising for ZZY-1 (58.5% and 42.6% recovery, respectively) than GD-6 (16.5% and 19.2%, respectively). In case of roots, although not much assistance was provided by the additional supplementation of phosphorus against As, the symbiosis of S. indica (S.i + As + P) remarkably improved the Zn contents in ZZY-1 and GD-6 roots (85.2% and 81.6%, respectively), followed by S.i + As with 64.7% and 31.7% recovery for the former and later genotype, respectively.
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FIGURE 4
 Macro-, meso-, and micro-element concentration (A); green in color scale displays higher values and red shows lower values. Radar chart representing % As translocation factor (B). Different letters represent significant difference (p ≤ 0.05) among the treatments within each genotype.


The calculations regarding percent translocation factor of arsenic revealed a higher reduction in GD-6 than ZZY-1; lowest As TF was observed under S.i + As + P (38.3% reduction) followed by S.i + As (19.3%) and As + P (13.8%) in ZZY-1 plants, whereas for GD-6, S.i + As + P was highly effective (59.7% reduction) compared to S.i + As (45.5%) and As + P (33.3%). Iron concentration reduced drastically under As stress for both genotypes irrespective of the tissue analyzed. It is, rather impressive to observe that treatments with S. indica brought about much improvement, and in few cases, higher than control Fe concentration values when compared to phosphorus amended treatments. Meanwhile, the concentration of phosphorus was higher under the treatments with augmented phosphorus as well as under S. indica inoculated plants and the beneficial impact was much pronounced in GD-6 shoots than ZZY-1 with 15.6% and 30% increment under S.i and S.i + P, respectively. Roots accumulated more phosphorus under alone and combined S.i and P treatments in both genotypes, whereas the inhibitory effect of As against phosphorus was counteracted prominently by As + P (23.8%) and S.i + As + P (18% improvement) in ZZY-1 compared to its As treated counterparts when set against GD-6 roots (with only 14.9% and 4.5% retrieval, respectively). A significant elevation in the concentration of shoot Ca was displayed by ZZY-1 plants under S.i (1.92%) and S.i + As (22.8% increase), whereas for GD-6, it was observed for S.i (23.9%) and S.i + P treated plants (35.3% increase). When arsenic treatment was compared with control, a 30.4% and 44.6% reduction was recorded for ZZY-1 and GD-6 shoots, while roots exhibited 24.5% and 51.6% decline in Ca content, respectively. Among the ameliorative treatments, S.i + As + P offered a 28% and 55.4% as well as 62.3% and 59% improved Ca accumulation in ZZY-1 and GD-6 shoots and roots, respectively. Unfortunately, in terms of K concentration restoration, As + P failed to deliver, not only in shoots but also roots of both genotypes. Concentration of Mg saw a sharp decline under As stress, where a 59.2% and 44.7% drop was observed in shoots and 74.8% and 48.6% in roots of ZZY-1 and GD-6, respectively. Shoots of ZZY-1 experienced much improvement in Mg content under S.i + As (62.9%) and S.i + As + P (67.5%) than As + P (only 4.5%), albeit GD-6 shoots were able to benefit mainly from S.i + As + P (58.2% recovery) as S.i + As and As + P did not yield much improvement (16.4% and 19%, respectively); almost a similar pattern was observed for root Mg concentration in both genotypes.



Construing the activities of reactive oxygen species scavenging enzymes

An increase of 5.3- and 2.6-fold was observed for catalase enzyme activity under As stress in ZZY-1 shoot and root, respectively (Figure 5); ameliorative treatments also brought forth significantly high levels of CAT activity, i.e., 5.5-, 1.45-, and 4.2-fold increase in shoots and 7.2-, 2.3-, and 2.8-fold in roots under S.i + As, As + P and S.i + As + P, respectively. Contrariwise, the S.i and P alone and combined treatments in the absence of As produced a downregulatory response in the activity of aforementioned enzyme, which was true for the ZZY-1 shoot but not completely for its roots, as S. indica symbiosis indeed raised the enzymic levels of CAT up to 2-fold; additionally, a 3.48- and 2.4-fold spike was also witnessed for GD-6 shoots and roots, respectively. Arsenic treatment triggered the activity of guaiacol peroxidase significantly in shoots and roots of both genotypes; moreover, the alleviatory treatments, predominantly S.i + As, also played their part in enhancing the POD levels in shoots (184% and 87.4% for ZZY-1 and GD-6, respectively), although the combined treatment (S.i + As + P) showed a comparatively lower increment both in shoots and roots of ZZY-1. Additionally, roots of both genotypes exhibited an increased level of POD activity under As + P (56% and 122.4% for ZZY-1 and GD-6, respectively). Compared to control, regardless of the treatment and plant tissue analyzed, the enzyme activity of superoxide dismutase increased with highest values obtained under S.i + As (42.3% and 147% in ZZY-1; 513% and 76.7% in GD-6, shoot and root, respectively) among the mitigatory treatments.
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FIGURE 5
 Levels of ROS scavenging enzymes in two rice genotypes differing in As accumulation tendency following alone and combined interactions of Serendipita indica symbiosis and phosphorus application against As stress. Right panel represent root and left shows analysis of antioxidant enzymic activities in leaves. Vertical bars represent the means of three independent replicates (±SE). Different letters represent significant difference (p ≤ 0.05) among the treatments within each genotype.




Reactive oxygen species and malondialdehyde levels

As presented in Figure 6, all the treatments except for As + P treatment assisted in reducing the lipid peroxidation caused by As toxicity in both above and below ground parts of ZZY-1 and GD-6 genotype. Of note, a 31%, 22.3%, and 49.6% drop in hydrogen peroxide content was observed for ZZY-1 shoots, meanwhile for GD-6, a 71%, 13.2%, and 93.9% decrease was recorded under S.i + As, As + P and S.i + As + P, respectively. In regard to roots, the abovementioned ameliorating treatments rendered a higher percentage of reduction in H2O2 content for both genotypes when compared to their As-stressed counterparts. Furthermore, across the genotypes both in shoot and root, a decline in the superoxide (O2·−) was detected (ZZY-1: 36.8%, 19.7%, and 47.4% in shoots, 22%, 3.9%, and 34% in roots; GD-6: 23.5%, 85.3%, and 97% in shoots, 33.3%, 69.4%, and 50% in roots) when plants under S.i + As, As + P and S.i + As + P were compared with their respective As-treatments, respectively. Reasonably, there was a strong correlation among A2, A5, A6, B2, B5, and B6 when analyzed through principal component analysis (Figure 7), then among A1, A3, A4, A7, B1, B3, B4, and B7, while A8 and B8 had inter-correlation with the two aforementioned groups.
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FIGURE 6
 Arsenic stress-mediated oxidative burst amelioration through alone and combined interactions of Serendipita indica symbiosis and phosphorus application in two rice genotypes differing in As accumulation tendency. Right panel represent root and left shows analysis of ROS levels in leaves. Vertical bars represent the means of three independent replicates (±SE). Different letters represent significant difference (p ≤ 0.05) among the treatments within each genotype.
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FIGURE 7
 A PCA-contingent biplot of measured physio-biochemical parameters under alone and combined Serendipita indica symbiosis and phosphorus application. Key: A = ZZY-1 genotype; B = GD-6; numbers 1 to 8 correspond with CK, As, S.i, P, S.i + As, P + As, S.i + P, and S.i + P + As, respectively. Sh, Shoot/leaves; R, Root.




Relative gene expression pattern

The heat map of genes expressed differentially is presented in Figure 8. Different colors indicate different gene expressions, with light blue being the most up-regulated genes and yellow, the ones least expressed or downregulated. For GD-6 (Figure 8A) and ZZY-1 (Figure 8B) genotypes, relative expression of genes was determined based on the calculated value from the reference gene with up-regulated genes being ≥1 and downregulated genes being <1, with control plants having relative gene expression value equal to 1. A downregulatory trend in the phosphate transporters was observed with the onset of As stress in ZZY-1 genotype shoot as well as roots, in contrast with GD-6 root and shoot tissues where more than 2-fold increase was witnessed for OsPHT1 gene expression levels. Alone and combined application of S. indica and phosphorus enhanced the expression of the phosphate transporters as well. In GD-6 shoots, a higher expression of OsPHT4 was recorded for both S.i + As and P + As treatments (4.1- and 4.8-fold increase), while in roots it was mostly in the later treatment (4.2-fold). Regarding ZZY-1 plants, the elevation in the expression of phosphate transporters was mainly observed in roots under treatments with phosphorus supplementation with (2.7-fold increment) or without As treatment (2.3-fold increase). Considering the antioxidative capacity, there was a surge of relative expression in OsFe-SOD, OsMn-SOD, OsCu-ZnSOD, OsAPX, and OsCAT in both roots and shoots of ZZY-1 under S.i + As, P + As and S.i + As + P treatments. Whereas for GD-6, As combined with S.i or with S.i + P yielded the most augmentation in both the tested tissues, particularly the expression levels of OsMn-SOD and OsCAT with 15.5- and 11.8-fold increase in roots under S.i + As, respectively. Note-worthily, a fold change of 8.2 and 3.6 was exhibited by the roots of ZZY-1 under As stress, while the shoots presented a 1.7- and 3.4-fold increase in the expressions of OsMn-SOD and OsCAT genes as opposed to the control plants, respectively. Moreover, the expression of OsHMA2 and OsHMA3 was pronounced in As + P (4.5- and 1.97-fold increase, respectively) and S.i + As + P treatments (2.95- and 2-fold, respectively) in leaves, albeit roots displayed a 2.8-fold increase under S.i + As, and 1.5- and 3.2-fold as well as 1.2- and 2.3-fold relative increase of OsHMA2 and OsHMA3 gene expression under S.i + P and S.i + As + P, respectively. Arsenic treatment impacted the OsHMA2 and OsHMA3 genes in almost all the treatments in GD-6 roots and leaves. Of note, a 4.7- and 3.8-fold increase under As stress was observed in roots along with 3.9- and 2.7-fold increase under phosphorus alone treatment; a similar impact extended toward leaves as well with 2- and 2.9-fold elevation in expression of OsHMA2 and OsHMA3 under As stress, while 4.9- and 2.1-fold increase was seen under phosphorus fortification.
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FIGURE 8
 Expression levels of certain antioxidant enzymes, phosphate and heavy metal transporter genes under alone and combined Serendipita indica symbiosis and phosphorus application in two rice genotypes displaying different As accumulation tendencies. Color scale shows Z values, where yellow depicts downregulatory and light blue shows upregulatory trend. (A) GD-6 genotype and (B) ZZY-1; S, Shoot; R, Root.





Discussion

Most biotechnologists display a great deal of interest in the use of genetically engineered plants with superior yields and improved traits in agriculture considering it safe. However, the public abhorrence of transgenic plants and the fragmentary knowledge regarding post-consumption hazards calls for substitutes that are eco-friendly and, at the same time, cost-effective (Faiz et al., 2022). Interestingly, genotype-dependent alterations became apparent with the onset of As stress as a downregulatory trend in relative expression of phosphate transporter genes was displayed by ZZY-1 (Figure 8), more so than GD-6, which explains the reduction in phosphorus concentration in the plants exposed to As toxicity. Arsenic utilizes phosphate transporters to enter the plant’s system, for that reason, less As accumulating genotype (i.e., ZZY-1), tended to adopt an avoidance strategy by reducing the expression levels of such genes (Kumar et al., 2011; Ghorbani et al., 2021), even though its development was interfered considerably but the plant still managed to survive and grow slowly, which was the absolute reverse effect observed for GD-6 genotype. Contrariwise, Serendipita indica-mediated burgeoning of ZZY-1 and GD-6 plants was predicated on an increased uptake of macro and micro nutrient, particularly P, very much compatible with the upregulation of phosphate transporters in roots such as PHT1-1 and PHT1-5, as described previously for Arabidopsis and rice (Johnson et al., 2014). Bajaj et al. (2018) declared a significant increase in the nitrogen, phosphorus and potassium concentration in aboveground tissues of S. indica-colonized soybean plants, along with some other vital nutrients, such as manganese, zinc, calcium, magnesium, and especially iron. It has also been confirmed that in symbiosis with roots, S. indica acts as a shield or immobilize/sequesters HMs in its vacuoles, and our results regarding As translocation factor (Figure 3) correspond well with those of previous studies (Mohd et al., 2017). By immobilizing As in the roots, S. indica prevents its translocation to the aerial parts and subsequent dysfunction of photosynthetic organs, which might, otherwise, lead to reduced chlorophyll biosynthesis, distorted chloroplast membranes and reduced photosynthetic rate (Gusman et al., 2013). Improvement of Gs by S. indica has also been documented in different plants under various stresses (Saddique et al., 2018; Bertolazi et al., 2019). During its colonization (at early symbiotic stages), extracellular adenosine 5′-triphosphate (eATP) accrues in the apoplast, which is known to promote stomatal opening and helps regulate plant’s growth and development along with the biotic and abiotic stress responses (Nizam et al., 2019).

Nam et al. (2021) provided evidence regarding Fe deficiency induced ROS generation as well as chlorosis that becomes more pronounced in the presence of phosphorus rather than its absence, which explains the improved photosynthetic capability and overall growth of plants in this study under S.i + As + P treatment as As hinders the uptake of Fe (Mousavi et al., 2020); neither the availability of P alone compensate for Fe deficit, nor does it represent a guarantee of counterbalancing As toxicity (Begum et al., 2008; Abbasi et al., 2021). Availability of P is, tacitly assumed to be, crucial for the concentrations of elements that are imperative for metabolic processes associated with photosynthesis, biomass growth and yield formation, such as Mg (Weih et al., 2021); plants colonized by S. indica combined with As and P benefitted much more than the ones without its symbiosis (i.e., As + P), not only in terms of nutrient uptake but also in the element concentration of Mg, which is indispensable for the formation of chlorophyll molecule (Weih et al., 2021). From this perspective, the augmented P proved rather inefficacious, when accompanied by As, for the studied genotypes. The ravaging effects of As on the physiological growth of plants has been delineated extensively in literature (Sharma et al., 2017; Li et al., 2018; Mousavi et al., 2020). Generally, the consensus is that As significantly reduces plant development and root/shoot biomass (Ghorbani et al., 2021). A parallel trend was observed in current study (Table 2; Figure 2), which validates the phytotoxicity of As on rice plants. Arsenic (AsV) vies with PO43− in ATP synthesis and replaces it, forming an unstable adenosine diphosphate-As (V), causing disruptions in cellular energy flow (Ye et al., 2017).

Even though plant inoculation with this endophytic symbiont results in phyto-promotion, the inoculation itself exerts a moderate biotic stress that activates defense mechanisms and induces systemic resistance (ISR) in plants (Gill et al., 2016; Shrivastava et al., 2018; Xu et al., 2018). Previous studies explain S. indica-mediated root protection through the stimulation of antioxidant system under stress, which likewise prompts developmental reprograming in response to the redox state of the roots and environmental cues (Vadassery et al., 2009; Harrach et al., 2013; Bakshi et al., 2017). It initially colonizes living cells via invagination of the cell-membrane, keeping the organelles intact but this biotrophic phase soon progresses into a cell-death related colonization phase (Qiang et al., 2012), rendering dominance of this endophyte over plant’s root (Sagonda et al., 2021; Ulhassan et al., 2022). Consequently, a characteristic corollary of S. indica symbiosis is an improved plant water homeostasis through an improved root system induction and access of mycelium to water, otherwise outside the reach of the root system, which contributes to higher Amax and gaseous exchange (Porcel et al., 2015). The present study results confirmed once again the effectiveness of S. indica in alleviating HM toxicity in rice plants concurring with numerous previous studies (Gill et al., 2016; Mohd et al., 2017; Sagonda et al., 2021). Ghorbani et al. (2021) proved in his study that S. indica can endow resistance against As toxicity to its host plant by a numbers of mechanisms, a very few of which have been understood by scientists, and among these, is the stimulation of enzymic activities within the plant cells and therefore regulation of stress by the plant natural defense mechanism; the same trends have been recorded in this study apropos of the stimulation of CAT, POD, and SOD in plants colonized by S. indica. In addition, other genes of interest, across the treatments and between genotypes, such as OsMn-SOD, OsFe-SOD, and OsCu-ZnSOD were also upregulated between genotypes and across treatments, indicating the relative induction of their activities and highly correlated with the elemental concentrations and the enzymic analysis witnessed across the treatments. The results gave us a new prospective, as we have noticed that the combined effects of the treatments perhaps can be more promising in the As-sensitive genotypes. Heavy metal ATPases, i.e., HMA2 and HMA3 partake in xylem transportation and vacuolar sequestration of HMs, respectively (Adil et al., 2020a). However, their association is not limited to Cd and Zn translocation only as the involvement, of HMA3 in particular, reportedly encompasses stress response, senescence as well as Fe-deficiency (Zeshan et al., 2021). Current study also showed upregulation in the expressions of both HMAs, especially under treatments with As, which validates the role of these genes in metal homeostasis.

Results from the ROS determination (Figure 6) gave us new perspectives to understand and explain the differential responses of the two rice genotypes and corroborate previous studies done by Karuppanapandian et al. (2011), Ghorbani et al. (2021) and Mohd et al. (2017), all supporting the fact that in stressful conditions, ROS production increases significantly (p < 0.05) and this consequently leads to systematic observation of poor growth parameters and bad performances of the plant. Symbiosis of S. indica does not induce oxidative burst rather represses it by triggering different enzymes that scavenge ROS (Vadassery et al., 2009). The acquired oxidative burst data correlated with growth parameters and ultrastructure images. The electron imaging of both genotypes tissues cells, revealed the important damaging effects caused by the different treatments on different scales, it was however, noted that the combined treatment effect was greater on root and shoot cellular organelles of GD-6 genotype as shown in Figure 3; these results correlate with the growth parameters discussed above. Taken together, data from this study implied the higher impact of treatments in GD-6 (As-sensitive genotype), surpassing ZZY-1 (As-tolerant genotype). The complex root-fungi cellular interactions necessitate constant recognition/signal exchange (Bonfante and Requena, 2011). Consistent with the fact that S. indica is a root colonizing endophyte, its cell wall extracts have been previously reported to induce sequential cytoplasmic and nuclear Ca2+elevations, preferably in the roots and marginally in the shoots (Vadassery et al., 2009). Inferentially, Ca2+ ions function as a second messenger in plant-signaling pathways to create a link between extracellular stimuli and intracellular responses (Adil et al., 2020b), thereby facilitating an improved plant performance. A comparatively higher concentration of calcium in both shoots and roots of S. indica inoculated plants with or without As stress imply toward the remarkable tendency of this fungus in forearming the plants to the anticipated agricultural challenges.



Conclusion

In current study, the augmented provision of P assisted the susceptible genotype much more than the tolerant one. Moreover, the S. indica colonization without additional P was sufficient enough to support growth and photosynthetic aspects of less As accumulating genotype (ZZY-1). The S. indica symbiosis serves as a lynchpin by enabling plants to take up and utilize the available resources to their fullest and contributing to an increased P nutrition, improved plant growth and amelioration of As toxicity. High-P contents facilitated by the association of this endophyte convey enough energy to plants for their survival and produce enough biomass to produce a dilution effect. Albeit, for an in-depth assessment of the regulatory pathways that underlie the symbiotic association of S. indica with P amended arsenic stressed rice plants, further studies encompassing proteomic or metabolic approaches are imperative. The evidence gathered here portrays the significance of S. indica combined with P application as a model approach for integration in sustainable agriculture and the improvement of crop productivity in farmlands polluted with arsenic.
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Biological control is a safe way of combating plant diseases using the living organisms. For the precise use of microbial biological control agents, the genetic information on the hypersensitive response (HR), and defense-related gene induction pathways of plants are necessary. Orchids are the most prominent stakeholders of floriculture industry, and owing to their long-awaited flowering pattern, disease control is imperative to allow healthy vegetative growth that spans more than 2 years in most of the orchids. We observed leaf-less flowering in three orchid species (Cymbidium ensifolium, C. goeringii and C. sinense). Using these materials as reference, we performed transcriptome profiling for healthy leaves from non-infected plants to identify genes specifically involved in plant-pathogen interaction pathway. For this pathway, a total of 253 differentially expressed genes (DEGs) were identified in C. ensifolium, 189 DEGs were identified in C. goeringii and 119 DEGs were found in C. sinense. These DEGs were mainly related to bacterial secretion systems, FLS2, CNGCs and EFR, regulating HR, stomatal closure and defense-related gene induction. FLS2 (LRR receptor-like serine/threonine kinase) contained the highest number of DEGs among three orchid species, followed by calmodulin. Highly upregulated gene sets were found in C. sinense as compared to other species. The great deal of DEGs, mainly the FLS2 and EFR families, related to defense and immunity responses can effectively direct the future of biological control of diseases for orchids.
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Introduction

Plants have developed a multi-layered defense system to resist the invasion of pathogens (Kaur et al., 2022). In the primary response, plants recognize pathogens by using PTI (PAMP-triggered immunity) which uses cell-surface pattern-recognition receptors (PRRs). Defense-related genes are activated to produce antimicrobial compounds through MAPK signaling pathway triggered by FLS2 and EFR (Nishad et al., 2020). The increase in the concentration of Ca2+ in the cytosol regulates the production of ROS (reactive oxygen species) and HR (hypersensitive response)/programmed cell death. The secondary response is called ETI (effector-triggered immunity). In this response, pathogens use secretion systems to inject effector proteins into the plant cells to suppress PTI. Pathogens also invade the immunity of the host plants by manipulating their hormone signaling pathways. In response to pathogen effectors, plants use intracellular surveillance proteins called R proteins to monitor the presence of the virulence proteins from pathogens. The ETI arrests pathogen growth by localized programmed cell death, which causes cultivar-specific disease resistance (Nishad et al., 2020).

FLAGELLIN SENSING 2 (FLS2) is an important regulator of plant immunity against pathogenic bacteria (Zipfel et al., 2004). It acts as a PRR (pattern recognition receptor) for flagellin, which is the building block of bacterial flagellum and is perceived as PAMP (pathogen-associated molecular pattern) protein in animals and plants (Gómez-Gómez and Boller, 2000; Hayashi et al., 2001). PRRs proteins contain single transmembrane bearing N-terminal receptor-like domain that recognizes ligands. FLS2 is the first PRR identified in plants and belongs to a large family of receptor kinases (Robatzek and Wirthmueller, 2013). It can recognize a conserved 22-amino acid peptide called flg22 in the N-terminus of flagellin (Felix et al., 1999; Bauer et al., 2001; Chinchilla et al., 2006). In Arabidopsis, other PRRs include EFR (EF-Tu receptor) that identifies the elf18 peptide corresponding to the N-terminus of the bacterial EF-Tu, and CERK1 (chitin elicitor receptor kinase 1) that recognizes the chitin of fungi and the bacterial peptidoglycans (Zipfel et al., 2006; Miya et al., 2007; Petutschnig et al., 2010; Shafique et al., 2011; Willmann et al., 2011). In rice, chitin-elicitor-binding protein, a receptor protein, functions together with OsCERK1 for chitin perception (Shimizu et al., 2010). The receptor kinase XA21 uses the XA21 peptide sensing to create resistance against Xanthomonas oryzae bacteria (Lee et al., 2009). Tomato receptor proteins LeEix1/2 confer the perception of xylanase from fungi in the ethylene-induction pathway (Ron and Avni, 2004). Moreover, PRRs can perform heterologous functions (Monaghan and Zipfel, 2012). For example, Ve1 is a PRR in tomato and mediates immunity against Verticillium fungus, while it can also provide resistance against Verticillium in Arabidopsis (Fradin et al., 2011; De Jonge et al., 2012).

FLS2 regulates the ROS (reactive oxygen species) production, the defense-related hormones (salicylic acid and ethylene), deposition of secondary compounds (e.g., callose) and the transcriptional reprogramming involving WRKY TFs (Boller and Felix, 2009), thereby establishing plant immunity. FLS2 makes a stable complex with BRI-associated kinase 1 (BAK1) in a flg22-dependent manner (Robatzek and Wirthmueller, 2013). BAK1 is a regulatory transmembrane receptor kinase and a member of SERK (somatic embryo receptor kinase) family; it involves brassinosteroid signaling and flg22-activated multiple immune responses (Li et al., 2002; Chinchilla et al., 2007; Heese et al., 2007; Roux et al., 2011; Schwessinger et al., 2011). BAK1 and FLS2 interact with BIK1 (botrytis-induced kinase 1) and its homologs (PBL1, PBL2, and PBS1); while BIK1 is receptor-like cytoplasmic kinase (Robatzek and Wirthmueller, 2013). MAPK (mitogen-activated protein kinase) cascades work downstream of FLS2-BAK1 complex in response to flg22 (Asai et al., 2002; Ichimura et al., 2006). Moreover, FLS2-BAK1 dimerization activates CDPK (calcium dependent protein kinase) signaling pathways (Boudsocq et al., 2010).

Calcium signaling plays important roles in symbiotic and pathogenic plant-microbe interactions (Zipfel and Oldroyd, 2017; Mubeen et al., 2022; Rhodes et al., 2022). PRRs trigger a transiently rapid influx in the cytoplasmic calcium, depending upon the PRR complex and downstream RLCKs (receptor-like cytoplasmic kinases; Ranf et al., 2012, 2014; Li et al., 2014; Monaghan et al., 2015; Ahmad et al., 2018). Recently, a number of calcium channels have been implicated, such as CNGCs (cyclic nucleotide-gated channels; Rhodes et al., 2022). The NRL-triggered cell death, known as HR (hypersensitive response), depends on calcium (Bashir et al., 2013). Treatment with calcium channel blockers and calcium chelators can inhibit cell death (Levine et al., 1996; Grant et al., 2000; Ali et al., 2007).

Perception of PAMP by PRRs instigates a defense response called PTI (pattern-triggered immunity) to inhibit pathogenic infections (Macho and Zipfel, 2014). Against it, pathogens use effector molecules to suppress PTI (Wang et al., 2022) and plants have evolved intracellular receptors to counter effector molecules. These receptors are called NLR (nucleotide-binding, leucine-rich repeats) proteins which activate ETI (effector-triggered immunity; Ngou et al., 2022). PTI and ETI have been considered as two independent pathway layers regulating plant immune system (Rhodes et al., 2022). PRR activation also triggers the phosphorylation of MAPK cascades. MAP kinase kinase kinase (MAPKKK/MEKK) activation triggers the downstream MAP kinase kinase (MAPKK/MKK), which stimulates the downstream MAPK/MPK (Asai et al., 2002; Ichimura et al., 2002; Akram et al., 2014; He et al., 2018; Komis et al., 2018).

The Orchidaceae falls among the largest and the highly evolved monocot plant families (Roberts and Dixon, 2008). Approximately, 70,000 orchid species have been cultivated worldwide as medicinal and ornamental plants (Wong, 2002). The Cymbidium orchids are best known for their ideal characteristics and aesthetic appeal around the world (Cribb, 2014). However, there are a number of biotic (viral, bacterial and fungal diseases) and abiotic (salinity and drought stress) factors that seriously affect the quality and production of orchids (Tuhid et al., 2012; Akram et al., 2019; Ren et al., 2020). For example, Tobamovirus and CymMV (Cymbidium mosaic virus) are the lethal viral pathogens causing necrosis, chlorosis and dwarfism in orchids, which causes huge ornamental and economic losses to orchids (Koh et al., 2014). A little information is available on the immunity mechanism of orchids, although their long vegetative phase requires a strong defense strategy to cope with pathogens. Such studies indicate the orchid immunity and defense responses for some specific diseases. A transcriptome-wide analysis for multiple orchid species has not been described, especially the Cymbidium orchids. Moreover, a leaf-less control has not been discussed before, that can produce much more genetic information on immunity regulation in the healthy leaves. For an effective biological control, the understanding of orchids defense machinery is a demanding area of research. Therefore, this study identifies an ideal leaf-less control to study the genetic makeup of immunity responses for Cymbidium orchids. Three ideal Cymbidium orchids, C. ensifolium, C. goeringii and C. sinense were used to perform reference-based transcriptome analysis and then genes related to plant-pathogen interaction pathway and MAPK-signaling pathways were ascertained. This study provides a broader image of orchid defense mechanism and maximizes the immunity information than ever before. The outcomes, thus, suggest the effective immunity mechanism to devise biological control strategy for orchids and other floriculture crops.



Materials and methods


Induction of leafless protocorm growth

Three orchid species (C. ensifolium, C. goeringii, and C. sinense) were grown through protocorms in long jars with special media containing 6-BA (8.0 mg L−1), NAA (0.5 mg L−1), sugar (35 g L−1), activated carbon (1.5 g L−1) and agar (7.0 g L−1). The chamber temperature was set to 26 ± 2 oC with a photoperiod of 12 h/day and light intensity of 2,500–3,000 Lx.

Two types of protocorms were obtained for each species; at an age of 6 months, the leaf-less plants which produced flowers without vegetative growth and the normal plants with leaf and root growth. Three replicates were obtained for each pattern of each species for RNA Sequencing.



RNA-seq library preparation and sequencing

A total of 18 (6 tissues in 3 replicates) tissues were obtained from 6 month old plants to extract RNA suing the TaKaRa kit. The total RNA was used to prepare cDNA libraries. The mRNA was obtained with Oligotex Midi Kit for mRNA (Qiagen, Germany) and the quality assessment was done with Nano-Drop spectrophotometer (Thermo Fisher Scientific, United States). The cDNA libraries were prepared by using Illumina protocol. The library product evaluation was made through Agilent 2,200 TapeStation and Qubit®2.0 (Life Technologies, United States), followed by product dilution to 10 pM to generate in situ clusters on HiSeq2500 pair-end flow cells and pair-end sequencing (2 × 100). Finally, the reference-based transcriptome sequencing was performed using the reference genomes of each species. Gene expression was measures as FPKM (fragments per kilobase per transcript per million mapped reads).



Functional annotation

The assembled genes were mapped to publically available databases, such as NR (non-redundant), GO (Gene Ontology), KEGG (Kyoto Encyclopedia of Genes and Genomes) and KO (KEGG ortholog) databases using the BLASTX program with a threshold E-value ≤10-5. The GO and KEGG annotations were further classified into functional categories and pathways using the phyper function in R software. The corrected p-value was obtained by FDR and the terms with functional Q-value ≤0.05 were considered as significantly enriched (Ahmad et al., 2021).



Differentially expressed genes

The Bowtie2 program (v2.4.4, Johns Hopkins University) was used to align clean reads to genomic sequences and the expression level of each sample was calculated using RSEM (v1.2.8) with default parameters. Then the DEGseq package (1.10.1) was used in R software to obtain DEGs. The DEGs were sorted at a threshold value of p < 0.001 and the log2FC > 1 (Ahmad et al., 2022).



Plant defense related gene identification

From the DEGs, we filtered the genes related to two key pathways that play important roles in the regulation of defense responses and plant immunity against pathogens. These pathways included Plant-pathogen interaction pathway (ko04626) and MAPK signaling pathway (ko04016). The genes for each pathway were divided into different categories according to their up- and down-regulated trends.



Common interaction network for three species

The common gene names were obtained for defense-related genes for three species and their protein sequences were run on online string facility1 to generate a network. The network annotation was shown as GO biological processes for all the genes.



Highly upregulated and downregulated genes and pathogen stress pathway

The top five highly upregulated and highly downregulated genes were identified for each species in plant-pathogen interaction pathway. Their expression intensities were drawn as heatmap using TBtools.2 Finally, the pathway integrators were shown for pathogen stress in a combined form for three species.




Results


Expression analysis and pairwise comparison of DEGs

The expression patterns for leaf and leaf-less flowers were observed for each species using the empirical cutoff values of genes with positive expressions. The boxplots in Figure 1 shows the expression distribution of the FPKM values of genes. The boxplots curtail the uniform distribution of median and quartile values of DEGs among samples of each species.
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FIGURE 1
 The boxplot distribution of gene expression from the two tissues of each species; (A) C. ensifolium, (B) C. goeringii, (C) C. sinense. The X-axis shows the sample name; the Y-axis represents log10(FPKM+1). The boxplot of each area shows five statistics (from top to bottom are the upper limit, upper quartile, median, and lower quartile, respectively).


The DEGs were compared between leaf-less flowers and leaf samples within each species separately (Figure 2). The highest number of up- and down-regulated genes (4089) can be seen for C. goeringii (Figure 2B), followed by C. ensifolium (3414; Figure 2A) and C. sinense (2807; Figure 2C). C. ensifolium showed the highest number of leaf-specific upregulated genes (2167) as compared to C. goeringii (1827) and C. sinense (1442). Interestingly, the highest numbers of downregulated genes were observed in the leaves of C. goeringii (2262), which was significantly different from C. ensifolium (1247) and C. sinense (1365).

[image: Figure 2]

FIGURE 2
 Individual species tissue-specific and common DEGs among the leaf-less control and leaf samples of C. ensifolium (A), C. goeringii (B), and C. sinense (C).




GO and KEGG annotation analysis

The GO annotation was obtained for individual species (Figure 3). For C. ensifolium the maximum number of genes was related to cellular process and metabolic process in the GO biological process category (Figure 3A). For the cellular component category, the highest number of genes was enriched for cellular anatomical entities followed by intracellular components. The major molecular functions were related to catalytic activity and binding (Figure 3A). In the case of C. goeringii (Figure 3B), the GO annotations were similar to C. ensifolium. Although similar GO enrichments were observed for C. sinense (Figure 3C), however, the number of genes were less than other two species.

[image: Figure 3]

FIGURE 3
 Overview of GO enrichments for C. ensifolium (A), C. goeringii (B), and C. sinense (C). The DEGs enrichment is shown in three GO categories, including biological process, cellular component and molecular function. The y-axis shows the GO category and the x-axis shows the number of genes enriched to each category.


The plant-pathogen interaction pathway (ko04626) was counted among the most enriched KEGG pathways in the three orchid species (Figure 4). Highly enriched number of genes for this pathway were found in C. ensifolium (Figure 4A), followed by C. goeringii (Figure 4B) and C. sinense (Figure 4C). MAPK signaling pathway was prominent among the other pathways in C. ensifolium and C. goeringii, however, it was not prominent in C. sinense. The other major pathways with significant gene enrichment included plant hormone signal transduction, phenylpropanoid biosynthesis, and starch and sucrose metabolism, which may indirectly play roles in plant defense and immunity responses.

[image: Figure 4]

FIGURE 4
 Overview of KEGG enrichments for C. ensifolium (A), C. goeringii (B), and C. sinense (C). The y-axis shows the KEGG pathway names and the x-axis shows the pathway-richness ratio. The size of the black circles shows the number of genes enriched to each pathway; bigger the circle size more is the number of genes.




Defense responses for each species

A number of plant-pathogen interaction response pathways were observed in the three orchid species (Figure 5). All the routes were converged to the three key responses, i.e., defense related gene induction, stomatal closure and hypersensitive response. The stimulation originates from the cell membrane and the final responses are shown in the cytoplasm of plant cells. Four key response generators were observed in the three species, including CNGCs, FLS2, EFR and bacterial secretion system (Supplementary Tables 1–3). In C. ensifolium, the genes related to CNGCs were upregulated in leaves as compared to leaf-less flowers (Figure 5A). Contrarily, the EFR related genes were downregulated in the leaves. The FLS2 contained both upregulated and downregulated genes. The other solely upregulated genes were related to Rboh in the CNGCs routes, MEKK1 in the FLS2 route and Pti1 in the bacterial secretion route. All other regulators contained both upregulated and downregulated genes (Figure 5B). Higher number of downregulated genes were observed in C. ensifolium leaves than upregulated genes among the 27 expressed pathway stimulators (Figure 5B). Moreover, NHO1 was the only defense-related gene downregulated in the leaves of three species.

[image: Figure 5]

FIGURE 5
 Overview of defense response pathway and the distribution of up- and downregulated pathway integrators for C. ensifolium (A,B), C. goeringii (C,D), and C. sinense (E,F).


Contrary to C. ensifolium the EFR contained both upregulated and downregulated genes in C. goeringii (Figure 5C). Moreover, the MEKK1 and Pti1 were completely downregulated, while Pti6 was upregulated as compared to C. ensifolium. In the bacterial secretion route, the RPM1 and RPS2 were completed downregulated in the C. goeringii leaves as compared to C. ensifolium (Figure 5C). Similar to C. ensifolium, NHO1 was the only defense related gene downregulated in the leaves of C. goeringii. Moreover, the number of downregulated genes was higher than the upregulated genes (Figure 5D).

The defense-related genetic map of C. sinense was much different than other two species (Figures 5E,F). In the CNGCs rout, Rboh genes were completely upregulated in the leaves. In the FLS2 route, MKK4/5 and WRKY22 and WRKY29 were also upregulated. In the bacterial secretion route, the RIN4, RPS2 and PBS1 were upregulated, while, the RAR1 and HSP90 were completely downregulated. Three defense-related genes were induced in C. sinense as compared to other two species. Here, the FRK1 and PR1 were upregulate and NHO1 was downregulated. Most of the genes were upregulated in C. sinense contrary to other two species, while a few were downregulated (Figure 5F).



Interaction networks by defense proteins

The protein sequences of plant-pathogen interaction and MAPK signaling pathway genes were run on the online string database to see their interaction patterns (Figure 6A). All the important regulators of plant defense and immunity were interconnected. The interconnected proteins were mainly involved in calcium mediated signaling (GO:0019722), cellular macromolecule metabolic process (GO:0044260), defense responses (GO:0006952), defense response to bacteria (GO:0042742), hormone-mediated signaling (GO:0009755), immune system process (GO:0002376), and JA-mediated signaling (GO:2000022; Figure 6C).
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FIGURE 6
 Identification string-based interaction network for all the genes expressed in three orchid species (A), up- and downregulated genes for plant-pathogen interaction pathway and MAPK signaling pathway for three orchid species (B), and the representation of major biological process enriched in the interaction network (C).


Up-and down-regulation profiles were compared for both the pathways (Figure 6B). For plant-pathogen interaction pathway the number of downregulated genes was higher than the number of upregulated genes in C. ensifolium and C. goeringii as compared to C. sinense, where the number of downregulated genes (40) was significantly lower than the number of upregulated genes (79; Figure 6B). For MAPK signaling pathway, the number of upregulated genes was higher than that of downregulated genes in C. ensifolium and C. sinense. However, the number of upregulated genes (77) was significantly lower than the number of downregulated genes (104) in C. goeringii.



Highly tissue-specific gene sets

The leaf-less controls provides the best control to study the defense and immunity mechanism in the leaf (Figure 7A). Using this control, we found the top 5 highly upregulated and highly downregulated genes in the leaves of three orchid species (Figure 7B). In C. ensifolium, the downregulated genes included calmodulin, three EFRs and one FLS2, while the upregulated genes included three FLS2s, CDPK and WRKY2. In C. goeringii, the downregulated genes included FLS2, MAPK4, rhamnogalacturonan endolyase, Pti1-like and HtpG, while the upregulated genes included three disulfide isomerases, MAPK4/5 and ULK4. In the case of C. sinense, the downregulated genes included two WRKY2, FLS2, calmodulin and rhamnogalacturonan endolyase, while the upregulated genes were CML41, FLS2, CML30, WRKY72, and RPM1 (Figure 7B).
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FIGURE 7
 Leaf-less control and the healthy leaf samples used for sequencing analysis (A), top 5 highly upregulated and highly downregulated defense-related DEGs (B), and the final pathway of pathogen stress showed by three orchid species (C). The orange boxes show the genes expressed in either of the species.


In the orchid species, the defense-related responses are induced by four key routes, including bacterial secretion system, FLS2, CNCGs, and EFR (Figure 7C). The bacterial secretion system stimulates four proteins in orchids, such as RIN4, RPS2, RPM1 and PBS1. RIN4 was not expressed in C. goeringii, while the remaining three were expressed in all the three species. These proteins ultimately instigate hypersensitive response (HR) through the stimulation of RAR1 and HSP90. RAR1 was only downregulated in C. sinense, while it was not expressed in other two species. HSP90 was downregulated in C. sinense and showed both up- and down-regulation in C. ensifolium and C. goeringii. FLS2 also triggers HR through reactive oxygen species (ROS). Both up- and downregulation profiles were found for FLS2 in the three orchid species. The CNGCs use calcium signaling to induce CaM, which then cause HR and stomatal closure through NOS and NO signals. Both up- and downregulation profiles were found for CNGCs and CaM in the three orchid species.

The EFR routes works differently than the previous three routes and cause the induction of defense-related genes. It involves multiple regulatory before the final response. These regulators include MEKK1, MKK4/5, MPK and WRKY, which finally induce defense-related genes, such as NHO1, FRK1 and PR1. EFR and MEKK1 genes were not expressed in C. sinense, while MPK genes were not expressed in any of the species. The MKK4/5 and WRKY were expressed in all the species. Among the defense-related genes, the NHO1 was expressed in all the species, while the FRK1 and PR1 were expressed only in C. sinense (Figure 7C).




Discussion

Orchids share a huge portion of floriculture industry. Obtaining virus free orchids through meristem culturing has been used to control the spread of diseases (Panattoni et al., 2013). However, tissue culturing of orchids is very costly and time-consuming and their long vegetative phase (2–3 years) requires a permanent solution against pathogens. The mechanisms of plant defense and immunity against pathogens have been documented in numerous model plants. However, limited genomic information has been presented on the orchids, especially the Cymbidium orchids. A detailed and genome-wide searching of defense-related genes would facilitate the future breeding programs for disease-resistance in Orchidaceae.

Reference-based transcriptome sequencing produced significantly upregulated and downregulated gene profiles for leaf-less control and leaf samples for each of three orchid species, C. ensifolium, C. goeringii and C. sinense (Figure 2). Cellular and metabolic process were the most enriched GO biological processes, mainly involving catalytic and binding activities in the cellular anatomical entities (Figure 3). Plant-pathogen interaction and MAPK signaling pathways were highly enriched KEGG terms in the three orchid species (Figure 4) among the other pathways including, mainly, plant hormone signal transduction and phenylpropanoid biosynthesis pathways. The data enrichment suggests the significance of plant defense and immunity responses of orchids.

Highly upregulated and downregulated transcripts associated with plant-pathogen interaction were induced for the leaves of three orchid species. For example, LRR receptor kinases encoding transcripts were highly expressed in the leaves as compared to leaf-less controls. EFR and FLS2, LRR receptor-like kinases, are the primary response elements and act to recognize bacterial epitopes elf18 and flg22 (Figures 5A,C,E; Saijo et al., 2009; Ahmad et al., 2014). A total of 65 FLS2-related transcripts (32 upregulated and 33 downregulated) were found in the leaves of C. ensifolium (Figure 5D), while 15 EFRs were found, which were all downregulated. In C. goeringii, 37 FLS2s were found (13 upregulated and 24 downregulated; Figure 5F), while there were 8 EFRs (2 upregulated and 6 downregulated). C. sinense contained 18 FLS2s (11 upregulated and 7 downregulated) and no EFR expressed here (Figure 5F).

CML and CaM are calcium sensors and play pivotal roles in calmodulin signaling pathways involving oxidative burst and cell death regulation in the infected plants enduring HR (Harding et al., 1997; Harding and Roberts, 1998; Poovaiah et al., 2013). A total of 43 CaM transcripts were identified in C. ensifolium (14 upregulated and 29 downregulated; Figure 5B), 27 in C. goeringii (13 upregulated and 14 downregulated; Figure 5D), and 23 CaMs were identified in C. sinense (13 upregulated and 10 downregulated; Figure 5F).

Plants use specific pattern recognizing receptors to identify microbes. These receptors are activated by MAMPs (microbe associated molecular patterns), which results into MTI (MAMP-triggered immunity). However, clever pathogens bypass MTI using virulence effectors, thereby causing pathogen proliferation. In the resistant genotypes, intracellular immune receptors detect these effectors and start defense responses called ETI (effector triggered immunity), including HR and transcriptional reprogramming in order to halt the growth of pathogens. Pseudomonas syringae secretes AvrRpm1 effector into the host cell to induce virulence. RIN4 negatively regulates MTI and its modification in the presence of effectors like ArvRpm1. The RPM1 and RPS2 are a nucleotide binding leucine-rich repeat sensors. RPM1 perceives the perturbation of RIN4 in disease resistance, which also activates the RPS2, causing an enhanced immune response (Cherkis et al., 2012). Heat shock proteins (HSP90) involve detoxification and stress responses (Azaiez et al., 2009). The AvrB effector of P. syringae suppresses PTI by using RAR1, an HSP90 cochaperone required for ETI, indicating that RAR1 is a negative regulator of PTI (Shang et al., 2006). Our data included all the components responding to ETI, including RIN4, RPS2, RPM1, PBS1, HSP90, which were expressed in all the species, except RAR1 which was only expressed but downregulated in the leaves of C. sinense (Figure 7C), suggesting the immunity level of Cymbidium orchids against RAR-mediated pathogenic attack.

Among the highly expressed genes, EFRs were downregulated in the leaves of C. ensifolium, while FLS2s were upregulated. A number of WRKY transcription factors were differentially expressed, such as WRKY25, WRKY29, and WRKY33 (Figures 5B,D,F). WRKY TFs have admitted role in the regulation of plant defense responses (Eulgem, 2006; Knoth et al., 2007; Azaiez et al., 2009; Faiz et al., 2022). WRKY2 represses the basal immunity of barley by directly targeting PAMP recognition receptor genes (Yu et al., 2022). It was upregulated in the leaves of C. ensifolium, while downregulated in the leaves of C. sinense (Figure 7), suggesting that orchids may differ in their immunity responses even within the same genus. Similarly FLS2 has also dual roles with both upregulated and downregulated genes in the three species.

Previous studies show that flg22 triggers MAP kinases, such as MEKK1, MKK4/5 and MPK (Nuhse et al., 2000; Asai et al., 2002). Three flg22-inducible genes, including NHO1, FRK1, and WRKY29 (An and Mou, 2012), are induced by this cascade of kinases in the EFR pathway. We found up- and downregulated transcripts for EFR, MEKK1, MKK4/5, and defense-related genes, such as NHO1, FRK1, and PR1 (Figure 7C). NHO1 was expressed in all the species, while FRK1 and PR1 were upregulated only in C. sinense. Our study, thus, presents a general comparison among three orchid species for a transcriptome-wide mining of defense related genes. This information can be used to plant biological control strategies for orchids and floriculture crops.



Conclusion

This is the first study that uses leaf-less control to mine the defense and immunity related gene profiles in three Cymbidium orchids. A number of upregulated and downregulated genes were identified in four major routes of pathogen stress, including bacterial secretion system, FLS2, CNGCs and EFR. These routes mainly regulate three processes, namely, hypersensitive response (HR), stomata closure and defense-related gene induction. The regulation of immunity response was a little different in C. sinense as compared to C. ensifolium and C. goeringii. For example, two of the defense related genes (FRK1 and PR1) were upregulated only in C. sinense, while they did not express in other two species. Overall, the results present a broad picture of defense machinery of Cymbidium orchids, which can be used to ameliorate pathogen affliction through biological control.
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Polygonum hydropiper, is a plant of the Persicaria genus, which is commonly used to treat various diseases, including gastrointestinal disorders, neurological disorders, inflammation, and diarrhea. However, because of different local standards of P. hydropiper, people often confuse it with Polygonum lapathifolium L. and other closely related plants. This poses a serious threat to the safety and efficacy of the clinical use of P. hydropiper. This study aims to determine the six active ingredients of P. hydropiper and P. lapathifolium. Then the endophytic fungi and rhizosphere soil of the two species were sequenced by Illumina Miseq PE300. The results show significant differences between the community composition of the leaves, stems, and roots of the P. hydropiper and the P. lapathifolium in the same soil environment. Of the six secondary metabolites detected, five had significant differences between P. hydropiper and P. lapathifolium. Then, we evaluated the composition of the significantly different communities between P. hydropiper and P. lapathifolium. In the P. hydropiper, the relative abundance of differential communities in the leaves was highest, of which Cercospora dominated the differential communities in the leaves and stem; in the P. lapathifolium, the relative abundance of differential community in the stem was highest, and Cladosporium dominated the differential communities in the three compartments. By constructing the interaction network of P. hydropiper and P. lapathifolium and analyzing the network nodes, we found that the core community in P. hydropiper accounted for 87.59% of the total community, dominated by Cercospora; the core community of P. lapathifolium accounted for 19.81% of the total community, dominated by Sarocladium. Of these core communities, 23 were significantly associated with active ingredient content. Therefore, we believe that the community from Cercospora significantly interferes with recruiting fungal communities in P. hydropiper and affects the accumulation of secondary metabolites in the host plant. These results provide an essential foundation for the large-scale production of P. hydropiper. They indicate that by colonizing specific fungal communities, secondary metabolic characteristics of host plants can be helped to be shaped, which is an essential means for developing new medicinal plants.

KEYWORDS
 Polygonum hydropiper L., endophytic fungi, community assembly process, flavonoids, core community


Introduction

Polygonum hydropiper is a plant of the Persicaria genus in the family Polygonaceae. The whole plant of P. hydropiper is commonly used to treat various diseases, including gastrointestinal disorders, neurological disorders, inflammation, and diarrhea (Xiang and Ming, 2020). Due to the low requirements for growth conditions, it has abundant wild plant resources what is more, it is widely distributed in China in Sichuan, Guangdong, Guangxi, and other places (Hong and Hanshen, 2013). Many studies have shown that P. hydropiper is rich in various chemical components, including flavonoids, terpenes, and organic acids, with antimicrobial, antioxidant, antiviral, insecticidal, and other biological activities (Rahman et al., 2002; Ayaz et al., 2014; Sharif et al., 2014; Shahed-Al-Mahmud and Lina, 2017). Due to different local standards, the large-scale commercial cultivation of P. hydropiper has not yet been achieved. People are often confused by plants, such as Polygonum lapathifolium and P. orientale (Hong et al., 2019). This poses a serious threat to the safety and efficacy of the clinical use of P. hydropiper. Therefore, clarifying the differences between P. hydropiper and other obfuscated species is crucial to developing and improving the production of P. hydropiper.

Our preliminary research found that as one of the drugs for the treatment of enteritis, the role of flavonoids in it cannot be ignored (Zhang et al., 2021). Quercetin, kaempferol, isorhamnetin, hyperoside, catechins, and chlorogenic acid are the main active ingredients of P. hydropiper in treating enteritis (Yue, 2005; Wei et al., 2021). It is worth noting that Tian et al. (2014) found the potential of flavonoids to act as signaling molecules between endophytic fungi and plants. Meanwhile, Tang et al. (2020) found that the endophyte isolated from Conyza blinii H. Lév could produce flavonoids with high yield and excellent biological activity. Endophytic fungi are present in all plants and, together with host plants, determine the production of secondary metabolites (Waqas et al., 2012; Adeleke and Babalola, 2021). With the development of next-generation sequencing, there is increasing evidence that the compositional pattern of endophytic fungi is related to the production of specific secondary metabolites (Lunardelli Negreiros de Carvalho et al., 2016; Dang et al., 2021; Ribeiro et al., 2021). In some crops and medicinal plants, it is also recognized that the specific community composition pattern can reflect the quality and yield of the host plant (Song et al., 2010; Vergara et al., 2018; Cao et al., 2021; Martins et al., 2021).

There are abundant researches of chemical composition and pharmacological effect research of P. hydropiper (Hong and Hanshen, 2013). However, its endophytic fungi research is still blank. Thus, this experiment uses Illumina Miseq PE300 sequencing technology to sequence the endophytic fungi of P. hydropiper and P. lapathifolium. At the same time, we measured the content of 6 flavonoids of two species to reveal the relationship between the endophytic fungal community composition and the accumulation of active ingredients. Furthermore, determining the composition of the core microbiota related to active ingredients to improve the production of P. hydropiper provides key fundamental data.



Methods


Sampling

In July 2021, the whole plant and rhizosphere soil of P. hydropiper (ZP) and P. lapathifolium (WP) were sampled from Huoba Village in Jianyang City, China. At each sample point, four repeats of the whole plant and three repeats of the rhizosphere soil were collected. The rhizosphere soil was collected by the jitter root method. The plant residue and gravel were selected and discarded, and the samples were collected by the quartering method and loaded into sterile centrifuge tubes. To ensure the representativeness of the samples and avoid edge effects, we set the sample point away from the field ridge at least 25 m and each sample point interval at least 2 m. Samples are frozen with liquid nitrogen after on-site sampling and quickly transported back to the laboratory on dry ice for preservation at −80°C (Table 1).


TABLE 1 Samples information.
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Determination of active ingredients content
 
Chemicals and reagents

Six commercial standards of HPLC grade, including catechins, chlorogenic acid, hyperoside, quercetin, kaempferol, and isorhamnetin, were purchased from Chengdu Pufei De Biotech Co., Ltd. (China). Other HPLC grade reagents used were acetonitrile and methanol from Thermo Fisher Scientific Co., Ltd. (USA). The Watsons distilled water was applied to prepare for samples and the mobile phase. All other reagents were just met for an analytical grade.



Sample preparation

We precisely weighed 0.1 g of PL sample, added it to 15 mL of 60% ethanol in an Erlenmeyer flask, and dissolved it by sonication at 50°C for 30 min. Then filtering the sample, and evaporated the filtrate. The methanol was added to the residue until the volume to 5 mL, and the solution was filtered with a microporous filter membrane of 0.22 μm.



UPLC-QQQ-MS/MS analysis

Ultra performance liquid chromatograph LC-20A and triple quadrupole mass spectrometer LCMS-8045 were purchased from Shimadzu Co., Ltd. (Japan). A Shim-pack Velox C18 column (2.1 × 1,000 mm, 2.7 μm) was employed at a column temperature of 30°C. The mobile phase consisted of 0.3% carboxylic acid in water (A) and methanol (B), and the flow rate was 0.2 mL/min. The gradient elution parameters were set as follows: 0–6 min, 15% B; 6–15 min, 15–45% B; 15–20 min, 45%– 47% B; 20–22 min, 47%−50% B; 22–25 min, 50%−15% B. The injection volume was 2 μL.

Ionization method: Electrospray ion source (ESI); Multi-reaction monitoring mode (MRM); Curtain Gas (CUR) flow rate: 40 L·min−1; Atomized Gas (GS1) flow rate: 55 L·min−1; Auxiliary gas (GS2) flow rate: 55 L·min−1; ionization temperature (TEM): 550°C; Spray voltage (IS): 4,500 V in positive ion mode, −4,500 V in negative ion mode. The optimized MS/MS parameters of ZP are shown in Table 1.



Method validation

The six reference standards were weighed accurately and dissolved with methanol comparable to sample extracts. Calibration curves were constructed by measuring the signal intensity (peak area) of MRM transitions for at least six appropriate concentrations of each compound. Intra-day and inter-day precisions were evaluated by calculating the relative standard deviations (RSDs) of retention time and signal intensity during a single day and on three successive days, respectively. Repeatability was evaluated by calculating the RSDs of retention time and signal intensity of six tested solutions made from the same sample on a single day. Stability was evaluated by calculating the RSDs of retention time and signal intensity of the same tested solution during a single day at 0, 2, 4, 8, 12, and 24 h. Recovery experiments were done by spiking authentic standards into samples directly.




DNA extraction and library construction

Plants and soil samples were finely ground to powder in liquid nitrogen using a tissue grinder separately, and 0.5 g was taken for DNA extraction using the FastDNA®SPIN Kit (MP Biomedicals, US). Three repeats per sample were required. The DNA bands, concentration, and purity of the extract were detected using a 1% agarose gel electrophoresis and an accounting analyzer, and samples with a concentration of ≥20 ng/μL were selected and sent to Shanghai Majorbio Bio-pharm Technology Co., Ltd for Polymerase Chain Reaction (PCR) amplification, DNA sequencing, and library construction. Fungal ITSregion was amplified using the forward primer ITS1F (CTTGGTCATTTAGAGGAAGTAA) and reverse primer ITS2R (GCTGCGTCTTCATCGATGCGC). The PCR reaction mixture, including 2 μL 10 × buffer, 2 μL 2.5 mM dNTPs, 0.8 μL each primer (5 μM), 0.2 μL rTaq polymerase, 0.2 μL BSA, 10 ng of template DNA, and ddH2O to a final volume of 20 μL. PCR amplification cycling conditions were as follows: initial denaturation at 95°C for 3 min, followed by 35 cycles of denaturing at 95°C for 30 s, annealing at 55°C for 30 s and extension at 72°C for 45 s, and single extension at 72°C for 10 min, and end at 4°C. All samples were amplified in triplicate. The PCR product was extracted from a 2% agarose gel and purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA) according to the manufacturer's instructions and quantified using Quantus™ Fluorometer (Promega, USA). Purified amplicons were pooled in equimolar amounts and paired-end sequenced on an Illumina MiSeq PE300 platform (Illumina, San Diego, USA) according to the standard protocols by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China). The data presented in the study are deposited in the NCBI Sequence Read Archive (SRA) database repository, accession number SRR20897189-SRR20897218.



Data processing

Clean reads were obtained by filtering the raw sequences using a microbial ecological quantitative analysis pipeline (QIIME, version 1.9.1, USAU). Low-quality sequences (such as uncertain nucleotide sequences, three nucleotides with a Q-value of < 20, and unmatched barcode sequences) were removed. The QIIME v1.9.0 was used for quality control to obtain valid data, and the Uchime algorithm and gold database were used to remove delusion. These sequences were grouped into operational taxonomic units (OTUs) based on 97% sequence identity using UPARSE (V7.0.1090). Each row was annotated by comparing the Ribosomal Database Project (RDP) classifier (V2.11) against the unite8.0 database using a comparison threshold of 70%. Resampling was carried out with the smallest amount of data in the sample as the standard to make the uniform treatment for each sample. Mothur (version 1.30.2) 1 was used for diversity analysis. R 3.6.0 was used to perform various data conversions. Fungi Functional Guild (FUNGuild) was used for function prediction.



Statistical analysis

All statistical analyses were performed in R (v4.0.3) (Team, 2020). Hellinger transformation was first used to convert microbiota data. The Alpha diversity and Principal Component Analysis (PCA) analysis were generated by the vegan package in R (Oksanen et al., 2013) and plotted by ggplot2 (Wickham, 2011). The ternary diagram was drawn using the ggtern in R (Hamilton and Ferry, 2018). The significant difference between the functional composition of ZP and WP were detected by the Wilcoxon test. The significant different taxa between ZP and WP were detected by the MetagenomeSeq package (Wickham, 2011). Then, we performed the Pearson correlation analysis between the core community and the ingredients. Draw the heatmap of the correlation analysis using the Pheatmap package (Kolde and Kolde, 2015), and remove the community not significantly.



Interaction network analysis

We first use the iGraph package (Csardi and Nepusz, 2006) to analyze the network structure of the endophytic fungi community of P. hydropiper and P. lapathifolium. Then we use the weighted gene co-expression network analysis (WGCNA) package (Langfelder and Horvath, 2008) to calculate the correlation and P-values. And use the false discovery rates (FDR) to correct the P-values. The interaction network was generated by retaining the edges of R ≥ ±0.4 and P ≤ 0.05. Then we import the interaction network into Cytoscape (Shannon et al., 2003) to analyze the module. We choose the fast greedy algorithm to calculate the module, and use the GuImerà Amaral NeTwork (GIANT) package (Cumbo et al., 2014) to analyze the module's connectivity and the connectivity between modules. Finally, we use the ggplot2 package to plot the results.




Results


Determination of active ingredient content
 
Method validation

A preliminary optimization of the UPLC method (flow rate, gradient, injection volume, etc.) successfully achieved a well-separated peak for every standard compound, as shown in Figure 1. Moreover, the performance validation of the method was evaluated, including linearity, precision, reproducibility, stability, and recovery (Table 2). The linearity of the method was measured by analyzing standards over a linear range suitable for quantifying the corresponding analytes. Good linearity between concentration and signal intensity was obtained, and correlation coefficients of all compounds were calculated to be more than 0.999. Additionally, good reproducibility, stability, and precision were revealed in the results.


[image: Figure 1]
FIGURE 1
 The extracted ion chromatograms (EICs) of reference substances (A) and sample (B). 1. Catechin; 2. Chlorogenic acid; 3. Hyperoside; 4. Quercetin; 5. Kaempferol; 6. Isorhamnetin.




TABLE 2 Liner equations, precision, repeatability, stability, and average recovery rates of quantification of six components.
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The above results suggest that the established method is sensitive, rapid, and reliable in identifying and quantifying phenolic compounds. The MRM mode of the UPLC-QQQ-MS/MS system is an effective and efficient tool for natural product analysis in complex matrices.



Sample content determination

The content determination results of catechins, chlorogenic acid, hyperoside, quercetin, kaempferol, and isorhamnetin are shown in four batches of ZP and four batches of WP in Table 3. In addition, we used student's t-test to detect the significant difference between the content of the active compounds in the two groups of ZP and WP, and the results are shown in Table 4.


TABLE 3 The content of the six compounds in ZP and WP.
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TABLE 4 Student's t-test of component content between ZP and WP.
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For ZP, the catechins content was between 16.7874 and 17.5247 μg g−1, the chlorogenic acid content was between 2.5801 and 3.7231 μg g−1, the content of hyperoside was between 501.1931 and 519.0559 μg g−1, the quercetin content was between 334.8053 and 389.4847 μg g−1, and the content of kaempferol was between 18.7093 and 30.9806 μg g−1. The content of isorhamnetin was between 24.1923 and 25.9680 μg g−1; for WP, the content of catechins was between 29.2366 and 37.6574 μg g−1; the chlorogenic acid content was between 1.1047 and 1.3370 μg g−1; the content of hyperoside was between 204.4158 and 234.7462 μg g−1; the quercetin content as between 184.4371 and 197.7751 μg g−1; the content of kaempferol was between 14.0855 and 23.6914 μg g−1, and the content of isorhamnetin was between 7.8025 and 13.6166 μg·g−1.

Student's t-test results (Table 4) showed that the contents of chlorogenic acid, hyperoside, quercetin, and isorhamnetin in ZP were significantly higher than those in WP, and the catechins in WP were considerably higher than those in ZP, while there was no significant difference in kaempferol between the two species.




Statistics of ITS amplicon sequencing

We sequenced 30 plant and soil samples, and a total of 2,321,991 reads were obtained, with a total base number of 696,597,300 bp. After filtering, the clean reads were 2,321,991, the total number of bases was 540,788,432 bp, and the average length was 232 bp. The number of sequences assigned to each sample was 47,618–169,166, with a median of 75,882 (Table 5). Based on the minimum sample sequence size, 1,642 OTUs were obtained at a similarity of 97%. The rarefaction curve showed sufficient sequencing depth (Figure 2), and the Good's coverage also shows good taxa coverage for each sample (Table 5).


TABLE 5 Sequencing statistics.
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FIGURE 2
 The rarefaction curve [(A) the leaf of WP; (B) the stem of WP; (C) the root of WP; (D) the rhizosphere soil of WP; (E) the leaf of ZP; (F) The stem of ZP; (G) the root of ZP; (H) the rhizosphere soil of ZP].





Analysis of the diversity and composition of the fungal communities

To compare the differences in fungal communities of two plants from a macroscopic perspective. First, we compared the difference in the alpha diversity index of all samples of the two species. As can be seen from Figure 3A, there are no significant differences in the ACE, Shannon, and Simpson indices between the two species. Then, the difference in the alpha diversity of the same compartment of the two species was compared, and it can be seen from Figure 3B that there is a significant difference in the ACE index between ZP and WP in the leaves.


[image: Figure 3]
FIGURE 3
 Alpha diversity of fungal communities; (A) Difference analysis between whole plant of two species; (B) Difference analysis between three compartments of two species. *Means P-value < 0.05, **means P-value <= 0.01, ***means p-value <= 0.001, ****means P-value <= 0.0001, ns mean P-value > 0.05.



If we look at the composition of all the communities of the two species, as can be seen from Figure 4A, both ZP and WP are dominated by Ascomycota, accounting for an average of 87.83% of the entire community. As the sampling compartment ranges from rhizosphere soil and rhizome to leaf, the relative abundance of Ascomycota in ZP and WP increases in quantity. The Adonis analysis of community composition in different parts of ZP and WP shows significant differences in leaves, stems, and roots (Figure 5).
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FIGURE 4
 (A) The community composition of ZP and WP at the phylum level; (B) The ternary phase diagram of community in ZP and WP; (C) The significant differential communities between ZP and WP.




[image: Figure 5]
FIGURE 5
 PCA analysis of three compartments between ZP and WP [(A) leaf, (B) stem, (C) root, (D) rhizosphere soil].



Furthermore, we performed the ternary phase diagram analysis of the leaves, stems, and roots of two plants (Figure 4B) to determine the distribution of the community in various compartments. We found that a large amount of OUT was shared between stems and leaves. Compared to ZP, the three compartments of WP shared more OTUs, while shared OTUs in ZP tended to occupy a higher proportion of stems and leaves. Based on MetagenomeSeq, the leaves, stems, and roots of ZP and WP were analyzed (Figure 4C). A significant difference in OTUs was found (88) in leaves, 38 in stems, and 71 in roots. We observed the composition of these OTUs at the genus level. In ZP, Cercospora (15.34 and 22.11%), Phaeosphaeria (8.48, 7.45%), and Cladosporium (7.29 and 5.68%) dominate the leaf and stem community, while Branch06 (30.69%) dominates the root community. In WP, Cladosporium (16.02, 20.68, and 8.04%) and Stachybotryaceae (17.02, 9.55, and 1.23%) dominate the community of leaves, stems, and roots. In addition, Plectosphaerella has a significantly higher abundance in WP than in ZP, especially in stems; 16.29% in WP, compared with only 0.44% in ZP.



Interaction network analysis of endophytic fungal communities

The interaction networks of ZP and WP fungal communities were constructed, respectively, and the results are shown in Figure 6. The overall module connectivity of the ZP network is 0.38, and the overall module connectivity of the WP network is 0.34. Still, the nodes of ZP show special aggregation characteristics, while the nodes of WP are more widely distributed, and there is no obvious aggregation. We performed characteristic annotations to the nodes in the network to determine the core community in the endophytic fungal community (Figure 7). This study defines the node annotated as the module node and the connectors as the core community. In ZP, three module hub nodes were identified, including OUT1551 (Teratosphaeriaceae), OUT1542 (Phaeosphaeriaceae), and OUT1374 (Basidiomycota), in addition to 32 connection nodes. In the WP, 74 connection nodes are identified. Observing the community composition at the genus level (Figure 8), the relative abundance of key communities in the three compartments in WP was close, accounting for 19.81% of the total community, dominated by Sarocladium in stems and roots and dominated by Cercospora in leaves. In ZP, the relative abundance of key communities in the three compartments was significantly different, accounting for 87.59% of the community. The relative abundance of community in stems is highest, dominated mainly by Sarocladium and Cercospora, in the leaves by Cercospora, and in the roots by Zopfiella.


[image: Figure 6]
FIGURE 6
 Interaction network diagram of ZP and WP [(A) ZP, (B) WP].
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FIGURE 7
 The characteristic annotation analysis of nodes in the interaction network. (A) ZP, (B) WP.
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FIGURE 8
 The core community composition at the genus level. (A) ZP, (B) WP.





Functional composition analysis of endophytic fungi

To detect the differences in function community composition in two plants, we used FUNGuild to perform the functional annotations. A total of 10 trophic types are annotated (Figure 9).


[image: Figure 9]
FIGURE 9
 Functional community composition. (A) The functional composition of all compartments, (B) The functional composition of core community. *P-value < 0.05.



We found significant differences in the relative abundance of trophic types between ZP and WP, including pathogen-saprotroph-symbiotroph, pathotroph, pathotroph-saprotroph-saprotroph, pathotroph-saprotroph-symbiotroph, and saprotroph-symbiotroph. Further, a functional analysis of the core community (Figure 10) was performed. In the dominant functional community, saprotrophs and pathotroph-saprotrophs in ZP were significantly higher than in the WP group.


[image: Figure 10]
FIGURE 10
 Analysis of the correlation between core community and active ingredient [(A) ZP root; (B) ZP stem; (C) ZP leaf; (D) WP root; (E) WP stem; (F) WP leaf].





Correlation analysis of fungal communities with active ingredients

The Pearson-related analysis of core community and active ingredient content in ZP and WP was performed. In the roots of ZP (Figure 10A), Gibberella and Leptospora were significantly positively correlated with chlorogenic acid and kaempferol. Phaeosphaeria was significantly inversely associated with hyperoside. In the stem of ZP (Figure 10B), Tilletiopsis, c_Sordariomycetes, Pyrenochaetopsis, Cryptococcus_f_Tremellacea, and Keissleriella were significantly negatively correlated with catechins; Cercospora was significantly positively correlated with hyperoside; Sarocladium was significantly positively correlated with quercetin. In the leaves of ZP (Figure 10C), Keissleriella, Phaeosphaeria, Sarocladium, Articulospora, and c_Sordariomycetes were significantly negatively correlated with catechins; Tilletiopsis was significantly negatively correlated with chlorogenic acid and kaempferol; f_Phaeosphaeriaceae positively correlated with chlorogenic acid and kaempferol; Leptospora and Rhodosporidiobolus were positively correlated with hyperoside; Keissleriella was negatively correlated with quercetin; Pyrenochaetopsis and p_Basidiomycota were negatively correlated with Isorhamnetin significance.

In the roots of the WP (Figure 10D), Mortierella, Symmetrospora, and Taromyces were significantly positively correlated with kaempferol. Mortierella was positively correlated with quercetin; c_Sordariomycetes was significantly inextricably linked to catechins and chlorogenic acids; Verticillium was significantly inversely associated with Isorhamnetin. In the stem of WP (Figure 10E), Botrytis and Sarocladium were significantly positively correlated with kaempferol; Sarocladium was significantly positively correlated with chlorogenic acid; Paraphoma was significantly positively correlated with Hyperoside; Cercospora was significantly negatively correlated with Hyperoside and Isorhamnetin; Pyrenochaetopsis was significantly and negatively correlated with catechins. In the leaves of WP (Figure 10F), Cercospora, Botrytis, and Keissleriella were significantly positively correlated with chlorogenic acid; Cercospora was significantly positively correlated with catechins; Cladosporium was significantly negatively correlated with Isorhamnetin; Hannaella was significantly negatively correlated with hyperoside.




Discussion


The colonization of cercospora interferes with the assembly process of the endophytic fungi of P. Hydropiper

In this study, we found a high degree of overlap in the taxa and distribution areas of ZP and WP, and there was no significant difference in the overall alpha diversity between the two. The similarity of fungal communities in rhizosphere soil confirms that both acquire fungi from the same soil species pool. Moreover, the interaction network analysis shows that the connectivity of the endophytic fungi between ZP and WP is very close. These results indicate that the two plants are similar in their ability to shape the composition and structure of endophytic fungal communities. However, we also observed significant leaves, stems, and roots differences between the two plants. This suggests that the assembly process of fungal communities is the key factor influencing the composition of the community. Therefore, we compared the community composition of the three compartments in ZP and WP and assessed the community composition that differed significantly between the two. In ZP, the relative abundance of differential communities in leaves is highest, with Cercospora dominating the differential communities in stems and leaves. At the same time, the ACE index of the community in the leaves of ZP was significantly higher than that of WP, indicating a significant enrichment of the community in the leaves of ZP. Studies have shown that Cercospora usually colonizes leaves (Khan et al., 2008). Interestingly, the core community in ZP was also dominated by Cercospora, accounting for 38.12% of the total community. This suggests that after Cercospora colonizes the leaves of ZP, it significantly affects the assembly process of the endophytic fungi. In WP, the relative abundance of differential communities in stems was highest, and the differential community at all three compartments was dominated by Cladosporium, which is generally considered to colonize the roots of plants (Hamayun et al., 2009; Chen et al., 2022); this suggests that the assembly process of endophytic fungal communities in WP is still dominated by fungi recruited in the soil.



Endophytic fungi communitites significantly affect host secondary metabolic processes

We found significantly different communities between ZP and WP, including Cercospora, Phaeosphaeria, Branch06, Stachybotryaceae, and Plectosphaerella. Most of the community from Cercospora is thought to be able to cause diseases in plants. Interestingly, Martínez et al. (2017) found that chlorogenic acid can effectively inhibit the growth of fungi such as Cercospora. In this study, the chlorogenic acid content of ZP was significantly higher than that of WP, and the relative abundance of this type of fungi in ZP was also considerably higher than WP, suggesting that it may be due to the extensive colonization of Cercospora, resulting in host stress producing more chlorogenic acid. For Pheosphaeria, there have been many studies that demonstrate it is rich in secondary metabolites, including polyketone derivatives, pyrazine alkaloids, isocoumarins, perylenequinonoid, anthraquinone, diterpenes, and cyclic peptides (El-Demerdash, 2018; Xiao et al., 2022). This may illustrate the reason that the content of secondary metabolites in ZP is significantly higher than in WP. Fungi, mainly plant pathogens or saprophytic, such as the widely studied Cladosporium fulvum, are considered to be the leading cause of moldy tomato leaves. However, many species have also been found in this genus that promotes plant growth, such as through the production of gibberellin (Hamayun et al., 2009, 2010), protein hydrolysates (Răut et al., 2021), and volatile substances (Paul and Park, 2013). In addition, some species from Cladosporium can also produce substances such as brefeldin A (Wang et al., 2007) and Cladosins LO (Pan et al., 2020) to play an anti-pathogenic fungus and bacterial activity. It is worth noting that after Ullah et al. (2019) found that the stem of Poplars was infected with Plectosphaerella populi, the content of catechins and proanthocyanidins increased significantly. In this experiment, the community of Plectosphaerella was observed in the stem of WP to be considerably higher than that of ZP. The catechin content of WP was also significantly higher than that of ZP, suggesting that Plectosphaerella is likely to be an essential potential community involved in or promoting catechin synthesis and indicating that the synthetic compartment of catechin in the plant may be the stem.

Moreover, we analyzed the functional composition of these communities. In ZP, it is dominated by saprotroph and pathotroph-saprotrophs. In WP, the community of pathotrophs, pathogen-saprotroph-symbiotrophs, and saprotroph-symbiotrophs. Moreover, the relative abundance of the ZP-led functional community was significantly higher than that of WP, and the relative abundance of the dominant community in WP was significantly higher than that of ZP. This indicates a significant difference in the functional community composition between the two. Further, in the functional composition analysis of the core community, it was also found that saprotroph and sathotroph-saprotrophs had significant differences between ZP and WP. These results suggest a difference in the status of endophytic fungi involved in the secondary metabolism of ZP and WP. Further research is needed on the function of these communities in plants.



The core communities are the essential members involved in the secondary metabolic processes of host plants

We constructed the interaction network of ZP and WP endophytic fungal communities, 3 module hub nodes and 35 connector nodes were found in ZP, and 74 connector nodes were found in WP. The two core communities present different compositions at the genus level, with ZP dominated by Cercospora and Zopfiella. In the WP, it is mainly dominated by Mortierella and Cercospora. Kemp et al. (2020) found that Sarocladium zeae from this genus acted as systemic endophytic fungi in wheat and as a biological control agent in the host. Since the Cercospora and Sarocladium play a dominant role in both ZP and WP, therefore, it may indicate that the Cercospora has a potential role in regulating the structure of the community. In addition, Mortierella is often thought to promote plant growth and increase biomass (Li, S. J. et al., 2018; Ozimek and Hanaka, 2020; Zhang et al., 2020). For Zopfiella, Sun et al. (2020) found that species from this genus are capable of producing sesquiterpenes and α-pyranone derivatives.

In the analysis of the correlation between the core community and the active ingredient, 23 distinctly associated communities were found, many of which were thought to promote plant growth and participate in secondary metabolic processes, including Mortierella (Li, F. et al., 2018; Ozimek and Hanaka, 2020; Zhang et al., 2020), Talaromyces (Naraghi et al., 2012; Lan and Wu, 2020), Sordariomycetes (Camarena-Pozos et al., 2021), Verticillium (You et al., 2009; Li, N., et al., 2018), Sarocladium (Kemp et al., 2020; Błaszczyk et al., 2021; Salvatore et al., 2021), Gibberella (Brian et al., 1954; Geng et al., 2014), Tilletiopsis (Klecan et al., 1990), and Phaeosphaeriaceae (Xiao et al., 2022; Xu et al., 2022), In addition, some plant pathogens are still present in these communities, including Botrytis, Paraphoma, Cercospora, and Pyrenochaetopsis. These communities potentially affect the secondary metabolic processes of the host, and it is necessary to further identify these communities and their functions in subsequent studies. Therefore, these results demonstrate that the core community of the interaction network plays a vital role in the secondary metabolism of ZP and WP.




Conclusion

The results showed that the endophytic fungi community assembly processes of P. hydropiper and P. lapathifolium are significantly different. Since the two acquired fungi from the same soil species pool and have the same ability to shape the composition and structure of endophytic fungal communities, we believe that this difference was mainly due to the infestation of Cercospora. In addition, the results also found that the core community was an important member involved in the secondary metabolism of P. hydropiper and P. lapathifolium. The infection of Cercospora provided an opportunity to shape a specific core community. The infection process exerted selective pressure on recruiting other fungi, resulting in a higher proportion of the core community of P. hydropiper in the community as a whole than that of P. lapathifolium. This increases the odds of the host interacting with the core community. Therefore, it can enhance the communication between host plants and endophytic fungi, affecting the content of secondary metabolites of P. hydropiper. Although our study is limited to the two current species, more in-depth studies are needed to elucidate the mechanism by which Cercospora infestation affects the process of plant endophytic fungal community assembly. This study has important practical implications for inoculating specific communities in production to improve the yield of crops or medicinal plants. It also provides ideas for the study of the assembly process of other plant endophytic fungi.



Data availability statement

The data presented in the study are deposited in the NCBI Sequence Read Archive (SRA) database repository, https://www.ncbi.nlm.nih.gov/, accession number SRR20897189-SRR20897218.



Author contributions

XZ, HL, QH, and JW conceived and designed the study. XZ, HL, MT, ZD, and QF performed the experiments. XZ and HL processed the data and wrote the article. All authors read and approved the manuscript.



Funding

This work was financially supported by the Sichuan Science and Technology Department (2021ZYD0109 and 2022YFS0430). We are indebted to our alma mater, Chengdu University of Traditional Chinese Medicine, for the convenience of collecting documents and experiments. Thanks for all the help from everyone in our lab.



Conflict of interest

Author JS was employed by Sichuan Fuzheng Pharmaceutical Co., Ltd.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.984483/full#supplementary-material



References

 Adeleke, B. S., and Babalola, O. O. (2021). The endosphere microbial communities, a great promise in agriculture. Int. Microbiol. 24, 1–17. doi: 10.1007/s10123-020-00140-2

 Ayaz, M., Junaid, M., Subhan, F., Ullah, F., Sadiq, A., Ahmad, S., et al. (2014). Heavy metals analysis, phytochemical, phytotoxic and anthelmintic investigations of crude methanolic extract, subsequent fractions and crude saponins from Polygonum hydropiper L. BMC Complem. Altern. Med. 14, 1–9. doi: 10.1186/1472-6882-14-465

 Błaszczyk, L., Waśkiewicz, A., Gromadzka, K., Mikołajczak, K., and Chełkowski, J. (2021). Sarocladium and Lecanicillium associated with maize seeds and their potential to form selected secondary metabolites. Biomolcules 11, 98. doi: 10.3390/biom11010098

 Brian, P., Elson, G., Hemming, H., and Radley, M. (1954). The plant-growth-promoting properties of gibberellic acid, a metabolic product of the fungus Gibberella fujikuroi. J. Sci. Food Agric. 5, 602–612. doi: 10.1002/jsfa.2740051210


 Camarena-Pozos, D. A., Flores-Núñez, V. M., López, M. G., and Partida-Martínez, L. P. (2021). Fungal volatiles emitted by members of the microbiome of desert plants are diverse and capable of promoting plant growth. Environ. Microbiol. 23, 2215–2229. doi: 10.1111/1462-2920.15395

 Cao, J., Liu, B., Xu, X., Zhang, X., Zhu, C., Li, Y., et al. (2021). Plant endophytic fungus extract ZNC improved potato immunity, yield, and quality. Front. Plant Sci. 12, 707256. doi: 10.3389/fpls.2021.707256

 Chen, H., Chen, J., Qi, Y., Chu, S., Ma, Y., Xu, L., et al. (2022). Endophytic fungus Cladosporium tenuissimum DF11, an efficient inducer of tanshinone biosynthesis in Salvia miltiorrhiza roots. Phytochemistry 194, 113021. doi: 10.1016/j.phytochem.2021.113021

 Csardi, G., and Nepusz, T. (2006). The igraph software package for complex network research. Int. J. Complex Syst. 1695, 1–9.

 Cumbo, F., Paci, P., Santoni, D., Di Paola, L., and Giuliani, A. (2014). GIANT: a cytoscape plugin for modular networks. PLoS ONE. 9, e105001–e105001. doi: 10.1371/journal.pone.0105001

 Dang, H., Zhang, T., Wang, Z., Li, G., Zhao, W., Lv, X., et al. (2021). Succession of endophytic fungi and arbuscular mycorrhizal fungi associated with the growth of plant and their correlation with secondary metabolites in the roots of plants. BMC Plant Biol. 21, 1–16. doi: 10.1186/s12870-021-02942-6

 El-Demerdash, A. (2018). Chemical diversity and biological activities of Phaeosphaeria fungi genus: a systematic review. J. Fungi. 4, 130. doi: 10.3390/jof4040130

 Geng, Z., Zhu, W., Su, H., Zhao, Y., Zhang, K. Q., and Yang, J. (2014). Recent advances in genes involved in secondary metabolite synthesis, hyphal development, energy metabolism and pathogenicity in Fusarium graminearum (teleomorph Gibberella zeae). Biotechnol. Adv. 32, 390–402. doi: 10.1016/j.biotechadv.2013.12.007

 Hamayun, M., Afzal Khan, S., Ahmad, N., Tang, D. S., Kang, S. M., Na, C. I., et al. (2009). Cladosporium sphaerospermum as a new plant growth-promoting endophyte from the roots of Glycine max (L.) Merr. World J. Microbiol. Biotechnol. 25, 627–632. doi: 10.1007/s11274-009-9982-9


 Hamayun, M., Khan, S. A., Khan, A. L., Rehman, G., Kim, Y. H., Iqbal, I., et al. (2010). Gibberellin production and plant growth promotion from pure cultures of Cladosporium sp. MH-6 isolated from cucumber (Cucumis sativus L.). Mycologia. 102, 989–995. doi: 10.3852/09-261

 Hamilton, N. E., and Ferry, M. (2018). ggtern: Ternary diagrams using ggplot2. J. Stat. Softw. 87, 1–17. doi: 10.18637/jss.v087.c03


 Hong, H. H., and Hanshen, Z. (2013). Research progress of Chinese herbal medicine spicy indigo in recent years. Chin. J. Ethnomed. Ethnoph. 41, 38–40.


 Hong, L. L., Wei, X., Long, W., and Kun, J. W. (2019). Analysis of Polygonum hydropiper and its promiscuous speceis in same genus. Collections. 8.


 Kemp, N. D., Vaughan, M. M., McCormick, S. P., Brown, J. A., and Bakker, M. G. (2020). Sarocladium zeae is a systemic endophyte of wheat and an effective biocontrol agent against Fusarium head blight. Biol. Control. 149, 104329. doi: 10.1016/j.biocontrol.2020.104329


 Khan, J., Rio, L. D., Nelson, R., Rivera-Varas, V., Secor, G. A., and Khan, M. F. R. (2008). Survival, dispersal, and primary infection site for Cercospora beticola in sugar beet. Plant Dis. 92, 741–745. doi: 10.1094/PDIS-92-5-0741

 Klecan, A., Hippe, S., and Somerville, S. (1990). Reduced growth of Erysiphe graminis f. sp. hordei induced by Tilletiopsis pallescens. Phytopathology 80, 325–331. doi: 10.1094/Phyto-80-325


 Kolde, R., and Kolde, M. R. (2015). Package “pheatmap”. R Package 1, 790. doi: 10.1016/j.funeco.2018.04.004


 Lan, D., and Wu, B. (2020). Chemistry and bioactivities of secondary metabolites from the Genus Talaromyces. Chem. Biodivers. 17, e2000229. doi: 10.1002/cbdv.202000229

 Langfelder, P., and Horvath, S. (2008). WGCNA: an R package for weighted correlation network analysis. BMC Bioinform. 9, 559–559. doi: 10.1186/1471-2105-9-559

 Li, F., Chen, L., Redmile-Gordon, M., Zhang, J., Zhang, C., Ning, Q., et al. (2018). Mortierella elongata 's roles in organic agriculture and crop growth promotion in a mineral soil. Land Degrad. Dev. 29, 1642–1651. doi: 10.1002/ldr.2965


 Li, N., Wang, W., Bitas, V., Subbarao, K., Liu, X., and Kang, S. (2018). Volatile compounds emitted by diverse Verticillium species enhance plant growth by manipulating auxin signaling. Mol. Plant Microbe Interact. 31, 1021–1031. doi: 10.1094/MPMI-11-17-0263-R

 Li, S. J., Zhang, X., Wang, X. H., and Zhao, C. Q. (2018). Novel natural compounds from endophytic fungi with anticancer activity. Eur. J. Med. Chem. 156, 316–343. doi: 10.1016/j.ejmech.2018.07.015

 Lunardelli Negreiros de Carvalho, P., de Oliveira Silva, E., Aparecida Chagas-Paula, D., Honorata Hortolan Luiz, J., and Ikegaki, M. (2016). Importance and implications of the production of phenolic secondary metabolites by endophytic fungi: a mini-review. Mini Rev. Med. Chem. 16, 259–271. doi: 10.2174/1389557515666151016123923

 Martínez, G., Regente, M., Jacobi, S., Rio, M. D., Pinedo, M., and Laura, D. (2017). Chlorogenic acid is a fungicide active against phytopathogenic fungi. Pestic. Biochem. Physiol. 140, 30–35. doi: 10.1016/j.pestbp.2017.05.012

 Martins, F., Mina, D., Pereira, J. A., and Baptista, P. (2021). Endophytic fungal community structure in olive orchards with high and low incidence of olive anthracnose. Sci. Rep. 11, 1–11. doi: 10.1038/s41598-020-79962-z

 Naraghi, L., Heydari, A., Rezaee, S., and Razavi, M. (2012). Biocontrol agent talaromyces flavus stimulates the growth of cotton and potato. J. Plant Growth Regul. 31, 471–477. doi: 10.1007/s00344-011-9256-2


 Oksanen, J., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R., O'hara, R., et al. (2013). Package ‘vegan'. Commun. Ecol. Pack. 2, 1–295.


 Ozimek, E., and Hanaka, A. (2020). Mortierella species as the plant growth-promoting fungi present in the agricultural soils. Agriculture 11, 7. doi: 10.3390/agriculture11010007


 Pan, F., El-Kashef, D. H., Kalscheuer, R., Müller, W. E. G., Lee, J., Feldbrügge, M., et al. (2020). Cladosins L–O, new hybrid polyketides from the endophytic fungus Cladosporium sphaerospermum WBS017. Eur. J. Med. Chem. 191, 112159. doi: 10.1016/j.ejmech.2020.112159

 Paul, D., and Park, K. S. (2013). Identification of volatiles produced by Cladosporium cladosporioides CL-1, a fungal biocontrol agent that promotes plant growth. Sens. Basel 13, 13969–13977. doi: 10.3390/s131013969

 R Core Team (2020). R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. Available online at: https://www.R-project.org/.


 Rahman, E., Goni, S., Rahman, M., and Ahmed, M. (2002). Antinociceptive activity of Polygonum hydropiper. Fitoterapia. 73, 704–706. doi: 10.1016/S0367-326X(02)00239-3

 Răut, I., Călin, M., Capră, L., Gurban, A. M., Doni, M., Radu, N., et al. (2021). Cladosporium sp. isolate as fungal plant growth promoting agent. Agronomy 11, 392. doi: 10.3390/agronomy11020392


 Ribeiro, B. A., da Mata, T. B., Canuto, G. A., and Silva, E. O. (2021). Chemical diversity of secondary metabolites produced by Brazilian endophytic fungi. Curr. Microbiol. 78, 33–54. doi: 10.1007/s00284-020-02264-0

 Salvatore, M. M., Andolfi, A., and Nicoletti, R. (2021). The genus Cladosporium: a rich source of diverse and bioactive natural compounds. Molecules 26, 3959. doi: 10.3390/molecules26133959

 Shahed-Al-Mahmud, M., and Lina, S. M. M. (2017). Evaluation of sedative and anxiolytic activities of methanol extract of leaves of Persicaria hydropiper in mice. Clin. Phytosci. 3, 1–12. doi: 10.1186/s40816-017-0056-5


 Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, D., et al. (2003). Cytoscape: a software environment for integrated models of biomolecular interaction networks. Genome Res. 13, 2498–2504. doi: 10.1101/gr.1239303

 Sharif, S., Ahmed, T., Haque, M. A., Bhuiyan, M., and Shahriar, M. (2014). Phytochemical screenings, thrombolytic activity, membrane stabilizing activity and cytotoxic properties of Polygonum hydropiper. Res. J. Med. Plant. 8, 92–98. doi: 10.3923/rjmp.2014.92.98


 Song, W. L., Dai, C. C., Liu, X. Z., and Cai, X. Z. (2010). The effect of different endophytic fungi on Chrysanthemum morifolium output and quality. J. Chin. Med. Mater. 33, 4–7.

 Sun, L. T., Chen, Y., Yang, H. X., Li, Z. H., Liu, J. K., Wang, G. K., et al. (2020). Bisabolane sesquiterpenes and α-pyrone derivative from endophytic fungus Zopfiella sp. Phytochem. Lett. 37, 29–32. doi: 10.1016/j.phytol.2020.03.008


 Tang, Z., Wang, Y., Yang, J., Xiao, Y., Cai, Y., Wan, Y., et al. (2020). Isolation and identification of flavonoid-producing endophytic fungi from medicinal plant Conyza blinii H. Lév that exhibit higher antioxidant and antibacterial activities. PeerJ. 8, e8978. doi: 10.7717/peerj.8978

 Tian, Y., Amand, S., Buisson, D., Kunz, C., Hachette, F., Dupont, J., et al. (2014). The fungal leaf endophyte Paraconiothyrium variabile specifically metabolizes the host-plant metabolome for its own benefit. Phytochemistry 108, 95–101. doi: 10.1016/j.phytochem.2014.09.021

 Ullah, C., Unsicker, S. B., Reichelt, M., Gershenzon, J., and Hammerbacher, A. (2019). Accumulation of catechin and proanthocyanidins in black poplar stems after infection by Plectosphaerella populi: hormonal regulation, biosynthesis and antifungal activity. Front. Plant Sci. 10, 1441. doi: 10.3389/fpls.2019.01441

 Vergara, C., Araujo, K. E., Urquiaga, S., Santa-Catarina, C., Schultz, N., da Silva Araújo, E., et al. (2018). Dark septate endophytic fungi increase green manure-15N recovery efficiency, N contents, and micronutrients in rice grains. Front. Plant Sci. 9, 613. doi: 10.3389/fpls.2018.00613

 Wang, F., Jiao, R., Cheng, A., Tan, S., and Song, Y. (2007). Antimicrobial potentials of endophytic fungi residing in Quercus variabilis and brefeldin A obtained from Cladosporium sp. World J. Microbiol. Biotechnol. 23, 79–83. doi: 10.1007/s11274-006-9195-4


 Waqas, M., Khan, A. L., Kamran, M., Hamayun, M., Kang, S. M., Kim, Y. H., et al. (2012). Endophytic fungi produce gibberellins and indoleacetic acid and promotes host-plant growth during stress. Molecules 17, 10754–10773. doi: 10.3390/molecules170910754

 Wei, Y. H., Yu, L. Z., and Junru, L. (2021). Effects of 4 different TCM monomers on TNF-α, IL-1β, IL-6 levels and PKR/p-PKR in norovirus infectious enteritis mice. J. Liaoning Univ. TCM 23, 24–27.


 Wickham, H. (2011). ggplot2. Wiley Interdiscip. Rev. Comput. Stat. 3, 180–185. doi: 10.1002/wics.147


 Xiang, L., and Ming, L. (2020). Progression of pharmacological effects of Polygonum hydropipe L. Int. J. Tradit. Chin. Med. 40, 196–198.


 Xiao, Y., Liang, W., Zhang, Z., Wang, Y., Zhang, S., Liu, J., et al. (2022). Polyketide derivatives from the endophytic fungus Phaeosphaeria sp. LF5 isolated from huperzia serrata and their acetylcholinesterase inhibitory activities. J. Fungi 8, 232. doi: 10.3390/jof8030232

 Xu, Z. L., Yan, D. J., Tan, X. M., Niu, S. B., Yu, M., Sun, B. D., et al. (2022). Phaeosphspirone (1/1′), a pair of unique polyketide enantiomers with an unusual 6/5/5/6 tetracyclic ring from the desert plant endophytic fungus Phaeosphaeriaceae sp. Phytochemistry 194, 112969. doi: 10.1016/j.phytochem.2021.112969

 You, F., Han, T., Wu, J. z, Huang, B. k., et al. (2009). Antifungal secondary metabolites from endophytic Verticillium sp. Biochem. Syst. Ecol. 37, 162–165. doi: 10.1016/j.bse.2009.03.008

 Yue, Y. (2005). Ameliorating effect of green tea catechin on inflammatory bowel disease caused by trinitrobenzenesulfonic acid. For. Med. Sci. 27, 314–315.


 Zhang, K., Bonito, G., Hsu, C. M., Hameed, K., Vilgalys, R., and Liao, H. L. (2020). Mortierella elongata increases plant biomass among non-leguminous crop species. Agronomy 10, 754. doi: 10.3390/agronomy10050754


 Zhang, X. R., Ren, Y. Y., Zeng, Y. J., Li, T. L., Hong, Y. L., Ren, C. Y., et al. (2021). Characterization of the bioactive compounds with efficacy against enteritis in Polygonum hydropiper L. by UHPLC-Q-Orbitrap HRMS combined with network pharmacological analysis. ChemistrySelect. 6, 10336–47. doi: 10.1002/slct.202102886








ORIGINAL RESEARCH

published: 10 November 2022

doi: 10.3389/fpls.2022.1040037

[image: image2]


Green synthesis and application of GO nanoparticles to augment growth parameters and yield in mungbean (Vigna radiata L.)


Faisal Shafiq Mirza 1,2, Zill-e-Huma Aftab 2, Muhammad Danish Ali 3, Arusa Aftab 4, Tehmina Anjum 2, Hamza Rafiq 2 and Guihua Li 1*


1 Guangdong Key Laboratory for New Technology Research of Vegetables/Vegetable Research Institute, Guangdong Academy of Agricultural Sciences, Guangzhou, China, 2 Department of Plant Pathology, Faculty of Agricultural Sciences, University of the Punjab, Lahore, Pakistan, 3 Department of Physics, University of the Punjab, Lahore, Pakistan, 4 Department of Botany, Lahore College for Women University, Lahore, Pakistan




Edited by: 

Aqeel Ahmad, University of Florida, United States

Reviewed by: 

Muhammad Riaz, Shanghai Jiao Tong University, China

Umesh Pravin Dhuldhaj, Banaras Hindu University, India

*Correspondence: 

Guihua Li
 liguihua@gdaas.cn

Specialty section: 
 This article was submitted to Plant Symbiotic Interactions, a section of the journal Frontiers in Plant Science


Received: 08 September 2022

Accepted: 21 October 2022

Published: 10 November 2022

Citation:
Mirza FS, Aftab Z-e-H, Ali MD, Aftab A, Anjum T, Rafiq H and Li G (2022) Green synthesis and application of GO nanoparticles to augment growth parameters and yield in mungbean (Vigna radiata L.). Front. Plant Sci. 13:1040037. doi: 10.3389/fpls.2022.1040037



Plant growth promotion has long been a challenge for growers all over the world. In this work, we devised a green nanomaterial-assisted approach to boost plant growth. It has been reported that carbon nanomaterials are toxic to plants because they can inhibit the uptake of nutrients if employed in higher concentrations, however this study shows that graphene oxide (GO) can be used as a regulator tool to improve plant growth and stability. Graphene oxide in different concentrations was added to the soil of mungbean. It is proved that when a suitable amount of graphene oxide was applied, it had a good influence on plant growth by enhancing the length of roots and shoots, number of leaves, number of root nodules per plant, number of pods, and seeds per pod. We presume that the use of bio-fabricated graphene oxide as a strategy would make it possible to boost both plant growth and the significant increase in the number of seeds produced by each plant.
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Introduction

Mungbean [Vigna radiata (L.) R. Wilczek var. radiata] is a short-duration grain legume grown on 7 million hectares primarily in Asia but rapidly spreading to other parts of the world. Its seed has a protein content of 24% and is rich in antioxidants, fibre, and phytonutrients (Nair et al., 2019). It is the major summer pulse of Pakistan and is grown on 88% of the land in Punjab province, which produces 85% of the country's total output (Ullah et al., 2020). Abiotic and biotic constraints, inadequate crop management methods, and lack of quality seeds of better varieties available to farmers all contribute to the low yield of mungbean (Chauhan13 et al., 2010; Pratap et al., 2019). The major biotic constraints of mungbean include diseases which are yellow mosaic, anthracnose, powdery mildew, Cercospora leaf spot, dry root rot, halo blight, bacterial leaf spot, and tan spot (Nair et al., 2019). The importance of effective food cultivation and food security has increased due to the world's rapid population expansion and climatic change. As a result, alternative ways are being recommended to meet the requirement of food production and crop protection under severe environmental conditions (Lesk et al., 2016; Ramankutty et al., 2018).

Nanomaterials (NMs) are molecules with a diameter of 1–100 nm that play an important role in plant development and production, especially in stressful situations. Moreover, these nanomaterials are used as fertilizers which reduce nutrient loss while also lowering fertilizer input. The graphene oxide nanoparticles (GO NPs) are being widely used in a variety of fields, including basic science, medical and energy (Aazami et al., 2022). Studies are being done utilizing carbon nanomaterials to solve problems in agriculture such as plant disease, pesticides, and stress (Vinković et al., 2017). Although GO NPs have the ability to control plant growth and development, its mechanism is unknown. Plant reaction to GO has been linked to the reactive oxygen species (ROS) pathway, according to research (Siddiqi and Husen, 2017).

Scientists are trying to minimize the negative impacts of nanoparticles which are synthesized using chemical processes, incorporating green synthesis of nanoparticles which is found to be very effective (Gur et al., 2022). The nanomaterials synthesized through chemical methods are not ecofriendly since the chemicals utilized in the process of chemical synthesis are often toxic and flammable (Jain et al., 2009). N. sativa belonging to family Ranunculaceae is a medicinal plant that is used all over the world. Because of its diverse potential, it is one of the most important medicinal plants and is commonly known as black seed. The black seeds are being used as natural food additions and have medical properties such as bronchodilator, insulinotropic, anticancer, antinociceptive, anti-inflammatory, hypoglycemic, hepatoprotective, neuroprotective, antihistamine, and antiulcer properties (Ahmad et al., 2013).

Graphene-based nanomaterial applications in agriculture have received a lot of attention. Researchers are employing GO NPs in agricultural crop enhancement. Soil-based graphene oxide treatment increased the physicochemical qualities of the soil (Shekari et al., 2017). On addition, a study in Silybum marianum found that using graphene-oxide improved chlorophyll content and relative water content (RWC), as well as improving plant growth and yield (Safikhan et al., 2018). GO at optimum concentrations improved Arabidopsis thaliana L. stability and growth, as shown by increases in root length, leaf area, leaf number, and flower bud production (Park et al., 2020). Under salt stress, graphene oxide was employed to improve the growth and yield of pearl millet (Pennisetum glaucum L.) and it gave ideal results at 20 mg/L concentration (Mahmoud and Abdelhameed, 2021).

In this research, we showed that low concentrations of graphene oxide nanoparticles (GO NPs) enhanced good plant development and stability, implying that this nanomaterial can have beneficial effects on plant growth and quality. Our findings offer insight into the logical design of an effective nanomaterial-assisted culture system that may be utilized to speed up both plant growth and fruit ripening.



Materials and methods


Chemicals and reagents

The graphite (90%), hydrogen peroxide (H2O2), potassium permanganate (KMnO4), ferrous chloride (FeCl2.6H2O), ferric chloride (FeCl3.4H2O), and sulfuric acid (H2SO4) were purchased from Sigma-Aldrich. The chemicals were analytical grade. Seeds of Nigella Sativa were purchased from a local market in Lahore, Pakistan. The experiment was performed at the Experimental Station, Department of Plant Pathology (31°29’42.2664” N, 74°17’49.1316” E, 217 m altitude), Faculty of Agricultural Sciences, University of the Punjab in 2021-2022. A semi-arid climate (Köppen climatic classification BSh) with an average temperature of 40°C, 350 mm of annual precipitation, and a rainy season from July to September characterizes the area.



Preparation of Nigella Sativa seed extract

Nigella Sativa seeds (30 g) were washed, powdered, and boiled for 15 minutes in 150 mL of double-distilled water. The aqueous seed extract was then filtered through Whatman No. 1 filter paper and allowed to cool. The seed extract was kept in a sterile container at 4 °C for future use.



Synthesis of graphene oxide

Hummer's technique was used to prepare the GO (William et al., 1958). In the standard procedure, 3 g of graphite and 3 g of NaNO3 were added to 150 mL of H2SO4 and the mixture was kept at 0 °C with constant stirring for 3 hours. Then, KMnO4 was slowly added, and the suspension was constantly stirred for 2 hours. Then, 150 mL of distilled water was gently added, and the suspension was stirred for 30 minutes after. Then, H2O2 was added cautiously to the above suspension and stirred for 20 min. Finally, the suspension was transferred to a 1L beaker and multiple washings with double distilled water were performed until the neutral pH was achieved. Then, it was filtered and dried at 70°C. This resultant mixture was (GO).



Synthesis of graphene oxide nanoparticles

A mixture of 1g of GO and 70 mL of water was sonicated for 1.5 hours. The mixture was then given a 20-minute stir after the addition of 20 mL of N. sativa seed extract. Then, a solution of FeCl2.4H2O (6.33 g) and FeCl3.6H2O (16.22 g) was mixed separately in 200 mL of distilled water and stirred for 30 minutes, producing a dark green colour and mixed into the solution while constant stirring. Then, sodium hydroxide NaOH (2M) was mixed into the solution and stirred for 20 minutes. The resulting mixture was put to centrifuge at 4500 rpm for 15 minutes. After centrifugation, supernatant was discarded, and the pallet was dried in a hot air oven at 150°C. The powder was crushed in a mortar and pestle to produce the desired tiny graphene oxide nanoparticles. The graphene oxide nanoparticles were then transferred to a sterile falcon tube and used for additional optical and structural characterizations. Figure 1 depicts a schematic representation of the synthesis of graphene oxide nanoparticles.




Figure 1 | Schematic representation of the synthesis of graphene oxide nanoparticles.





Characterization of green synthesized graphene oxide nanoparticles

The X-ray diffraction studies of GO NPs were performed on a Rigaku 600Miniflex X-ray diffraction (XRD) instrument with Cu k-α radiation (λ= 1.5412) in the scanning range of 100 -800. UV–visible (UV–vis) spectrum was taken in the wavelength range of 200–600 nm using Agilent Technologies Cary 60 UV–vis to confirm the absorbance of GO NPs and to observe the changes in absorbance caused by variations in reaction conditions. Fourier transform infrared (FTIR) spectra of all samples were recorded in a range of 650–4000 cm−1 in order to identify the characteristic functional groups present on the surface of the GO. Morphological characterization of the green synthesized graphene oxide nanoparticles was performed using high-resolution scanning electron microscopy (HR-SEM).



In vivo application of graphene oxide nanoparticles

To create each GO NPs solution, GO NPs was disseminated in water using sonication. The soil was fumigated using and 10-12 kg soil per pot was filled in 12-inch earthen pots (having 0.264, 0.600 and 0.520 g urea, triple super phosphate and potash respectively in accordance with 40-60-40 kg N, P and K per hectare; half of the urea and other fertilizers applied before sowing and the rest was applied during the vegetative stage of the plants). The mungbean seeds were provided by the Nuclear Institute for Agriculture and Biology (NIAB), which is situated in Faisalabad, Pakistan. A mungbean variety NM-2011 was selected for pot experiment. In each pot, five holes (1cm depth) were drilled, and 3 seeds were planted in each hole. The treatments applied under in vivo trial are given in (Table 1). Every week, the pots were irrigated with 50 mL of an aqueous solution of GO NPs in accordance with the treatments listed in Table 1, and the growth and germination were observed. The entire experiment was conducted in triplets. Every two days, the perimeter of the mungbean plant was checked.


Table 1 | Treatments for evaluating the efficacy of green synthesized GO NPs to augment mungbean plant growth and yield in vivo.





Total chlorophyll and carotenoids measurements

The total Chl concentration was estimated by extracting from 0.05 g frozen leaf samples in the dark with 10 ml of 80% acetone for 24 hours (Gong et al., 2022). A spectrophotometer (UV-2550 Shimadzu, Japan) was used to measure the concentrations of Chl a, b, and total Chl (mg/L) in the supernatant. In each treatment, three plant samples were examined. Carotenoids were measured following (Alam et al., 2016), with minor adjustments. First, 2 g of dried sample was homogenized for 5 minutes in 40 mL acetone, 60 mL n-hexane, and 0.1 g MgCO3 after which it was vacuum filtered. The filtrate was then washed twice in 25 mL acetone and once in 25 mL n-hexane. The filtrate was put into a separatory funnel and rinsed with 100 mL of distilled water five times. A spectrophotometer was used to determine the absorbance value of 436 nm. The absorbance levels were then quantified by comparing them to the β-carotene reference curve.



Estimation of total protein content

Total protein content of 2 g mungbean seeds from treated and non-treated plants was estimated by the following (Rizvi et al., 2022).



Measurement of enzymatic activity and malondialdehyde content

A total of 0.5 g of fresh mungbean leaves were crushed in 3 mL of a 50 mM ice-cold phosphate buffer (pH 7.0), centrifuged at 10,000 rpm for 20 min at 4 °C, and the supernatant was kept at 4 °C until an enzymatic activity assay.

The inhibition of nitrobluetetrazolium (NBT) reduction served to measure the superoxide dismutase (SOD) activity (Giannopolitis and Ries, 1977). Enzyme extract, phosphate buffer, Na2EDTA, NBT, methionine, and riboflavin were included in the reaction mixture. For 20 minutes, the mixture was exposed to 4000 lx of illumination. The reaction was terminated in complete darkness, and the absorbance at 560 nm was measured. One SOD unit indicates the enzyme concentration that inhibits NBT photochemical degradation by 50%.Peroxidase (POD) activity was measured by the guaiacol method (Omran, 1980). Enzyme extract was mixed with a solution containing phosphate buffer, H2O2, and guaiacol in 3 mL. The increase in absorbance was monitored at 470 nm.

The depletion of H2O2 at 240 nm was used to measure the catalase (CAT) activity (Aebi, 1984). Phosphate buffer, H2O2, and the enzyme extract made up the reaction mixture. At 240 nm, the absorbance decrease was seen. The amount of enzyme needed to break down 1 µmol of H2O2 per minute is described by a CAT unit.

Thiobarbituric acid (TBA) reaction was used to measure the amount of malondialdehyde (MDA) (De Vos et al., 1991). Trichloroacetic acid (5% w/v) was used to dissolve leaf samples and centrifuged for 10 min at 4000 rpm. The supernatant was then added to 2 mL of 0.67% (w/v) TBA, which was then heated for 15 minutes in a water bath. The liquid was immediately cooled, and then centrifuged once again for 10 min at 4000 rpm. By measuring the absorbance at 532, 60, 0, and 450 nm and converting it to µmol g-1 FW, the MDA content was calculated.



Nutrient analysis

After harvest, dried leaf samples (0.2 g) were processed with concentrated H2SO4 (98%) and H2O2 (30%), followed by the determination of nitrogen (N) using Nessler’s colorimetry and the measurement of phosphorus (P) using molybdenum-antimony anti-spectrophotometry (Bao, 2000). The quantities of Cu, Zn, Fe, Mn, Mo, B, Si, and K were assessed by adding 0.2 g of dry leaves to a tube containing concentrated HNO3 (67%) and H2O2 (30%) in a 3:1 (v/v) ratio. The samples were degraded at 120–150 °C on an electric hot plate until the solution was transparent. The samples were then digested at 120–150 °C on an electric hot plate until the solution was transparent. Deionized water was used to dilute the digest to a volume of 50 mL, and inductively coupled plasma mass spectrometry was used to quantify it (ICP-MS).



Data recording of growth parameters

Data on growth parameters were taken by following standard practices. Harvesting was done by pulling plants out of the soil along with their roots. For later use, the samples were kept in polythene bags and labelled. The following parameters were recorded after harvesting the crop and during the growth period for each treatment.

Shoot and root length, number of leaves, number of pods, number of seeds per pod, pod size, fresh and dry weight of shoots, fresh and dry weight of roots, number of nodules per root, fresh and dry weight of pods.



Statistical analysis

The obtained data was statistically analyzed using the DSASTAT (Onofri, Italy). For average values, a one-way ANOVA variance analysis was performed and the significant differences among the values were determined using Tukey’s Multiple Range test. For the applied variables, a significant value of P ≤ 0.05 was achieved.




Results


X-ray diffraction

The X-ray diffractometry of the prepared sample was examined through diffractometer with wavelength of 1.5405 Å. The peaks of GO were detected at angle of diffraction 9.8 and 28.9 against planes of (001) and (002) as a result of oxygen based functional groups and graphite incomplete oxidation (Figure 2A). This incomplete oxidation observed due to graphite sheets that confirms that GO is formed (Ali et al., 2021). On the other hand, the extreme peak at 28.82 is detected as a result of disordered structure of carbon that is responsible of disordered assembling of graphene (Ali et al., 2022).




Figure 2 | (A) = XRD pattern of synthesized graphene oxide; (B) = XRD pattern of green synthesized graphene oxide nanoparticles.



It was clearly obvious that the majority of oxygen-containing functional groups were eliminated throughout the reduction process. Nanocomposites exhibit intense diffraction peaks indexed to the (2 2 0), (3 1 1), (4 2 2), (5 1 1), and (4 4 0) planes which appear at 2θ = 11, 30, 35, 54, and 59 respectively, that are consistent with the standard XRD data from the JCPDS card (19-0629) to compare it with the face centered cubic (fcc) structure of Fe3O4 (Figure 2B) (Shen et al., 2012). The small size of magnetite nanoparticles is shown by the broadness of the diffraction peaks.



UV-vis spectroscopy

The UV absorption spectra of different Graphene oxide suspensions in DI water were observed to understand the transitions from the ground state to the excited states. Spectrum of UV-Vis. spectrum of GO was noticed at 217 and 327 nm (Ali et al., 2021, 2022). Some changes were observed during treatment of peaks and reduced values are shown in graph. It has been noticed that there are several defects observed in material due to the edge states, size and functional groups. Two peaks were observed in GO spectra. The first extreme peak is detected at 217 nm and the other peak is noticed at 327 nm (Figure 3A). Due to C-C bonding a peak of π to π* transition was observed at 217 nm and because of n to π* transition a shoulder peak was detected at 327 nm (Ali et al., 2021).




Figure 3 | (A) = UV-vis analysis of synthesized graphene oxide; (B) = UV-vis analysis of green synthesized graphene oxide nanoparticles.



Figure 3B shows the UV-vis spectrum for GNS and exhibits a strong peak at around 231 nm and a wide shoulder peak at 287 nm. The peak noticed at 231 nm is because of the π- π * transition of C-C bonds. Whereas the peak observed at 287 nm is because of the n- π* transition and due to the presence of links that resemble epoxide (C-O-C) and peroxide (-O-O) in the structure of GNS. The absorption band of reduced GO from 231 nm to 287 nm could be because of the restoration of π electronic conjugation after reduction inside the graphene sheets. According to the absorption spectra of GNS nanocomposite, the peak at 231 nm indicates a red shift caused by a reduction in electronic conjugation of π electron, which increases the distance between HOMO and LUMO. This blue shift is also supported by the disappearance of the broad absorbance shoulder in GNS when compared to GO.



Fourier transform infrared spectroscopy

The functional groups were noticed due to the oxidation of graphite and response of these functional groups is detected in the form of peaks (Figure 4A). The peaks 1039, 1288, 1394, 1557, 1633, 1723, 2862, 2924, and 3390 (cm-1) are noticed due to the presence of alkoxy C-O vibration, epoxy, C=O deformation, O-H bond, and O-H stretching. The peaks of absorbed water were detected at 2862, 2924, and 3390 cm-1 due to oxidation process and these peaks are attributed to O-H stretching. The skeleton vibration of graphite or Sp2 vibration in graphite sheet was due to carbon and is noticed at 1633 cm-1. By the presence of epoxide (C-O-C) and carboxyl (COOH) groups, the extremes were observed at 1039 and 1723 cm-1.




Figure 4 | (A) = FTIR spectrum of synthesized graphene oxide; (B) = FTIR spectrum of green synthesized graphene oxide nanoparticles.



According to the FTIR spectra observed, oxidized graphene contains several peaks which contain oxygen as functional group (Figure 4B). The spectra peaks show dissimilarity to pure graphene and C=O band expressing stretching vibration peak between 1700-2200 cm-1 and other oxygen bonds, i.e., C-O-C, C-O-H, and C-O, between 1546-1045 cm-1 (Golsheikh et al., 2013; Yan et al., 2014). The O-H bond expressing bending vibrational modes can be related to the wavenumbers 3271 cm-1 and 570 cm-1. The significantly identified peaks of 3715 cm-1 and 715 cm-1 can be predicted to be for the stretching and bending vibrations of C-H bond (Hayyan et al., 2015). At 1747 cm-1 (Guo et al., 2009; Marcano et al., 2010), C=C from unoxidized sp2 CC bonds was detected, whereas the peak at 2356cm-1 was brought on by CO2 absorption from the atmosphere (Shen et al., 2012).



SEM analysis

Figure 5 depicts SEM images of GO NPs. From the images, it can be seen that the particles are homogenously distributed and in the form of a blob/fleck shape. The particle size is in the range of 10 nm to 100 μm. The distribution graph of particles presents the size range and in-homogeneity of the particles. It is suggested that the in-homogeneity of the particles was observed due to doping of Fe2+ and Fe3+ in GO. The distribution graphs show the distribution of particles on the sheets of GO (Figure 6).




Figure 5 | SEM images of graphene oxide nanoparticles under different magnifications (A) 1 KX; (B) 5KX; (C) 10KX.






Figure 6 | Graphical representation of particles distribution size of green synthesized graphene oxide nanoparticles.





Chlorophyll contents

Chlorophyll contents were assessed in order to look into how the GO NPs affected the amount of photosynthetic pigments in the mungbean plants (Table 2). The mungbean plants performed positively in the applied treatments of GO NPs in terms of chlorophyll contents. In the current study, the contents of chlorophyll a, chlorophyll b, and total chlorophyll gradually increased as the concentration of GO NPs increased up to 1200 mg/L. When compared to the control, the amount of chlorophyll a increased by 61.83%, chlorophyll b increased by 69.21%, and the amount of total chlorophyll increased by 64.18% at 1200 mg/L concentration. But when these plants were exposed to a higher concentration of 1500 mg/L GO NPs, their photosynthetic contents were decreased. In comparison to the control plants, chlorophyll a, chlorophyll b, and total chlorophyll of mungbean plants all decreased by 7.90%, 9.87%, and 8.53%, respectively.


Table 2 | Effects of different concentrations of green synthesized GO NPs on physio-biochemical parameters of mungbean plants.





Total carotenoid content

In order to determine how the GO NPs affected the amount of photosynthetic pigments in the mungbean plants, the carotenoid content was assessed (Table 2). Treatment of GO NPs on mungbean plants resulted in an increase in carotenoid contents. The total carotenoid levels of mungbean seedlings were observed to increase in response to GO NPs (300-1200 mg/L). The carotenoid content increased by 59.34% at 1200 mg/L in comparison to the control. However, the carotenoid content was reduced when they were subjected to a greater concentration of 1500 mg/L. In the case of 1500 mg/L concentration, the carotenoid contents of mungbean plants were reduced by 9.02% as compared to the control plants.



Total protein content

The total protein content was determined in all the mungbean samples, and it was observed that the protein content increased with an increasing concentration of GO and showed a decline at concentration of 1500 mg/L (Table 2). The highest amount of protein (%) was found at a treatment of 1200 mg/L (3.96 %) and the lowest was at 1500 mg/L (1.24 %).



Enzymatic activity

Figure 7 shows that the CAT, POD and SOD activity significantly increased with increasing GO concentration except for T5 (1500 mg/L) GO. The peak values of CAT, POD and SOD activity occurred at T4 (1200 mg/L) GO, with an increase of 94.13%, 96% and 8.85%, respectively, compared with the control. While at T5 (1500 mg/L), the decreases in CAT, POD, and SOD were 17.98%, 21.84%, and 2.3%, respectively.




Figure 7 | Effects of different GO NPs treatments on mungbean CAT (A), POD (B), SOD (C) activities and MDA (D) content. The error bars represent the standard error of means. Different letters denote statistically significant differences between treatments as evaluated by the Tukey’s Multiple range test at the P < 0.05 level. C= without GO NPs application (control); T1= 300 mg/L; T2= 600 mg/L; T3= 900 mg/L; T4= 1200 mg/L; T5= 1500 mg/L.





Malondialdehyde content

The MDA content showed a consistent increase with increasing GO concentration except for T5 (1500 mg/L) (Figure 7D). Compared to the control, the MDA content in the T5 (1500 mg/L) GO treatment decreased by 20.56% and increased by 59.62% in the T4 (1200 mg/L) GO treatment. It was observed thar MDA content was enhanced in a concentration-related manner.



Nutrient uptake

Table 3 showed that in response to GO treatment concentrations, significant differences in the contents of nutrients were detected. The nutrient uptake increased with increasing GO concentration till T4 (1200 mg/L), while it was reduced in T5 (1500 mg/L). Moreover, the nutrient contents enhanced in a concentration-dependent manner. A significant decrease in content was found at T5 (1500 mg/L) GO, when compared to control.


Table 3 | Effects of different GO NPs treatments on nutrient uptake of mungbean.





Effect of graphene oxide nanoparticles on growth parameters of mungbean

GO NPs solution was applied to the root zone of mungbean plants over a concentration range of 300-1500 mg/L to examine the impact on plant growth in soil. Mungbean plants responded favourably to the GO NP concentrations. Their effects on different growth parameters are discussed briefly below.



Shoot and root length

As a result of the application of GO NPs to mungbean, plant height showed significant differences. With the exception of doses more than 1200 mg/L, mungbean plants consistently showed greater shoot and root length than control plants (Table 4). When compared to the control, maximum shoot and root lengths of 38.83 cm and 18.73 cm, respectively, were recorded at 1200 mg/L. In contrast, 1500 mg/L showed the minimum shoot and root lengths of 25.83 cm and 11.1 cm respectively. Mungbean plant shoot and root images are depicted in Figures 8, 9, respectively.


Table 4 | Effect of different GO NPs treatment on growth parameters of mungbean at 75 days after sowing.






Figure 8 | Effects of different GO NPs treatments on mungbean plants at harvesting stage. (A)= C= without GO NPs application (control); (B)= T1= 300 mg/L; (C)= T2= 600 mg/L; (D)= T3= 900 mg/L; (E)= T4= 1200 mg/L; (F)= T5= 1500 mg/L.






Figure 9 | Effects of different GO NPs treatments on root lengths of mungbean. (A)= C= without GO NPs application (control); (B)= T1= 300 mg/L; (C)= T2= 600 mg/L; (D)= T3= 900 mg/L= (E)= T4= 1200 mg/L; (F)= T5= 1500 mg/L.





Number of leaves

With varying GO NPs concentrations, there was a noticeable difference in the number of leaves per plant (Table 4). The number of leaves of the mungbean plants increased significantly when the concentrations varied from 300 to 1200 mg/L. When compared to the control, 1200 mg/L yielded the most number of leaves, while 1500 mg/L yielded the fewest.



Number of pods per plant

The number of pods produced per plant differed statistically when compared to the control plant (Table 4). The application of GO NPs at 1200 mg/L resulted in an increase in the number of pods per plant by 49.92 %. While the higher concentration of 1500 mg/L resulted in decrease of number of pods by 30.13 %.



Pod size and number of seeds per pod

The size of the pods significantly changed as the concentration of GO NPs ranged from 300 to 1500 mg/L (Table 4). When the concentrations increased from 300 to 1500 mg/L, the size of the pods gradually increased, and it was highest at 1200 mg/L. While it was lowest at concentrations greater than 1200 mg/L. Effect of GO NPs on pod size can be seen in Figure 10.




Figure 10 | Effects of different GO NPs treatments on pod size of mungbean plants. (A)= C= without GO NPs application (control); (B)= T1= 300 mg/L; (C)= T2= 600 mg/L; (D)= T3= 900 mg/L; (E)= T4= 1200 mg/L; (F)= T5= 1500 mg/L.



Number of seeds per pod increased significantly with increasing concentration of GO except for T5 (1500mg/L) (Table 4). When compared to control, the quantity of seeds per pod increased by 47.51% in T4 (1200 mg/L) but it decreased by 39.16% in T5 (1500 mg/L).



Shoot fresh and dry weight

According to the preceding viewpoint, GO NPs applied to the soil resulted in a considerable increase in mungbean plant weights. The fresh and dry weight of shoots increased as the concentration increased over the range of 300-1200 mg/L (Table 4). While it decreased at a higher concentration of 1500 mg/L. Fresh and dried shoot weight increased by 27% and 49%, respectively at 1200 mg/L.



Root fresh and dry weight

GO NPs applied to the soil resulted in a significant rise in mungbean plant root weights. When compared to the control, the maximum fresh and dry root weight was obtained at 1200 mg/L, and it increased consistently as concentrations increased from 300 to 1200 mg/L. The percentage increase in 1200mg/L concentration for root fresh and dry weight was 51.89% and 75%, respectively. While the concentration of more than 1200mg/L decreased root weight. The percentage decrease in 1500 mg/L was 18.98% for root fresh weight and 25% for root dry weight (Table 4).



Root nodules

Mungbean can fix atmospheric nitrogen using bacteria found in its root nodules. The rate of nodulation is quite low in most of the mungbean growing areas in Pakistan. There are several causes, but one of them appears to be poor nutrient uptake. The application of GO NPs to the soil resulted in positive root nodulation results. When compared to the control, the number of root nodules increased as the concentration increased from 300 to 1200 mg/L (Table 4). When compared to the control plant, the percentage increase in 1200 mg/L was 46.76%. The effect of GO NPs on root nodulation is shown in Figure 11.




Figure 11 | Effects of different GO NPs treatments on root nodules of mungbean plants. (A)= C= without GO NPs application (control); (B)= T4= 1200 mg/L.





Pod fresh and dry weight

The application of GO NPs to the soil increased the pod weights of mungbean plants significantly. The maximum fresh and dry root weight was obtained at 1200 mg/L when compared to the control, and it rose consistently as concentrations increased from 300 to 1200 mg/L. For pod fresh and dry weight, the percentage increase in 1200mg/L concentration was 67% and 65%, respectively. While concentrations more than 1200mg/L reduced pod weight. The reduction in 1500 mg/L was 8.18 % for fresh pod weight and 13 % for dried pod weight, when compared to control (Table 4).




Discussion

Understanding how nanoparticles interact with living things is crucial for biosafety due to the rapid development of nanotechnology and the production of synthetic nanomaterials. The understanding of how nanomaterials interact with plants is fundamental for assessing ecological risks, but it is also essential for the advancement of nanotechnological applications in agriculture that will increase crop yields and minimize the use of agrochemicals. Although the impacts of nano-carbon compounds on seed germination and seedling development have been widely documented, less is known about how these materials affect plant growth and life cycles of mature plants, which may differ depending on the stage of development (Nel et al., 2006). The distinct variability of nanomaterials in terms of form, size, chemical composition, solubility, aggregation, surface structure and application methods is a significant factor influencing the heterogeneity of plant responses (Petersen and Henry, 2012). The effects of graphene family nanoparticles (GFNs) on higher plants have been extensively studied, and for plants exposed to GFNs at different developmental stages, both promotion and inhibition in growth have been recorded (e.g., seed germination, root and shoot growth, and flowering). Numerous studies have shown that nanomaterials have beneficial impacts on plant development and stress tolerance when used in low doses (Mukherjee et al., 2016; Zhao et al., 2020). To determine its impact on various growth phases, we treated mungbean seedlings and matured plants with GO and it was found that exposure till 1200 mg/L GO increased plant height (root and shoot lengths), root fresh and dry weights, shoot fresh and dry weights, Number of leaves, Number of pods per plant and root nodules, but a larger dose of 1500 mg/L had a detrimental effect on seedling growth. The findings are in accordance with Song et al. (2020), which found that GN boosted seedling development at low doses but suppressed it at high doses For Malus domestica, 0.1 mg/L GO stimulated adventitious root development while 10 mg/L GO inhibited it (Li et al., 2018). Roots are a key organ of direct interaction between plants and soil and are crucial for plant growth due to their activities as anchors and absorbers. GO significantly influenced the development of plant roots, which may have had an impact on the growth and development of above-ground organs. According to Begum et al. (2011), graphene oxide at concentrations of 500, 1000, and 2000 mg/L was treated to the root surfaces of Arabidopsis thaliana, and as the concentration of graphene oxide was increased, the root length steadily declined, which ultimately effected all growth parameters. This outcome is due to the atomically thin layer of graphene oxide, which is principally a carbon-based material with a two-dimensional building block. This nanoparticle has a positive impact on plant growth (Mahmoud and Abdelhameed, 2021). Furthermore, because graphene oxide nanoparticles are smaller than cell walls, they can easily enter cell walls and perform as smart treatment-delivery systems for plant growth regulation. Graphene oxide nanomaterials influence both physiological and genetic processes in plants; as a result, it is utilized as a plant growth regulator (Chakravarty et al., 2015). Graphene oxide derivatives, like multiwalled carbon nanotubes (MWCNTs), can increase water and nutrient intake and promote plant development (Larue et al., 2012). Another factor which may have contributed to the enhanced growth in mungbean is nodules formation and development. In accordance with the previous research studies, GO NPs nanoparticles promoted root nodules and boosted the beneficial activity of soil microbiological processes (Abdallah et al., 2022). There is some evidence to support the minimal research that exists about the factors involved in the stimulatory impacts of nanoparticles on nodule formation and development. According to Burke et al. (2015), the increased nodule growth in soybean plants exposed to positively charged Fe3O4 nanoparticles was due to the availability of Fe, which is necessary for N2 fixing bacteria (Brear et al., 2013). The production of nodule factor (nodf) and genistein (a significant root-secreted isoflavone that triggers Bradyrhizobium japonicum nod YABC operon expression), were also found to be up-regulated by Fe3O4 NPs, which was suggested to be related to the enhanced nodulation seen in the symbiotic association between soybean plants and Bradyrhizobium japonicum. Photosynthesis allows plants to transform carbon dioxide into organic molecules, and pigments are required for plant growth and development (Taiz and Zeiger, 2010). A significant initial increase followed by a decrease in pigment contents was observed in mung bean treated with GO in this study which is in accordance with Siddiqui et al. (2019). The impact of GO NPs on the electron transport and energy pathways within plant cells is thought to be the cause of the increase in chlorophyll content of treated plants (Van Aken, 2015). At high GO concentrations, chlorophyll content could be reduced due to chlorophyll synthesis inhibition or chloroplast death. Because GO may penetrate algal cells and destroy organelles, it can cause damage to the chloroplast structure. (Hu et al., 2014).

MDA is a result of lipid peroxidation, and its content is related directly to ROS production (Hossain et al., 2015). MDA content showed a similar increasing tendency to antioxidant enzyme activities, implying that increased amounts of GO encouraged the formation of free radicals. The SOD, POD, and CAT activities were all well correlated with MDA content also suggesting that at higher concentration The harmful effect of GO may be caused by oxidative stress via ROS production. This is comparable to how graphene nanoparticles affect higher plants (Begum et al., 2011; Anjum et al., 2014). All enzyme activity and MDA levels in leaf samples consistently interacted to GO. However, other markers, such as CAT activity and MDA content, were not very sensitive at low concentrations. GO at 1200 mg/L continued to significantly boost these three enzyme activities and MDA content in leaves, with SOD, POD, CAT, and MDA levels 8.8%, 96.2%, 94.1%, and 59.6% greater than the control, respectively.

Plant growth and development are closely related to nutrient uptake efficiency. The essential macronutrients N, P, and K are the limiting components for plant growth. The micronutrients (Cu, Zn, Fe, Mn, Mo, B, and Si) are also required and engaged in a variety of metabolic pathways. In this investigation, increasing the GO dose up to 1200 mg/L resulted in an increase in the levels of N, K, Fe, Zn, Mo, B, and Si. Researchers have represented some noteworthy aspects regarding this observation. GO may inhibit nitrate uptake and buildup in plant seedling roots at higher concentrations (Weng et al., 2020) and may impact the phytoavailability of N in soils, possibly by altering soil nitrification rates and/or organic N mineralization (Duncan and Owens, 2019). As a result, it has been suggested that nanoparticles may have coated the root surface, preventing water and mineral nutrients from entering the roots and destroying the production of root hairs, inhibiting nutrient uptake at higher concentration (Hu et al., 2014; Zhao et al., 2015; Zhang et al., 2016). GO has the potential to disrupt biological metabolic systems such as amino acid, glucose, lipid, and energy metabolism, resulting in reduced nutrient absorption.



Conclusion

Findings present in this study indicate the beneficial role of GO as plant growth promoter as well as yield enhancer within safe limits. GO formulations can be successfully incorporated in local agricuture system for better yield and profitability.
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Biotechnology proposes various ecological approaches to control climatic constraints, soil fertility and plant nutrition using biological products, such as biostimulants to achieve a healthy and environment-friendly agriculture. The aim of this study was to compare the effect of biostimulant-coated maize seed and biostimulant application on the growth, yield and nutritional status of maize in Benin. The trials were set up with 100 producers spread over the whole of Benin. The experimental design was a block of three treatments with 11 replicates per Research-Development (R-D) sites. The maize varieties 2000 SYNEE-W BENIN and TZL COMP 4-W BENIN were used. The best growth (height, stem diameter and leaf area) and yield performances (thousand grains weight and grains yield) were obtained by treatments T2 (Application of biostimulant + ½ NPK-Urea) and T3 (Seed coating with biostimulant + ½ NPK-Urea) compared to the farmers’ practice (T1). A significant difference was observed between the different treatments for height, leaf area, 1000 grains weight and maize-grain yield. From one Research-Development site to another, a significant difference was also observed for all parameters. The treatment- Research-Development site interaction was also significant in most areas. The applied or coated biostimulant improved the uptake of nitrogen, phosphorus and especially potassium with higher significant difference compared to the recommended dose of mineral fertilizer. The two techniques of using the biostimulant combined with the half-dose of mineral fertilizer gave the better growth, yield and nutritional status compared to the farmers’ practice in all areas study. This biostimulant can be used to ensure food security and sustainable agriculture in Benin.
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Introduction

Food security is the ability of a population to access and afford enough food to live a healthy life (Olanrewaju et al., 2022). Feeding the growing world population is one of the major challenges for agriculture. In Benin, soils are weakened and subject to deep disturbances, such as physical and chemical degradation, low microbial activity and this has resulted to the decline in the soil fertility with negative consequent to low productivity (Igué et al., 2013). For decades, the application of chemical fertilizers have played a crucial role worldwide to increase growth, crop yield and maintain an adequate food supply (Meena et al., 2017; Chaudhary et al., 2020). Several authors studied the long-term use of chemical fertilizers and their impacts on the agroecosystem (Chaudhary et al., 2017; Bishnoi, 2018). Their applications provide nutrients in high concentrations but with many drawbacks on soil health, water quality and safe environment (Vejan et al., 2016). The use of mineral fertilizers improve productivity, but also leaves undetermined effects on the ecosystem (Kumar and Shastri, 2017). These numerous environmental problems include groundwater pollution, soil acidification, eutrophication, low soil fertility, loss of biodiversity, high energy consumption in synthesis processes, and contamination of crop products (Agbodjato et al., 2016; Tomer et al., 2016; Mahanty et al., 2017; Ilangumaran and Smith, 2017; Kourgialas et al., 2017). To increase crop productivity in an environmentally friendly manner, the use of biostimulants, such as plant growth-promoting microorganisms remain the the most promising ways (De Pascale et al., 2017).

In the last decade, great efforts have been made to substitute chemical fertilizers with environmentally friendly biostimulants (Kamilova et al., 2015; Liu et al., 2018; Thomas and Singh, 2019; Amogou et al., 2021). The response to microbial biostimulants inoculation on different crops has been widely evaluated, thus showing significant increase in the growth and yields of agricultural crops (Babalola et al., 2020; Aguégué et al., 2021b; Adoko et al., 2021a).

Plant growth-promoting microorganisms play an important role in regulating the dynamics of various ecological processes, such as decomposition of organic matter and accessibility of different plant nutrients, such as iron magnesium, nitrogen, phosphorus and potassium (Priyanka et al., 2020). Microbial biostimulants are the main component of integrated nutrient management, thus leading to their sustainability. In addition, these biostimulants can be used as cost-effective biological inputs to increase crop productivity while reducing mineral fertilizer rates and ultimately harvesting more nutrients from the soil (Aguégué et al., 2021a). Biostimulants are sometimes composed of plant growth-promoting rhizobacteria (PGPR), a group of bacteria that actively colonise plant roots, that support plant growth and suppress plant pathogens (Khan et al., 2018). PGPR produce plant hormones (auxin, gibberellin and cytokinin), promote phosphate solubilisation, potassium mineralization and nitrogen fixation, which are important natural organic biostimulants (Rosier et al., 2018). PGPR based biostimulants, with their natures, can play important roles in maintaining soil fertility (Gamez et al., 2019).

Maize is a prevalent crop in Benin’s cropping systems (Gogan et al., 2018). It is very sensitive to low availability of phosphorus and other mineral elements for growth (Postma and Lynch, 2011) and has been shown to be amenable to application of PGPR-based biostimulants (Agbodjato et al., 2021a). Over the last decades in Benin, a lot of work has been done on the use of different biostimulants on maize productivity These studies were carried out on the identification, biochemical characterization, formulation, inoculation and application of PGPR-based biostimulants to increase maize growth and yield (Adjanohoun et al., 2012; Agbodjato et al., 2021b; Adoko et al., 2021b). Nevertheless, studies on the PGPR-based biostimulant-coated maize seed in Benin are less documented. Therefore, the aim of this study was to compare the effect of biostimulant-coated maize seed and biostimulant application on growth, yield and nutritional status of maize in Benin.



Materials and methods


Study areas

Trials were set up at 100 farmers’ sites in different villages of South, Center and North Benin (Figure 1). In South with 34 farmers, this includes 11 in Adakplamè (Kétou), 12 in Eglimey (Aplahoué) and 11 in Saharo-Nagot (Sakété). In Center with 33 producers, including 11 in Miniffi (Dassa-Zoumè), 11 in Gbanlin (Ouèssè) and 11 in Akatakou (Bantè). In North with 33 producers, this includes 11 in Soaodou (Péhuncho), 11 in Kokey (Banikoara) and 11 in Badou (Gogounou). Moreover, the selected sites were flat land with a maximum slope of 2%, and not flooded. The decline in the soil fertility was a major constraint. The experimental sites were at least 500 m apart.




Figure 1 | Study areas of the on farmers’ trials in Benin.





Biostimulant formulation

Method adapted from Connick et al. (1991) was used. Maize flour, bacterial suspension (108 CFU/ml) of Pseudomonas putida, binder (Clay) and sucrose were used. These components were put into boxes and mixed with gloved hands until a soft paste was obtained. This was spread on aluminium foil for two days at a temperature of 25°C. After two days of drying, the resulting product was ground in a mortar and then sieved. The different activities were carried out under aseptic conditions. The strain of P. putida used in the study was isolated and characterised by Adjanohoun et al. (2011).



Characterization of maize seed

Maize variety 2000 SYNEE-W BENIN developed by the International Institute of Tropical Agriculture (IITA) and the Institut National des Recherches Agricoles du Bénin (INRAB) was used in the South. It is an extra-early variety of 75 days, with potential grains yield of 2.5t ha-1 in a farming environment. In Central and North, the maize variety TZL COMP 4-W BENIN was used. It is a 110-day composite variety with an average grain yield of 4t ha-1 on the farm (MAEP, 2016).



Experimental design

The experimental design was a block of three treatments with 11 replicates per R-D study site where each replicate represented one producer in each site. The treatments were defined as follows: T1 = Farmer practice (N13P17K17S6B0,5Zn1,5 (200 Kgha-1), Urea (100 Kgha-1); T2 = Biostimulant application + ½ dose of NPK-Urea (NPK (100 Kgha-1), Urea (50 Kgha-1); T3 = Seed coated with biostimulant + ½ dose of NPK-Urea (NPK (100 Kgha-1), Urea (50 Kgha-1). Each elementary plot had an area of 40 m² and consisted of five lines of 10 m. The distance between plots was 5 m. The sowing was done at a spacing of 0.80 m x 0.40 m or a density of 31,250 plants ha-1 (Yallou et al., 2010).



Application of the recommended dose of N13P17K17S6B0,5Zn1,5-Urea

The half (½) dose of N13P17K17S6B0,5Zn1,5 was applied as a bottom dressing on the day of sowing on two biostimulants plots. It is only on the farmer’s plot that NPK was applied on the 15th Day After Sowing (DAS). On the other hand, Urea was applied on the 45th DAS for all plots.



Application of biostimulant and half dose of N13P17K17S6B0,5Zn1,5-Urea

After opening three pits of about 5 cm deep with 2 cm apart, two maize seeds were placed into the central one. Then, 2 g of biostimulant + ½ N13P17K17S6B0,5Zn1,5 were applied separately in the other two pits on the day of sowing. The half dose of Urea was applied on the 45 DAS for all plots.



Coating of biostimulant and half dose of N13P17K17S6B0,5Zn1,5-Urea

The ratio of 1000 g of seed, 100 g of biostimulant and 100 ml sterile distilled water was used to coat maize seeds. The seeds were mixed and then dried at room temperature for 24 hours. After opening two pits about 5 cm deep and 2 cm apart, two maize seeds coated with biostimulant were placed in one pit and the half dose of N13P17K17S6B0,5Zn1,5 was applied separately in the second pit on the day of sowing. The half dose of Urea was applied on the 45 DAS for all plots.



Chemical analysis of the soil

Composite soil samples of 500 g were taken at a depth of 0-20 cm from the different sites in the South (Adakplamè, Eglimey, Saharo-Nagot), Center (Akatakou, Gbanlin, Miniffi) and North (Badou, Kokey, Soaodou) prior to the installation of the experimental device using an auger. Five sampling points were randomly selected. Four of the five sampling points were located on the four cardinal points (North-South-West-East). The fifth sampling point was located approximately at the junction of the four previous points (Adjanohoun et al., 2011). These samples were sent to the Laboratoire des Sciences du Sol, Eau et Environnement (LSSEE) of the Institut National des Recherches Agricoles du Bénin (INRAB) for analysis. These analyses consisted of determining the pH (water), (by glass electrode in a soil/water ratio of 1/2.5), organic matter and carbon (Walkley and Black, 1934), assimilable phosphorus (Bray and Kurtz, 1945), total nitrogen (Kjeldahl, 1883), and exchangeable bases by the Metson (1956) method with ammonium acetate at a pH equal to 7.



Collection of growth and yield data

All growth parameters of the maize plants were measured at 60 DAS in South and 70 DAS in Center and North. Height was measured with a tape meter; stem diameter was measured with a calliper and leaf area was estimated by the product of length and width of leaves with the coefficient 0.75 (Ruget and Bonhomme Chartier, 1996). The ears of 10 maize plants located on central lines of each elementary plot were harvested at 80 DAS in South and at 120 DAS in Center and North. After shelling, total mass of maize grains was measured using a precision balance (Highland HCB 3001. Max: 3000 x 0.1 g) and the moisture content was taken using a moisture meter (LDS-1F). Grains yield was determined according to the formula described by Valdés et al. (2013): R = 

where: R = grains yield in t ha-1; P = mass of maize grains in kg; S = harvest area in m²; H = moisture percentage of maize grains in %.

After proper drying until moisture content stabilized (H = 14), the weight of 1000 maize grains were taken according to treatments and R-D sites.



Assessment of the nutritional status of maize plants

A representative 500 g sample of the dry biomass mixture was taken from each plot. Each sample was placed in a labelled bag. The packaged samples were sent to the Laboratoire des Sciences du Sol Eau et Environement (LSSEE) to determine the N, P, and K content. After dry mineralisation, the ash was dissolved with HCl (6N) and dissolved with HNO3 (0.1N). Phosphorus (P) was determined by colorimetry, potassium (K) by atomic absorption spectrophotometry and nitrogen (N) was determined by the method of Kjeldahl (1883).



Statistical analysis

Effect of experimental area and applied treatments on plant growth and yield performance was assessed by means of a two-factor ANOVA test. Normality and homogeneity of variances of data were performed by ANOVA (Glèlè Kakaï et al., 2006). Thus, Shapiro-Wilk and Levene tests were performed, and type III ANOVA tests were adopted to analyse effect of zone and treatment factors on the parameters evaluated. Once the ANOVA test was significant, a post hoc test of pairwise comparisons using Tuckey post hoc test (Douglas and Michael, 1991) was carried out to assess statistical differences of the means. In addition, descriptive statistics were calculated per measured parameter. The various tests were performed in the R 4.0.2 software (R Core Team, 2020). These analyses require the use of dplyr and DescTools packages for calculation of descriptive statistics, ggplot2 and ggpur packages for creation of moustache boxes. Stats packages for shapiro test and levene test, the ‘‘car’’ packages for ANOVA and multcomp packages for post hoc pairwise comparison test. Significance level was at 5%.




Results


Soil chemical characteristics

The soil chemistry characteristics of the R-D sites were presented in Table 1. The recorded water pH values (5.78 to 6.80) indicated that the soils were moderately acidic. Cation Exchange Capacity (CEC) values of the soils at the different areas were very low, which ranges from 4.64 to 7.91 cmol+ kg-1. The available phosphorus was between 4 and 14 mg kg-1. The C/N ratio was relatively low and varied between 10.23 and 13.33. The sum of exchangeable bases varied between 3.48 to 9.23 cmol+ kg-1 (Table 1).


Table 1 | Chemical characteristics of the soils in different Research-Development site.




   
Height of maize plants

The histogram in Figure 2 illustrates the variation in average height of maize plants per treatment and experimental site. In all R-D study sites in Benin, application of biostimulant + ½ NPK-Urea (T2 = 196.57 cm) and the coating of biostimulant + ½ NPK-Urea (T3 = 197.20 cm) gave the better performances. A respective increase of 17.65% (T2) and 18.03% (T3) compared to the farmers’ practice (T1 = 167.08 cm) was observed. ANOVA showed a significant difference in the effects of treatments (p = 0.001) and experimental sites (p< 0.001). Interaction between different treatments and different sites was also significant (p = 0.003) (Figure 2).




Figure 2 | Average height of maize plants per treatment and experimental site. p < 0.001 (highly significant). In the same line, means marked with different letters i,hi,gi,fgi,efgi etc …are significantly different at the 5% threshold. T1: farmer practice (100% NPK-Urea), T2: biostimulant application + ½ NPK-Urea, T3: biostimulant coating + ½ NPK-Urea.





Stem diameter of maize plants

The histogram in Figure 3 shows the variation in the stem diameter of maize plants as a function of the experimental site and the histogram in Figure 4 shows Treatment and site effects on maize stem diameter. In all R-D sites, the three treatments had comparable effects on maize stalk diameter (T2 = 3.22cm; T3 = 3.17; T1 = 3.08cm). The ANOVA revealed no significant difference between treatments in all R-D sites (P = 0.09) (Figure 4). However, a significant difference in the effects of the experimental site (p< 0.001) on the stem diameter of maize plants was found (Figure 3). The interaction between treatments and sites was also not significant (P = 0.71).




Figure 3 | Stem diameter of maize plants by experimental site. p < 0.001 (highly significant). In the same line, means marked with different letters f,ef,df,de,cd etc …are significantly different at the 5% threshold.






Figure 4 | Treatment and site effects on maize stem diameter. p > 0.05 (not significant). In the same line, means marked with same letters a,a,aare not significantly different at the 5% threshold. T1: farmer practice (100% NPK-Urea), T2: biostimulant application + ½ NPK-Urea, T3: biostimulant coating + ½ NPK-Urea.





Leaf area of maize plants

The effect of biostimulants on leaf area of maize plant by experimental site was illustrated by the histogram in Figure 5. Across all study sites in Benin, the largest leaf area (578.36 cm2) was obtained in South at Eglimey with farmer practice (T1). In Adakplamè, Saharo-Nagot and Soaodou the farmers’ practice and the application of biostimulant + ½ NPK-Urea were better than the seed coating with biostimulant with a significant difference (p = 0.015). There was no significant difference between the treatments on leaf area in the R-D sites of Akatakou, Gbanlin, Miniffi, Badou and Kokey. Across experimental sites, the difference was significant (p< 0.001). From one experimental site to another, the difference was significant (p< 0.001). There was no significant difference between interactions of treatments and the different sites (p = 0.061).




Figure 5 | Maize plant leaf area by experimental site. p< 0.001 (highly significant). In the same line, means marked with different letters e,d,cd,bd etc … are significantly different at the 5% threshold.





Maize grains yield

Maize grain yields as a function of experimental site illustrated by the histogram in Figure 6 and the histogram in Figure 7 shows effects of treatments and site on maize grain yield. The best maize grain yield (T2 = 2.48 t ha-1) was obtained at Eglimey with the application of biostimulant + ½ NPK-Urea in South Benin. At Adakplamè the application of biostimulant + ½ NPK-Urea (T2 = 2.23 t ha-1) and seed coating with biostimulant + ½ NPK-Urea (T3 = 2.17 t ha-1) induced respective increases of 27.42% and 24.00%. In Saharo-Nagot, application of biostimulant + ½ NPK-Urea (T2 = 2.10 t ha-1) and seed coating with biostimulant + ½ NPK-Urea (T3 = 2.00 t ha-1) exceeded the farmers’ practice by 20.00% and 14.28%, respectively with a significant difference (p< 0.001). In the Centre, the best yield was obtained by the application of biostimulant + ½ NPK-Urea (T2 = 3.25 t ha-1) at Akatakou. This treatment resulted in an increase of 12.06% compared to farmers’ practice. In Gbanlin and Miniffi, no significant difference was observed between treatments. In the North, the best yield was obtained in Kokey with the application of biostimulant + ½ NPK-Urea (T2 = 3.24 t ha-1) which had an increase of 31.7%. At Badou, the same treatment was better (T2 = 2.99 t ha-1) with an increase of 6.03%. In Soaodou, seed coating with biostimulant + ½ NPK-Urea was better (T3 = 3.04 t ha-1) with an increase of 15.58% compared to the farmers’ practice. The ANOVA results were significant between treatments (p< 0.001) and sites (P = 0.009) (Figures 6, 7). Interactions between treatments and sites were not significant (P = 0.61).




Figure 6 | Maize grains yield by experimental site. p< 0.001 (highly significant). In the same line, means marked with different letters d,cd,bc,ab etc … are significantly different at the 5% threshold.






Figure 7 | Effects of treatments and site on maize grain yield. p < 0.001 (highly significant). In the same line, means marked with different letters b,ab,a are significantly different at the 5% threshold.T1: farmer practice (100% NPK-Urea), T2: biostimulant application + ½ NPK-Urea, T3: biostimulant coating + ½ NPK-Urea.





Maize 1000 grains weights

Maize 1000 grains weights as a function of experimental site illustrated by the histogram in Figure 8 and the histogram in Figure 9 shows effects of treatments and site on 1000 grains weights of maize. In the South, maize grains from the biostimulant + ½ NPK-Urea application had higher weights compared to the other treatments. The highest value of 1000 grains weight was recorded in Saharo-Nagot (T2 = 324.60 g) with an increase of 18.44% compared to maize grains harvested with the farmer’s practice. In the Centre, there was no significant difference between treatments. In the North, application of biostimulant + ½ NPK-Urea (T2) and seed coating with biostimulant + ½ NPK-Urea (T3) were better. In Soaodou, the biostimulant treatments were better than the farmer practice (T1 = 285.42 g, T2 = 296.02 g and T3 = 295.45 g). In all the R-D study sites, variance analysis’s results showed a significant difference between the application of biostimulant + ½ NPK-Urea (T2) and the others (T1 and T3). In addition, there was no significant difference between the farmer’s practice (T1) and the seed coating with biostimulant + ½ NPK-Urea (T3) (Figure 9) Across sites, the difference was also significant (Figure 8).




Figure 8 | Weight of 1000 maize grains per experimental site.p < 0.001 (highly significant). In the same line, means marked with different letters d,cd,bd,bc etc …are significantly different at the 5% threshold.






Figure 9 | Effects of treatments and site on 1000 grains weights of maize. p < 0.001 (highly significant). In the same line, means marked with different letters b,a,aare significantly different at the 5% threshold.T1: farmer practice (100% NPK-Urea), T2: biostimulant application + ½ NPK-Urea, T3: biostimulant coating + ½ NPK-Urea.





Nutritional status of maize plants

The nutritional status of maize plants of the R-D sites are presented in Table 2. In a whole Benin, nitrogen status did not vary significantly with plants treated with 100% NPK-Urea and with application and coating of biostimulant + ½ NPK-Urea. All inoculated plants improved nitrogen content. For phosphorus, the same thing was observed. Mineral fertilizers, applied and coated biostimulants had practically the same nutritional status. Hence, no significant differences were recorded. The highest potassium levels were obtained with biostimulant + ½ NPK-Urea treatments with significant differences. This was observed in all sites. ANOVA revealed a higher significant difference (p< 0.001) between treatments for potassium with no significance for nitrogen and phosphorus.


Table 2 | Nutritional status of maize plants.






Discussion

The use of microbial biostimulants in agriculture to increase productivity is a natural and environmentally friendly alternative. Results of the initial chemical properties of experimental soils showed that they were slightly acidic. In addition, soils of different R-D sites had a low level of fertility characterised by a high C/N ratio in topsoil. Interaction between different chemical characteristics of soil, which leads to soil fertility classification, reveals that majority of soils in Benin have lost their agricultural potential (Igué et al., 2013). This might be due to very low nitrogen, phosphorus, potassium and cation exchange capacity in the soils. The pH of soil should be neutral to slightly acidic to favour assimilation of mineral elements. Only cation exchange capacity in all soils appears to be a severe to medium limitation regardless of farming system (Igué et al., 2013).

The best performance in height was obtained by coating the seeds with biostimulant, followed by the application of the biostimulant. Statistical analysis revealed in some R-D sites a significant difference in plant height between application and coating of the biostimulant. The difference between the biostimulant treatments can be explained by the seed coating carried out on the day one before sowing to allow a good adhesion of the PGPR contained in the formulation, which can be favourable to the height growth of the maize plants. It makes more PGPR and nutrients available to the plant for better height growth (Neufeld et al., 2017). An increase of 29.43% in the height of wheat plants was observed after the use of the biostimulant Pseudomonas fluorescens RRb-11 and talc (Jambhulkar and Sharma, 2013).

In all the study R-D sites, there was no significant difference between treatments on stem diameter of maize plants. However, from one site to another, the differences were significant. The same phenomenon was observed on the leaf area of maize plants in one South R-D site (Eglimey), in all Center R-D sites and in two North R-D sites. In the other two South R-D sites (Adakplamè and Saharo-Nagot) and the North (Soaodou) a significant difference was observed between treatments. These results were related to soil types (Bishnoi, 2015; Adoko et al., 2020; Agbodjato et al.,2021a) and also to maize varieties. Indeed, ferrallitic soils of South had a higher assimilable phosphorus rate (9-14) than ferruginous soils of Center (4-5) and North (5.03-12.6). In South, the 2000 SYNEE-W BENIN variety was used, in Center and North, the TZL COMP 4-W BENIN variety was used during the experiment. Similar results were recorded by Lin et al. (2019) who reported an increase in nitrogen and chlorophyll content throughout the growth stages of the plant that received the biostimulant in combination with mineral fertiliser. The biostimulant applied or coated to the seed makes more nitrogen available to the plant to achieve good photosynthesis for growth. Biostimulants were able to increase yield of cereals. Hassan and Bano (2015) shown that wheat yield was improved by 15-25% over controls with the use of P. moraviensis and B. cereus.

In all southern R-D sites, the highest maize grains yields were obtained with the application of biostimulant + ½ NPK-Urea, followed by the coating of maize seeds with biostimulant + ½ NPK-Urea. Farming practice gave the lowest yields in all R-D sites. In the majority of these sites, no significant difference was recorded between the application + ½ NPK-Urea and seed coating + ½ NPK-Urea. However, in very few R-D sites, there was a significant difference between the two biostimulant treatments (T2 and T3) and the farmers’ practice. From one R-D site to another, the differences were significant. The results can be explained by the stimulating effect of a good yield of the rhizobacteria P. putida contained in the biostimulant used. This strain was able to produce indole acetic acid (IAA), solubilise certain nutrients, such as phosphate, potassium, make nitrogen (ammonia) and other micronutrients necessary for plant growth and yield enhancement (Noumavo et al., 2015; Agbodjato et al., 2018).

In the Southern R-D sites, maize grains from the application + ½ NPK-Urea had a higher weight than the other treatments. The highest weight of 1000 grains obtained was observed in Saharo-Nagot (324.60 g) with an increase of 18.44% compared to the farmers’ practice. In the Center, there was no significant difference between treatments. In the North, the application + ½ NPK-Urea was also better. The ANOVA showed a significant difference between treatment T2 and the others (T1 and T3) but there was no significant difference between treatments the farmers’ practice (T1) and the coating of maize seeds with biostimulant + ½ NPK-Urea (T3). Across R-D sites, the differences were also significant. This effect can be due to the soil types, maize varieties and variation in the degree of fertility from one R-D site to another. The amount of biostimulant used for the application (2 g per hole) far exceeds that used for coating two maize seeds (0.1 g). These quantitative differences between application and coating can be the basis of our results. As the amount of biostimulant increases, there was more PGPR and binder (clay) available to the plant, which is favourable for good growth and grains yield and 1000 grains weight.

In all R-D sites, the application and seed coating of biostimulant gave the best results on all parameters (growth, yield and nutritional status) evaluated compared to the farmer practice. This allows us to say that the biostimulant + ½ of NPK-Urea was better than the recommended dose of NPK-Urea for maize cultivation in Benin. This biostimulant provided the plant with nutrients, such as nitrogen, phosphorus and especially potassium (p< 0.001) necessary for its growth and yield. Some soil nutrients can also be better absorbed by plants if microorganisms were added. The application of biostimulants was favourable to better increase the biodiversity of the soil microbial community (Ding et al., 2016), which justifies the results obtained in this study.

At some R-D sites in Benin, application and coating of biostimulant had comparable effects. This similarity can be explained by the intrinsic characteristics of P. putida known for their roles in promoting crop growth and development. Difference observed was believed to be due to the amount of biostimulant used in the two treatments (Adoko et al., 2021a). Indeed, 2 g of biostimulants applied per hole and less than one twentieth (0.1g) were used in seed coating. PGPR in biostimulants can help the host plant produce root exudates which, in turn, recruit beneficial bacterial communities, thereby increasing dissolved nutrient levels in the soil. Soil organic matter has previously shown to be the main substrate and energy source for microorganisms (Xu et al., 2013). Treatment of wheat seeds with the formulation of P. fluorescens RRb-11 in talc resulted in a significant increase in plant growth parameters and even increased the seed germination rate by 94% compared to controls (Jambhulkar and Sharma, 2013). Similarly, Jorjani et al. (2011) reported the efficacy of P. fluorescens bioformulation on the fresh weight of sugar beets. Application of inoculated P. putida to maize seeds significantly increased the fresh and dry weight of the plants compared to the control at harvest (Khashei et al., 2020). Formulations of talc or peat and Pseudomonas spp. effectively controlled chickpea wilt disease in two field trials and increased its yield (Vidhyasekaran and Muthamilan, 1995).



Conclusion

Agricultural practices that reduce or eliminate chemical inputs through the use of biostimulants have been of paramount importance in recent years for sustainable and environmentally friendly agriculture. The application of biostimulants, such as PGPR in agriculture is one of the promising alternatives to combat abiotic stress and to ensure food security and environmental protection. This study revealed that the biostimulant formulated with P. putida and clay binder was effective on growth parameters, yield and nutritional status of maize in Benin. The best treatment was the application of biostimulant + ½ NPK-Urea, followed by the coating of maize seeds with biostimulant + ½ NPK-Urea. Both forms of biostimulant use combined with the recommended half-dose of mineral fertilizer were better than the recommended dose of mineral fertilizer in the majority of the Benin R-D study sites. Biostimulants formulated in Benin can be used to increase maize productivity while reducing the high use of mineral fertilizers. Coating maize seeds with the biostimulant require a small amount of biostimulant, less physical effort than applying the biostimulant, and is better than the recommended practice. However, the formulation process of the biostimulant deserves a slight improvement for a better adhesion of the biostimulant to the seed during coating. Nevertheless, the biostimulant formulated in Benin can be used as a seed coating for sustainable and environmentally friendly agriculture. It will be interesting to continue studies to see the acceptability of the technology by Beninese farmers and to evaluate its financial profitability.
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The world has experienced an unprecedented boom in nanotechnology. Nanoparticles (NPs) are likely to act as biostimulants in various plants due to having high surface/volume value. However, understanding the actual effect of NPs is essential to discriminate them from other counterparts in terms of being applicable, safe and cost-effective. This study aimed to assay the impact of manganese(III) oxide (Mn2O3)-NPs via seed-priming (SP) and a combination of SP and foliar application (SP+F) on Artemisia. annua performance at several times intervals and comparison with other available manganese (Mn) forms. Our findings indicate that SP with MnSO4 and Mn2O3-NPs stimulates the processes that occur prior to germination and thus reduces the time for radicle emergence. In both applications (i.e., SP and +F), none of the Mn treatments did show adverse phytotoxic on A. annua growth at morpho-physio and biochemical levels except for Mn2O3, which delayed germination and further plant growth, subsequently. Besides, from physio-biochemical data, it can be inferred that the general mechanism mode of action of Mn is mainly attributed to induce the photosynthetic processes, stimulate the superoxide dismutase (SOD) activity, and up-regulation of proline and phenolic compounds. Therefore, our results showed that both enzymatic and non-enzymatic antioxidants could be influenced by the application of Mn treatments in a type-dependent manner. In general, this study revealed that Mn2O3-NPs at the tested condition could be used as biostimulants to improve germination, seedling development and further plant growth. However, they are not as effective as MnSO4 treatments. Nonetheless, these findings can be used to consider and develop Mn2O3-NPs priming in future studies to improve seed germination and seedling quality in plants
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1 Introduction

Nanotechnology is currently starting to govern various aspects of human life and getting to shape the near future of a number of disciplines, such as physics, biology, material science and so on. For the time being, some studies have displayed an optimistic side of this technology in plant science as well. Nanoparticles (NPs) have been explored as “multifunctional particles” carrying agrochemicals such as herbicides, fertilizers, and have been recently delivered genes, targeting the specific cell organelles (Das et al., 2009; Ahmar et al., 2021). Plants can benefit through the appropriate usage of nanomaterials at a lower amount as they have shown higher efficiency and probably lower contamination (Pérez-de-Luque, 2017). Although this scenario is something scientific society is willing to believe in, but it needs extra and persuadable work to prove it. Being used in the right place and at the right time with an effective method, nanoparticles can improve plant performance, particularly at the early stages of development. The expected effects have been reported to be increased germination, healthier seedlings and higher biomass in terms of growth indices (Szőllősi et al., 2020; Wu and Li, 2021). The NPs-induced alteration is highly influenced by many factors, such as the nature of NPs themselves, dosages, plant species and the application procedure (Khan et al., 2019; Salehi et al., 2021a; Salehi et al., 2021b). In this regard, studies are trying to provide evidence on how NPs work, but getting the whole overview is extremely complicated. Part of this complexity in plants is dealing with thousands of different plant species. Another reason is that most of the studies have been performed in some plant models or agricultural-related crops, and also the experiments have been limited to the early seedling stages (Pérez-de-Luque, 2017).

The application of oxide metal ions and metal NPs applied at lower dosages has been found to be eco-friendly, reduce oxidative stress, positively affect germination index, and promote biosynthesis of photosynthetic pigments, various enzymatic and non-enzymatic molecules, which is reflected in improved plant growth and development (Salehi et al., 2019; Kumari et al., 2022). Some studies have reported similar effects of NPs to their ionic and bulk counterparts (Jeevanandam et al., 2018; Pullagurala et al., 2018a; Pullagurala et al., 2018b); however, contrary results have been obtained by some others, indicating different effects of NPs due to their specific characteristics (Santiago et al., 2020; Kralova and Jampilek, 2021). On the other hand, it is not fully accepted that NPs forms have much more influence on plants. To achieve higher yield by NPs, it is vital to explore which kind of NPs and at which concentrations boost plant growth for individual plant species. Crop plants have been widely investigated to assay NPs effects from both negative and positive perspectives. However, how NPs affect medicinal plants is another key aspect of plant-NPs interactions, because it will affect the practical application of NPs.

Medicinal plants, considered as rich resources of ingredients either in pharmaceutical and food science, play not only an important role in medicine but also as phytochemical building blocks for the development of new drugs (Zahra et al., 2020). These valuable plants should generally not be cultivated in contaminated medium, and chemicals applied to promote their growth should be kept to a minimum in order to avoid showing toxic signs. Moreover, it is critical to introduce safe and favorable conditions for their germination and development. Regarding this, using NPs has recently been interested due to using a lower amount of active ingredient to obtain the biological results as similar to their bulk and ionic counterparts. To the best of the authors’ knowledge, only a small number of researches on medicinal plants have been incorporating NPs. So far, several studies have shown the beneficial effects of NPs such as Ag, Cu, Fe, Zn and Ti on germination, seedling performance, and biochemical compounds in a limited number of medicinal plants like Salvia officinalis (Moazzami Farida et al., 2020), Rosmarinus officinalis (Hadi Soltanabad et al., 2020), Mentha longifolia (Talankova-Sereda et al., 2016), Origanum vulgare (Du et al., 2018), Cuminum cyminum (Sabet and Mortazaeinezhad, 2018), Dracocephalum kotschyi (Nourozi et al., 2019), Tanacetum parthenium (Shahhoseini et al., 2020), Stevia rebaudiana (Velázquez-Gamboa et al., 2021) and Mentha piperita (Ahmad et al., 2018). It has been reported that mild oxidative stress induced by NPs at the level of nontoxic concentrations can stimulate seed germination and enhance plant performance to achieve higher yields (Landa, 2021). In the case of medicinal plants, this event may boost the biosynthesis of valuable secondary compounds as well.

Manganese (Mn) is an essential micro-metalloid sustaining metabolic roles within cell compartments, which is led to plant growth and development. The metal has various roles in plant’s metabolic processes, including being an important metalloenzyme cofactor in photosynthetic machinery, respiration, detoxification of reactive oxygen species (ROS), and hormone transduction signaling (Alejandro et al., 2020). Nanoscale Mn compared to conventional ionic and bulk Mn species found to be a better source of Mn and less phytotoxic, and thus more effective in minimizing internal and external stresses in plants (Ye et al., 2019). A recent study reported that watermelon seeds primed with MnO-NPs show less phytotoxicity compared to the bulk forms (KMnO4 and Mn2O3). The findings indicated that MnO-NPs at 20 mg L-1 significantly affect the chlorophyll and antioxidant metabolites, while at ≤ 40 mg L-1, phenolic and phytohormone profiles were altered (Kasote et al., 2021). Although there is evidence of promoting and alleviating the effect of different traditional types of Mn on plant growth, the unknown effects related to Mn2O3-NPs medicinal plant interaction need to be discovered.

Artemisia annua, an herbal plant, is the only commercially available resource for artemisinin biosynthesis, which has been applied to cure malaria for so long. Besides, the extracted compounds from A. annua have also been reported to have promising therapeutic effects for diabetes, tuberculosis, and, recently corona virus (Shen et al., 2022). These findings further accelerate the global demand for huge amounts of A. annua plants and, therefore, their functional compounds. Taking this into account, the use of nutripriming could be an effective strategy to improve the growth and development of A. annua, thus providing higher yields. Since, soil application of Mn is often not effective due to its conversion to plant-unavailable Mn oxidase, in this study, we have used seed priming and foliar application of Mn2O3-NPs and their counterparts to assay and comparison their mode-of-action. Seed priming has been proven to be an effective method to stimulate seed germination rate and seedling emergence, leading to high-quality seedlings and improved plant growth (Adhikari et al., 2022). Nutri-seed-priming enhances water uptake into seeds, triggering starch metabolism and, therefore, faster seed germination (Nile et al., 2022). On the other hand, foliar application with NPs-based nutrients provides a faster and more efficient way to trap essential nutrients (Salehi et al., 2018; Salehi et al., 2021a). Based on these reports, we hypothesis that a combination of seed priming and foliar application has a better effect on plant growth.



2 Material and methods


2.1 Mn2O3 NPs preparation and characterization

Particulate Mn2O3-NPs with a size of 30 nm, 99.2% purity, surface area of 150 m2 g-1, and true density of ~0.35 g-1 cm3 were obtained from NANOSANY Co. Ltd, Mashhad, Iran. Their physico-chemical properties, including scanning electron microscopy (SEM), transmission electron microscopy (TEM) and powder X-ray diffraction (XRD) have been presented in Figure S1. MnSO4, MnCl2 and Mn2O3 were also purchased from Sigma Aldrich (Germany).



2.2 Experimental design, phyto-safety of Mn2O3-NPs assay, and sample harvesting

Artemisia Annua seeds were obtained from Plant Bank, Iranian Biological Resource Center (IBRC, Tehran, Iran). This species has been recommended for high yields of bioactive compounds and, therefore, is applicable in clinical industry (Dogan et al., 2022). The experiment presented here was carried out using a completely randomized design in 2022 at Laboratory of Plant Cell Biology, Department of Biology, Bu-Ali Sina University, Hamedan, Iran. The Mn2O3-NPs concentration and time used in this experiment were determined after a phyto-safety germination test. Briefly, the sterilized seeds were primed with three different concentrations (25, 50, and 100 mg L-1) of Mn2O3-NPs for 3 and 6 h and incubated in a germinator chamber for 10 days. The concentrations were selected according to available studies that highlight these levels cannot be considered phytotoxic in plants (Tian et al., 2018; Li et al., 2020; Kasote et al., 2021). The results of germination test showed that seed priming with 50 mg L-1 for 3 h causes a higher germination percentage (Figure S2). In this experiment, we used two applications (seed priming (SP) and a combination of seed priming+foliar spray (SP+F). The latter was done to evaluate the possible further improve plant growth under Mn treatments. Following germination, harvesting for analyses was carried out at several developmental stages including early vegetative (60 day), before flowering (90 day) and during flowering (120 day) stages. The schematic design of the experiment is shown in Figure 1A.




Figure 1 | Schematic design of the treatments in the experiment (A); the orange arrows indicate the time of treatments; the red and blue arrows show the parameters measured time-intervals in SP and SP+F conditions, respectively, to investigate the effects of Mn treatments in A. annua. Figure (B) is related to the plant growth at seedlings (top-left), 60 days (top-right) and 120 days (bottom) after planting. In the bottom figure, the post labeled in white are related to the SP condition.



After selecting two factors (concentration and seed priming (SP) time), to assay seed germination, Mn2O3-NPs, MnSO4, MnCl2 and Mn2O3 suspensions were individually prepared in Milli-Q water and sonicated for 30 min before use to avoid aggregation. Ionic and bulk compounds were used as a positive control to assay the effect of different species of Mn on plant growth. A. annua seeds were presoaked in 2 mL of each priming solution for 3 h in a shaker to prime all seeds equally. Seeds soaked in Milli-Q water were used as hydro-primed control. After drying, primed seeds were divided into several groups and sown in a plug tray filled with coco perlite-vermiculite for germination and early seedling development. The germination-related parameters were measured after the whole germination for 10 days after sowing. After 30 days, the healthy seedlings from each treatment were transformed into growing pots (13 cm diameter and 15 cm height) containing 2 kg of local soil (pH=7.66, electrical conductivity =0.21ds/m, cation exchange capacity =28.17 meq/100g, CaCO3 = 24.45%, organic matter=3.78%, and organic carbon=2.19%). Pots were then incubated in the environmental growth chamber (24 ± 5 temperature, 70% relative humidity and 12h photoperiod) for 120 days, till the flowering stage. These pots were already divided into two main groups (one for SP and other for SP+F). At least 50 seeds were used per group. The depth of the holes was 4 cm. The first group of plants was used to investigate the effect of Mn2O3-NPs SP method and then compared with other counterparts. The two-month-old plants grown in SP condition were selected for spray application (second group). Plants were sprayed with 5 mL suspensions at 75 and 105 days after planting (10 mL in total). During the foliar spray, an aluminum wrap was used to cover the soil surface to avoid contamination. Overall, samples were harvested three times at 60, 90 and 120 days after transplanting, which are determined as early vegetative seedlings, before and during flowering development stages. Samples were thoroughly washed with milli-Q water to remove Mn residues prior to freezing at -80°C for further analysis. It is worth mentioning that plants were regularly watered to keep almost 60% of soil field capacity. In this experiment, no additional fertilizer was added. Five replicates (pots) were used for each treatment.



2.3 Germination and growth parameters analysis

Germination test was conducted in the dark at 25°C for 10 days. Sets of 20 primed seeds from each treatment were placed in Petri dishes and incubated in the germination chamber (25 ± 2°C, 80% humidity). Germination rates were assessed by counting the number of germinated seeds (1 mm radicle emergence) at every 24 h intervals. The germination and initial seedling growth-related variables including germination index (GI), germination percentage (GP), relative seed germination (RSG), and coefficient of the velocity of germination (CVG) were measured according to the previously reported formulas (Sobarzo-Bernal et al., 2021). At each developmental stage, plant height was measured per pot from the ground level to the panicle tip. In addition, dry weight was also measured at the end of the trial.



2.4 Determination of leaf relative water content and electrolyte leakage

Leaf relative water content (RWC), reflecting the balance between water supply and transpiration rate, was used to assay water status in A. annua plants after Mn treatments. In detail, two fully expanded and healthy leaves of three plants per replicate were cut, weighted and then floated in 20 mL distilled water for 24 h at room temperature for full hydration. The leaves were then blotted on a dry surface with filter paper. Following that, turgid and dry weights (at 70°C for 2 d) were measured. RWC was calculated following the equation: RWC = (FW-DW)/(TW-DW)×100. Where FW, DW, and TW are fresh weight, dry weight, and turgor weight, respectively.

Electrolyte leakage (EL), as cell membrane injury, was measured following the method of Lutts, 2004 (Lutts et al., 2004). Briefly, three fresh, mature and healthy leaves (the 4th leaf from the tip) per plant were chosen, washed with distilled water until removing surface contamination and then cut into small pieces (1 cm). The leaf segments were placed in individual test tubes containing 15 mL of distilled water. After 24 h incubation at 25°C (room temperature), the electrical conductivity of the solution was read (EC1). EC2 was read after autoclaving (121°C for 15 min) and cooling down the solution to room temperature. The EL was calculated as the following equation: EL = (EC1/EC2)×100.



2.5 Determination of lipid peroxidation markers (MDA and H2O2content)

Hydrogen peroxidase (H2O2) and malondialdehyde (MDA) concentrations are the widely used method to analyze lipid peroxidation in plants. Potassium iodide (KI) was used to assay hydrogen peroxide (H2O2) level (Alexieva et al., 2001). Briefly, leaf tissues (0.5 g) were grinded in mortar and pestle with liquid nitrogen and thoroughly homogenized with 5 mL 0.1% (w/v) trichloroacetic acid (TCA). The homogenate mixture was centrifuged at 12000 revolutions per minute (rpm) at 4°C for 15 min. Reaction mixture consisted 0.5 mL extract supernatant, 0.5 mL 10 mM potassium phosphate buffer (pH 7.0) and 1 mL reagent (1 M KI w/v in fresh double-distilled water). The absorbance of reaction was measured at 390 nm and the content of H2O2 was calculated using a standard curve prepared with known concentrations of H2O2. The blank consisted of 0.1% TCA without leaf extract.

The same extract used for H2O2 measurement was also used for estimating the MDA level. To initiate the reaction, 225 µL of the extract was incubated with 1.5 mL of 20% TCA containing 0.5% thiobarbituric acid (TBA) for 40 min at 95 °C. The reaction was stopped by cooling it quickly in an ice bath, then centrifuged for 10 min at 6000 rpm to clear the reaction mixture. The absorbance of the supernatant was read at 532 nm and corrected for unspecific turbidity by subtracting the value from the absorbance at 600 nm. The MDA concentration was calculated using an extinction coefficient of 155 mM-1 cm-1 and expressed as mmol mg-1 fresh weight (Stewart and Bewley, 1980).



2.6 Chlorophylls and total carotenoid content

The spectral (Biowave II, England) determination of chlorophyll (Chl) a, b, and total, as well as total carotenoids of A. annua leaves (500 mg) was performed using 80% acetone (10 mL) according to the method of Arnon (Arnon, 1949). The related absorbance was taken at 663, 645 and 470 nm, respectively. The content of Chl a = 12.25 × A664–2.55 × A645, Chl b = 20.31 × A645–6.91 × A664, total Chl = 17.76 × A645 +7.37 × A664, and carotenoids=A470+(0.114×A663) -(0.638×A645) were then calculated and data were reported as mg pigments per g fresh weight.



2.7 Total phenolic and flavonoid content

To assay the total phenolic and total flavonoid content, the methanolic extract was prepared by grinding and homogenizing 300 mg of fresh tissues with 3 ml methanol 80% (0.1% formic acid). Then the mixture was centrifuged at 6000 rpm for 10 min at room temperature. The supernatant was used for further analyses.

The total phenolic content (TPC) was estimated by Folin-Ciocalteu (F-C) method (Chun et al., 2003) with a little modification. Briefly, 100 µL of the metabolic extract was mixed with 400 µL water and 500 µL F-C reagents (10 fold diluted with distilled water). The mixture was stand at room temperature for 5 min, and afterward, 1 mL of sodium carbonate (7.5%) was added to the mixture and then incubated in darkness for 2h. The absorbance of mixture was recorded at 765 nm. The TPC concentration was expressed in terms of gallic acid equivalent (mg gallic acid/g of fresh mass).

An aluminium chloride (AlCl3) colorimetric assay was applied to measure the total flavonoid content (Zhishen et al., 1999). The mixture contained 500 µL methanolic extract, 2 mL distilled water, and 150 µL 5% sodium nitrate was left at room temperature for 10 min. Thereafter, 300 µL 10% AlCl3 was added and incubated for another 15 min. The absorbance was read at 510 nm versus a blank. Total flavonoid content was expressed as mg catechin (CA) equivalents per g of fresh weight.



2.8 Proline content

The proline content was assayed to monitor the physiological status of A. annua with a standard ninhydrin-based method using a cuvette spectrophotometer (Bates et al., 1973). Briefly, fresh tissues (0.2 g) were homogenized in 5 mL of 3% aqueous sulfosalicylic acid and left for 1h to complete the extraction. The solution was centrifuged at 6000 rpm for 10 min. The mixture containing 2 mL of supernatant, 2 mL glacial acetic acid and 2 mL acidic ninhydrin was then boiled in a water bath for 60 min. The reaction was stopped by placing the mixture in an ice bath and afterward 4 mL of toluene was added and mixed vigorously using a vortex. After reaching room temperature the absorbance was read at 520 nm against toluene, as blank. The proline content was calculated using a standard curve from 20-100 µg/mL of L-proline.



2.9 Soluble protein content and enzyme assay

Crude enzyme extracts were prepared by grinding 500 mg of leaves tissue using liquid nitrogen and homogenized thoroughly in 5 mL of potassium phosphate buffer (PPB) (100 mM, pH 7.8) containing 1 mM EDTA and 1% w/v polyvinylpyrrolidone (PVP). The homogenate was then centrifuged at 10000 rotations per min (rpm) at 4 °C for 15 min to remove debris. The supernatant was used for further analysis. Bradford dye-binding method was used to assay soluble proteins.

Catalase (CAT, EC 1.11.1.6) activity was assayed by estimating the initial rate of disappearance of H2O2 followed by Beers and Sizer method (Beers and Sizer, 1952). The reaction mixture contains 2.8 mL of 50 mM PPB, 0.1 mL of enzyme extract, and 30 µL of 15 mM H2O2. CAT activity was measured in 1 minute at 240 nm using a UV-visible spectrophotometer. One enzyme unit corresponds to the amount of enzyme required to break down one µM of H2O2 min-1 or mg-1 protein (extinction coefficient of 34 mM cm -1).

Polyphenol oxidase (PPO, EC 1.14.18.1) activity was assayed by the method of Raymond et al. (Raymond et al., 1993). The enzyme was assayed by putting 2.5 mL of assay buffer (PBP 50 mM, pH 7) and 0.2 ml of pyrogallol (20 mM) in a cuvette of 5ml capacity. The assay reaction was initiated by adding 0.1 mL of enzyme extract, followed by recording the change in absorbance at 420 nm wavelength, simultaneously for 3 min. The enzyme activity was expressed as pyrogallol oxidized after 3 min per mg protein (unit mg-1 protein).

To assay ascorbate peroxidase (APX, EC 1.11.1.11) activity, a total reaction mixture containing 2.5 mL PPB (50 mM, pH 7), 30 µL H2O2 (0.1 mM), 300 µL ascorbic acid (0,5 mM), 30 µL EDTA (0.1 mM), and 150 µL enzyme extract was put into a cuvette. The decrease in absorbance was recorded at 290 nm for two min. Extinction coefficient of 2.8 mM cm-1 was used to calculate the amount of ascorbate oxidized (unit mg-1 protein) (Jebara et al., 2005).

Superoxide dismutase (SOD, EC 1.15.1.1) activity was measured by screening enzyme ability to inhibit the photochemical reduction of nitrotetrazolium blue (NBT), according to Fu and Huang protocol (2001). Briefly, each 3 mL of reaction mixture contained 50 µl of enzyme extract, 1 mL NBT (63 μM), 1 mL riboflavin 1.3 μM, 750 µL methionine (13 mM), and 250 μL EDTA (0.1 mM). Reaction was initiated by exposing the test tubes under fluorescent lamp for 10 min and stopped by switching off the lamp, anf then the absorbance was read at 560 nm. The blank reaction mixture was kept in the dark the whole time. SOD activity was expressed in units per min per mg protein. One unit of SOD was defined as the amount of enzyme that inhibits 50% of NBT photoreduction.



2.10 Statistical analysis

All estimated data were analyzed using the SPSS program (SPSS, Chicago, IL, USA). A one-way analysis of variance (ANOVA) and Duncan comparison test were performed to compare the mean values of the control plants verse the Mn-treated plants. Data are represented as mean ± standard error, and significant differences were determined at P ≤ 0.05. A multivariate analysis, including a principal component analysis (PCA) and Pearson’s moment-product correlations were further performed with individual values of all the parameters. A heatmap and cluster analysis was performed using ClustVis (www.biit.cs.ut.ee/clustvis/).




3 Results


3.1 The effect of different Mn forms on germination and plant growth

The results showed germination-related parameters, including CVG, RSG, GI, and GP showed significant differences between treatments (Table 1). Seeds treated with MnSO4 and Mn2O3-NPs exhibited a mean value of GI and RSG parameters higher than 100%. In addition, the germination percentage in these two treatments were significantly higher than in others. These results represent a biostimulant effect of Mn2O3-NPs and particularly MnSO4 on germination. However, seeds treated with MnCl2 and Mn2O3 showed decreased mean values in all parameters. Notably, Mn2O3, GI, RSG, and CVG parameters were decreased by 77%, 51%, and 31% compared to the control, respectively (Table 1). Additionally, Mn2O3 delayed the onset of germination by about 6-8 days. Figure 2 exhibits the shoot length and dry weight of A. annua plants after priming and foliar spraying of different Mn forms. At almost every developmental stage, shoot length was improved by MnSO4 treatment compared with control and other treatments (Figures 1, 2). However, Mn2O3-NPs only had the inducing effect on shoot length at 30 days after planting (an increase of 24% compared to control), and after that, it was the same as the control condition.


Table 1 | Germination-related parameters of A.annua seeds primed with different Mn species.






Figure 2 | Shoot length of plants primed with different Mn forms (grown in SP condition) at different time intervals (A); the comparison of shoot length (B) and dry weight (C) of plants grown in SP and SP+F condition at 120 days; relative water content (D). Data points and error bars represent mean and S.E. (n = 3). Values with different letters indicate significant differences at the P < 0.05 level between different Mn forms.



Under Mn2O3 treatment, a significant decrease (42%) in plant growth was noted, as can be explained by lower and late germination. The comparison of plant growth after 120 days after planting in two application ways (i.e., SP and SP+F) showed the same trend, as MnSO4 and Mn2O3 caused an increased and decreased, respectively. Analysis of variance showed that there is no significant difference between the two applications but treatments had significant effects (P<0.005) on plant growth. The RWC didnot show a remarkable difference between treatments and also applications (Figure 2D).



3.2 Changes in electrolyte leakage and cell injury indicators

The plants treated with Mn species were checked for electrolyte leakage (EL). The results showed that none of Mn treatments significantly affected EL in plants grown under SP conditions (Figure 3A). However, EL increased during plant growth, particularly at 120 days which could be due to the intrinsic changes of plant itself, like the senescence process. In SP+F application, at 90 days when foliar spray was done, EL increased slightly in Mn treatments compared to control. These changes at 120 days also showed significant differences between all Mn forms in which Mn2O3 induced higher EL, while NPs minimized it. Generally, a significant application-dependent change was observed in which EL was lower in SP+F compared to SP, indicating a mild alleviating effect of Mn foliar spray.




Figure 3 | Electrolyte leakage (A), H2O2 (B), MDA (C), and proline (D) contents in A. annua primed with different Mn forms at different durations. Data are mean ± SE (n=3). The different letters indicate statistically significant differences between Mn treatments within the same group at p<0.05. Capital letters represent no significant differences, statistically.



Furthermore, the MDA and H2O2 contents, known as cell injury indicators, were also monitored (Figures 3B, C). The content of MDA and H2O2 in almost all treatments in both applications was increased as plant grows, which originated from the internal metabolism. However, their content in Mn2O3 treatment in plants grown under SP conditions was lower compared to control and other treatments. This was expected because of the late germination and, thus, the stunned vegetative growth. Contrarily, a decreased MDA and H2O2 in some treatments like MnSO4 and Mn2O3-NPs compared to control can be attributed to the positive effect of these Mn forms. Regarding SP+F application, the differences between treatments were not statistically significant. However, the first spray of Mn2O3-NPs and MnCl2 treatments showed slightly decreased MDA and H2O2 content. The multivariate analysis showed no significant differences in MDA and H2O2 changes in two applications except for H2O2 at 120 days.

The increased proline accumulation at 60 days of plants grown in SP condition was observed mainly in Mn2O3 treatment (+85%) (Figure 3D). It has also shown a significant increase with NPs and MnSO4 treatments compared to control. However, a declining trend was observed over time at 90 and 120 days plants. Although the proline content was increased in all Mn forms (except MnCl2) at 120 days, its level was lower than 60 days’ treatments. Lower proline accumulation at 120 days after priming may be attributed to physiological adaptation. Moreover, a general decrease and increase were observed at 90 and 120 days’ plants after foliar application of Mn forms, respectively. In detail, proline content was increased in Mn2O3-NPs (+83%) and MnSO4 (+76%) treatments compared with control plants (Figure 3D). Accordingly, analysis of variance showed a significant application-dependent response of proline content in plants cultivated under SP and SP+F conditions.



3.3 Protein content and Antioxidant enzymes response

The protein content has also differed at tested time intervals, but the highest content was observed at 120 days’ plants. In general, foliar application of Mn treatments at 90 days decreased protein content compared to the relevant treatments of SP only (Figure 4A). The oxidative status of the plants treated by different Mn forms grown in two conditions (SP and SP+F) was surveyed by measurement of CAT, PPO, APX, and SOD activities (Figures 4B-D). Each enzyme had a specific trend of changes based on the Mn form, application type and plant growth phase. For example, CAT activity did not show significant differences between all three developmental stages of plant growth in SP conditions over time. However, there was an Mn-dependent response as MnSO4 and Mn2O3 treatments increased the activity of CAT at 60 and 90 days, respectively. Regarding SP+F application, spraying of Mn treatments (except for MnCl2) and even water in control increased CAT activity at 90 days compared with their relevant treatments in SP (an average increase of 60%) (Figure 4B). Accordingly, the highest level of CAT activity was observed in Mn2O3 treatment (a 34% increase compared to the control).




Figure 4 | Protein content (A) and antioxidant enzymes (PPO (B), APX (C), SOD (D), and CAT (E)) of A. annua under different Mn treatments using SP and a combination of SP+F at different time intervals.



PPO activity showed a general decrease in Mn treatments (except for MnSO4) compared to control in 60 days’ of plants grown in SP condition. However, an overall increase was observed over time as its activity was manifested by % 45 in 90 days’ of plants treated with Mn2O3 (Figure 4C). At the same time, foliar application of NPs increased the PPO activity by 34% compared to its relevant treatment in plants grown only in SP conditions. The same trend of changes was also found for ionic forms of Mn but not Mn2O3. At 120 days’ plants, all Mn forms increased PPO activity, but an overall decline was observed compared to 90 days’ plants. A similar trend of increase was also observed for APX activity at 90 days’ of plants grown under both SP and SP+F applications (Figure 4D). The highest level of APX activity was attributed to Mn2O3 treatment (a 44% increase compared with its relevant at 90 days in SP condition). At 120 days’ plants, APX activity was decreased compared to 90 days’ plants. Additionally, a general decline was observed for Mn2O3 and MnCl2 treatments. An interesting trend of changes was observed for SOD activity, as its activity was upregulated in all Mn treatments (Figure 4E). In general, the results showed that SOD activity was significantly enhanced by Mn2O3 and MnCl2 treatments. There was no remarkable alteration of SOD activity between SP and SP+F applications.



3.4 Photosynthetic pigments, total phenolic and flavonoid content

The Chl indices (Chla, b, total, a/b ratio, carotenoids, and Chlt/carotenoid ratio) have been represented in Table 1. A noticeable increase was observed in photosynthetic pigments, including Chl a, Chl b, total Chl, and carotenoids in both applications, especially at 90 days after planting. But their content was decreased in 120 days’ plants compared to 90 days’ plants which may be due to the senescence process in the plant. All Mn forms, particularly Mn2O3-NPs and Mn2O3, showed a positive effect on pigment synthesis. The multivariate analysis also showed a significant difference between applications, indicating a distinctive effect of seed priming and foliar spray on photosynthetic pigments. However, a general increase in Mn treatments was noticed at all developmental stages, even 120 days, highlighting the positive effect of Mn on pigments synthesis. Regarding the ratio of Chl a to Chl b, higher values were recorded for plants treated with Mn forms compared to control in SP condition, whereas the opposite trend was observed for SP+F condition. A general increase of Chl t/carotenoid ratio was mainly found in Mn treatments compared to control at 60 and 90 days’ plants in both applications (Table 2). In total, it was found that all different Mn forms, regardless of the type, play an important role in improving photosynthetic pigments.


Table 2 | The effect of different forms of Mn on photosynthetic pigments, total phenol and total flavonoid content in A. annua plants at three different times using two applications (SP and SP+F).



Total phenolic content was significantly altered by all three factors (i.e., application, Mn form and developmental stage) (Table 2). Briefly, the total phenolic content increased along with progressing the plant growth. Regarding SP condition, at the early (60 days) and mid (90 days) stages, the total phenolic content decreased by Mn treatments (except for MnSO4) compared with control. However, the reduced trend was only observed in Mn2O3 treatment at 120 days, possibly due to its early developmental phase raising from late germination. Moreover, foliar application of Mn stimulated the synthesis of phenolic compounds mainly in MnSO4 treatments (30%) compared to control and also its relevant treatment in SP condition (37%). However, MnCl2, other ionic forms of Mn, decreased the total phenolic content by 30% compared to the control. Therefore, the highest content was recorded by foliar application of MnSO4 at 120 days (Table 2). Similarly, total flavonoid content was differentially increased over time by treatments and applications as well. The data showed that the highest amount of total flavonoid is related to 90 day plants grown under SP conditions (Table 2). However, there were no remarkable differences between treatments (i.e., Mn forms and control). Notably, it is reasonable to infer that the synthesis of photosynthetic pigments and flavonoids might be slightly decreased during the flowering stage. Overall, despite not being significant, Mn2O3-NPs and MnSO4 appear to have more influence on flavonoid content (Table 2).



3.5 Heatmap and principal component analysis analyses

The Pearson’s correlation was performed on all targeted parameters, and outputs were analyzed using a heatmap (Figures 5, 3S). The heatmap related to 90 day’s plants in SP (Figure 5A) and SP+F (Figure 5C) conditions showed that each application has specific responses based on the correlation between parameters. In detail, a positive correlation was somehow found between oxidative enzymes activity, protein content and proline accumulation as well as with photosynthetic pigments and total phenolic content in SP condition, but not with H2O2 and MDA content. However, in SP+F condition, both stress indicators and oxidative enzyme activity were positively correlated. The PCA plot for 90 days’ of plants grown in SP condition accounted for 53.3% and 24.5% of the variance of PC1 and PC2 (Figure 5B), respectively, whereas the values of 50.4% and 32.1% were recorded for SP+F condition (Figure 5D). The PCA results also confirmed that the two applications impose some relatively different responses, but not entirely distinctive, in plants. This kind of difference was also observed in 60 and 120 days’ of plants (Figure 3S). Interestingly, H2O2 and MDA were negatively correlated with almost all other parameters at 60 days’ of plants, highlighting their competition to metabolize plant balance (Figures 3S, A). However, at the late developmental stage, the correlation coefficients were not highly significant, probably indicating plant adaptation status (Figures 3S; B, C). The relationships between growth, physiological and biochemical variables based on PCA plots (Figure 3S; D-F) were application and also developmental stage-dependent.




Figure 5 | Heatmap and PCA analysis of Pearson’s correlation for the targeted parameters in 90 days’ plants in both SP (A, C) and SP+F (B, D) conditions. Pink and blue color represents positive and negative correlations, respectively.






4 Discussion

The use of metal NPs has revolutionized the agricultural sector to improve the production of crop products. This event is done to find more effective and eco-friendly stimulators contributing to a more sustainable future (Pokrajac et al., 2021). However, the effectiveness of NPs in terms of being positive, safe and economically efficient compared to other counterparts is still an open issue in the nanotechnology discipline. Here, we used two application methods (SP and SP+F) to investigate the effect of Mn2O3-NPs on A. annua performance and compare it with their bulk and ionic forms during short- to long-term intervals from the germination stage to maturation. Seed germination is one of the most vulnerable processes in plant’s life cycle, supporting healthy and robust seedling development, which is largely affected by internal and external clues. Additionally, low crop productivity has been found to be linked with uneven seed germination. Research has proved that seed priming, a well-established method, can improve the quality of seeds and triggers seed germination efficiency and further plant growth (Adhikari et al., 2022; Thakur et al., 2022).

The findings presented in this study showed that SP with different Mn forms significantly alters the assayed attributes of germination and seedling growth (Table 1). Among Mn treatments, MnSO4 and Mn2O3, respectively, improved and declined the germination-related parameters compared to the control. Mn2O3-NPs at the same concentration had a mild improving effect not as much different from control. Previous researches have reported that nano-priming significantly improves germination compared to ionic and hydropriming, mainly through accelerating water and nutrient uptake mediated by creating nanopores in seed coats (Mahakham et al., 2017; do Espirito Santo Pereira et al., 2021; Nile et al., 2022). Based on our results, however, this hypothesis was not proved for Mn2O3-NPs compared to MnSO4. The plant length and dry mass of seedlings grown at seed priming conditions also demonstrated the effectiveness of Mn as MnSO4>Mn2O3-NPs≥control>MnCl2>Mn2O3.

It has been proved that hydropriming is highly cost-effective and environment friendly to better the emergence and establishment of seedlings (Thakur et al., 2022). However, our results showed that priming with suitable ionic and nano forms of Mn can remarkably prompt these processes. Previous studies have reported the effectiveness of nutripriming with MnSO4 to accelerate germination rate (Munawar et al., 2013; Alejandro et al., 2020). On the other hand, a recent study showed that SP with MnO-NPs had comparatively less phytotoxicity than its bulk counterparts in watermelon seedlings (Kasote et al., 2021), which is in line with our results that nano forms of Mn are safer than their bulk. The mechanisms underlying the SP-induced modifications include the proper DNA conformation and reparation in embryos which is resulted in genome and protein integrity and, therefore, proceeding cell division (Thakur et al., 2022). In agreement, it is generally accepted that DNA polymerase conformational activation is mediated by a metal-based mechanism (Kirby et al., 2012), which can probably explain the Mn-induced germination.

The early responses of priming with Mn species were analyzed by germination-related parameters and the overall output confirms the critical role of seed-priming strategies (Devika et al., 2021). To further clarify the long-term responses of Mn-priming, the seedlings were grown for 120 days and then plant growth, physio-biochemical attributes were analyzed during this time. The plant growth at all tested times (60, 90, and 120, which are equal to specific developmental stages) followed the same trend as germination.

In other words, the higher growth rate in plants grown from seeds primed with MnSO4, control, and Mn2O3-NPs can be ascribed to the early and faster germination by these treatments, highlighting the importance of seed germination and priming strategy for successful establishment and higher productivity of germinated seedlings (Carrera-Castaño et al., 2020). In the present experiment, no obvious toxic symptoms of plants such as leaf wilt, necrosis, and yellowish leaves was observed, even in Mn2O3 treatment, which caused germination delay and subsequently lower plant growth. Interestingly, when we applied Mn treatments through foliar spray, all treatments except for Mn2O3 increased the plant growth compared to seed priming only, indicating the higher efficiency of SP+F combination to improve plant productivity. In confirmation of this statement, the results showed that foliar application of MnCl2 compensates the weak growth of seedlings developed from priming method. Foliar application of exogenous nutrients acts as a viable strategy to minimize nutrient efficiency in plants through fast delivery at the point of assimilation and therefore allows plant biofortification (Alshaal and El-Ramady, 2017; Dass et al., 2022).

Different processes involved in plant’s life cycle, like photosynthesis, ROS scavenging, and signaling pathway, have been found to be Mn-dependent (Alejandro et al., 2020). The results presented here also showed that Mn-induced changes are mainly reflected in the synthesis of photosynthetic pigments, phenolic compounds and some specific antioxidant enzymes. For example, photosynthetic pigments were generally increased under Mn treatments, especially in SP conditions. It’s worth mentioning that, it is difficult to determine which Mn form has the most influence on photosynthetic pigments since, at each time, different behavior was observed. However, it was reported that the optimum application of exogenous Mn can enhance photosynthetic efficiency under normal and stress conditions (Ahmad et al., 2019). Additionally, the Chl a/Chl b and total Chl/carotenoids ratios are considered to be vital parameters for photosynthesis efficiency (Jiménez-Lao et al., 2021). In the present study, an overall increased ratio of these parameters suggests a mild promotion of photosynthetic synthesis under Mn treatments. This could be due to improving the energy generation and regeneration of Ribulose-1,5-Bisphosphate (RuBP) involved in Calvin cycle. The total phenolic content was also significantly affected by either Mn treatments (in particular MnSO4) or application methods, highlighting the importance of Mn in phenylpropanoid pathways (Liu et al., 2019). Mn has been shown to serve as cofactor of the phenylalanine ammonia-lyase which is an important enzyme in the phenylpropanoid pathway to synthesize phenolic metabolites (Alejandro et al., 2020).

In accordance with our study, a recent study also showed that photosynthetic pigments, phenolic compounds and antioxidant profiles of watermelon seedlings were significantly affected by seed priming with 20 mg L-1MnO-NPs (Kasote et al., 2021). However, there was no clear trend of changes regarding the antioxidant flavonoid content as it increased in some treatments but no changes in some others compared to the control. The foliar-sprayed MnSO4 enhanced flavonoid content, which is in line with the results of Chen et al. (Li et al., 2020), reporting the increased flavonoid content in Vitis vinifera L treated by MnSO4. Despite not being significant in some cases, the overall decline in H2O2 and MDA content under Mn treatments was observed, which indicates the key role of Mn in ROS-scavenger-induced compounds (Alejandro et al., 2020). This was also in line with generally increased SOD activity, which reflects the protective nature of Mn pre-treatments, specifically by Mn bulk and ionic (MnCl2) forms. Increase SOD activity by metals such as Mn, Fe, and Zn has previously been reported, highlighting its key role as a cofactor of this enzyme (De Cuyper et al., 2017; Hu and Jinn, 2022). Declined oxidative markers, along with enhanced SOD activity, in this study, are mainly attributed to adaptive mechanism rather than defense system mechanism. Regarding other antioxidant enzymes, no clear trend of changes was found. However, an overall increase in PPO and APX activities was observed for MnSO4 treatments. Considering that no adverse symptoms were observed in MnSO4 treatments, up-regulated. Take this into account, the activation of antioxidant enzymes has been found to depend on Mn type, application method and finally, enzyme type, highlighting a diverse array of enzymatic responses exhibited by PCA analyses.

Antioxidant enzymes have been mainly reported to be the first line of defensive and protective mechanisms against any environmental factor such as abiotic stresses (Lei et al., 2022; Mittler et al., 2022; Najafi-Kakavand et al., 2022; Rahman et al., 2022; Raza et al., 2022a; Raza et al., 2022b; Shahid et al., 2022; Shaukat et al., 2022; Bhardwaj et al., 2023). At first, the superoxide radicals are converted to H2O2 by SOD activity which can be further decomposed into H2O by CAT and peroxidases (Hasanuzzaman et al., 2020). In addition, proline was significantly increased in almost all Mn treatments, especially by foliar-sprayed Mn2O3-NPs. It has been accepted that proline, a non-essential amino acid, plays a vital role in the maintenance of cellular redox homeostasis and cell’s energy status (Ghosh et al., 2022). Overall, the application of Mn treatments, except for its bulk form via both SP and foliar spray, improved A. annua performance by reducing H2O2 and MDA content. Mn is thought to scavenge free radicals itself or by increasing antioxidant enzyme activities, especially SOD and proline. Therefore, speaking generally, Mn as a micronutrient is involved in the scavenging of free radicals directly by itself or indirectly by activating various enzymes, top of them SOD (a primary antioxidative enzyme), and proline (Schmidt and Husted, 2019; Alejandro et al., 2020). On the other hand, different alteration of enzymes indicates the activation of specific antioxidant mechanisms by various forms of Mn, individually. Moreover, foliar application of Mn was only effective for a limited period after exposure since Mn is very little mobile in the plant and does not remobilize along plant organs. Considering the tested parameters, it is observed that the trend of changes was much more dynamic and significant at 90 days than 120 days, which also shows the adaptive status of plants at 120 days.

To sum up, comparing the effects of Mn2O3-NPs on A.annua performance in terms of morphological, and physio-biochemical attributes, our findings showed that NP form doesn’t have a remarkable priority to induce distinctive effects on plants performance compared to their conventional forms and control. In other words, if one of the Mn forms is supposed to be used to improve plant growth, based on the results, MnSO4 would be the best option.



5 Conclusion

Our study showed that SP with different Mn forms could improve seed germination attributes and further seedling development of A. annua. Among treatments, priming with MnSO4, Mn2O3-NPs and water, respectively, resulted in the highest germination index and shortened the germination period. Similarly, vigorous and healthier seedlings were also observed in the mentioned treatments. On the other hand, foliar application of the mentioned Mn treatments helped in plant growth improvement even more. For instance, although SP with MnCl2 decreased germination and early growth, its foliar application compensated the retarded seedlings, indicating the difference between the two applications. Although plant growth did not change in some of the Mn treatments (for example, Mn2O3-NPs and MnCl2) compared to control, they all had their specific trend of changes in tested attributes. The biochemical analyses also suggest that each Mn form can activate different enzymatic and non-enzymatic antioxidants (Figure 6). However, the activation of SOD and proline can be considered a common Mn-induced response. After considering the overall attributes, including germination, morphological and physio-biochemical status, MnSO4 is highly recommended to be used in triggering plant growth during the early phase and therefore is cost- and resource-effective. However, other forms, such as MnCl2 and Mn2O3, which have more effect on the antioxidant defense systems, might be suitable under stress conditions. In addition, NPs, because of releasing more Mn+2 ions, are applicable to be used in very small amounts. Overall, the exogenous application of specific Mn as combined seed and foliar pre-treatments is recommended to first accelerate germination and then improve further plant growth by modulating antioxidant enzymes. Future studies regarding the stimulating application should explore the optimal dose of Mn2O3-NPs at a very low amount and investigate their real efficiency to be cost-effective.




Figure 6 | A schematic overview of the possible mechanism underlying improved plant growth and biomass based on different Mn application.
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Introduction and aims

The intensive cropping system and imbalance use of chemical fertilizers to pursue high grain production and feed the fast-growing global population has disturbed agricultural sustainability and nutritional security. Understanding micronutrient fertilizer management especially zinc (Zn) through foliar application is a crucial agronomic approach that could improve agronomic biofortification of staple grain crops. The use of plant growth-promoting bacteria (PGPBs) is considered as one of the sustainable and safe strategies that could improve nutrient acquisition and uptake in edible tissues of wheat to combat Zn malnutrition and hidden hunger in humans. Therefore, the objective of this study was to evaluate the best-performing PGPB inoculants in combination with nano-Zn foliar application on the growth, grain yield, and concentration of Zn in shoots and grains, Zn use efficiencies, and estimated Zn intake under wheat cultivation in the tropical savannah of Brazil.





Methods

The treatments consisted of four PGPB inoculations (without inoculation, Azospirillum brasilense, Bacillus subtilis, and Pseudomonas fluorescens, applied by seeds) and five Zn doses (0, 0.75, 1.5, 3, and 6 kg ha−1, applied from nano ZnO in two splits by leaf).





Results

Inoculation of B. subtilis and P. fluorescens in combination with 1.5 kg ha−1 foliar nano-Zn fertilization increased the concentration of Zn, nitrogen, and phosphorus in the shoot and grain of wheat in the 2019 and 2020 cropping seasons. Shoot dry matter was increased by 5.3% and 5.4% with the inoculation of P. fluorescens, which was statistically not different from the treatments with inoculation of B. subtilis as compared to control. The grain yield of wheat was increased with increasing nano-Zn foliar application up to 5 kg Zn ha−1 with the inoculation of A. brasilense in 2019, and foliar nano-Zn up to a dose of 1.5 kg ha−1 along with the inoculation of P. fluorescens in the 2020 cropping season. The zinc partitioning index was increased with increasing nano Zn application up to 3 kg ha−1 along with the inoculation of P. fluorescens. Zinc use efficiency and applied Zn recovery were improved at low doses of nano-Zn application in combination with the inoculation of A. brasilense, B. subtilis, and P. fluorescens, respectively, as compared to control.





Discussion

Therefore, inoculation with B. subtilis and P. fluorescens along with foliar nano-Zn application is considered a sustainable and environmentally safe strategy to increase nutrition, growth, productivity, and Zn biofortification of wheat in tropical savannah.





Keywords: Triticum aestivum L., zinc fertilization, beneficial microorganisms, Azospirillum brasilense, Bacillus subtilis, Pseudomonas fluorescens, PGPBs




1 Introduction

Zinc (Zn) malnutrition and deficiency is a persistent health and social concern that has affected approximately 17.5% of the global population (Bollinedi et al., 2020; Maxfield et al., 2023). Zinc deficiency is recognized as the 11th major health risk factor in the world and 5th in developing countries, and is declared as a “hidden hunger” (Bhatt et al., 2020; Poniedziałek et al., 2020). The high phytate–Zn ratio is another factor that can hinder Zn distribution into the edible tissues of cereal crops (Rehman et al., 2021). The prevalence of Zn malnutrition is most commonly seen in the population of wheat-consuming countries due to its cultivation on marginal and Zn-deficient soils (Chattha et al., 2017). In addition, several other factors including soil pH, bicarbonates, oxides, macronutrient concentration, and low mobility of Zn in soil solution affect Zn use efficiency and availability to the plants that can lead to crop failure, inadequate Zn accumulation in edible tissues, and human malnutrition (Bhatt et al., 2020; Zulfiqar et al., 2021; Penn et al., 2023). Therefore, to improve the quality and productivity of field crops, an alternative potential source of fertilizers is needed to replace conventional Zn fertilizers.

In recent years, the use of nano-Zn fertilizer is considered as an effective tool in the agricultural system because of its multiple impacts on plants and the environment (Aziz et al., 2019; Ahmad et al., 2020). The application of nano-Zn fertilizer can increase Zn mobility in phloem, increasing its bioavailability in the endosperm and contributing to protein synthesis and other biochemical traits of crop plants (Rossi et al., 2019; Ahmad et al., 2020). In addition, foliar nano-Zn application is considered as a less expensive and rapid strategy in comparison to soil Zn fertilization for better performance and agronomic biofortification of crop plants under different environmental conditions (Faizan et al., 2021; Jalal et al., 2022c). The application of nano-Zn in the early or late growth stages of crops can better define the effectiveness of agronomic biofortification under field conditions (Afshar et al., 2020; Jalal et al., 2022c). Nano-Zn application during tasseling and grain filling growth stages of wheat and maize could improve grain development and grain Zn concentration under field conditions (Jalal et al., 2022c; Jalal et al., 2023). However, foliar fertilization is limited by source, particulate size, and formulation (Fernández and Brown, 2013), which may cause toxicity in field crops and humans. Adopting sustainable agricultural practices to face the challenge of food and nutritional security in a sustainable manner is unprecedented.

The intervention of plant growth-promoting bacteria (PGPBs) in an agricultural system is a well-known sustainable strategy that could improve soil fertility, crop productivity, and nutrient bioavailability to deal with food and nutritional security (Akbar et al., 2019; Jalal et al., 2020c; Kumar et al., 2021). PGPBs can enhance Zn bioavailability and accumulation through solubilization, nitrogen fixation, synthesis of inorganic and organic acids, phyto-hormones, and chelators (Idayu et al., 2017; Khoshru et al., 2020). Inoculation with PGPBs could induce plant growth and performance by increasing nutrient use efficiency, improving water retention and synthesis of secondary metabolites, and protecting host plants against biotic and abiotic stresses (Jalal et al., 2021; Hungria et al., 2022; Ilyas et al., 2022; Yasmin et al., 2022). Among PGPBs, Azospirillum brasilense, Bacillus subtilis, and Pseudomonas fluorescens are the most studied inoculants in Brazil. The combined Zn fertilization and inoculation with A. brasilense can boost the productivity of tropical cereal crops by enhancing Zn absorption and use efficiency (Galindo et al., 2021). Additionally, B. subtilis and P. fluorescens are recently identified as the most effective inoculants for solubilizing Zn and phosphorus as well as for enhancing plant growth and performance under diverse environments (Ahmad et al., 2021; Jalal et al., 2021; Jalal et al., 2022a; Jalal et al., 2022b; Rosa et al., 2022).

Wheat has been recognized as a delicate cereal crop due to its naturally low grain Zn concentration (Zou et al., 2012). Wheat has a great agronomic relevance to food and nutritional security and its cultivation in tropical savannah can be considered as a promising approach towards achieving food security and sustainability (FAO. United Nations Food and Agricultural Organization, 2019; Galindo et al., 2022a). Wheat cultivation in tropical and marginal regions can be a diversified source of food to feed the increasing global population with optimal nutritional food (Galindo et al., 2022a). Therefore, inoculation with PGPBs in combination with Zn fertilizer could be considered as a sustainable strategy to improve nutrient use efficiency and wheat productivity (Galindo et al., 2021). However, there still exists a research gap on the combined application of PGPBs and foliar fertilizer of nano-Zn on the Zn use efficiency, nutritional status, and yield of wheat in tropical savannah. Hence, the present study hypothesized that the combined use of PGPBs and foliar fertilizer of nano-Zn would improve Zn use efficiencies and was assumed to be a sustainable strategy for increasing wheat productivity and biofortification. In the present scenario, the aim of the current study was to identify the best-performing PGPB inoculant in combination with nano-Zn foliar application on wheat growth, grain yield, biofortification, Zn use efficiencies, and estimated daily Zn intake in the tropical savannah of Brazil.




2 Materials and methods



2.1 Experimental area and location

A field experiment was performed with wheat crop for two consecutive cropping seasons (2019–2020) at the Extension and Research Farm of School of Engineering, São Paulo State University (UNESP) at Selvíria, State of Mato Grosso do Sul, Brazil. The experimental field is located at geographical coordinates of 20°22′ S latitude, 51°22′ W longitude, and an altitude of 335 m (Figure 1). The climate of the region was classified as Aw type (humid tropical with a dry winter and rainy summer) as per the classification of Köppen-Geiger. The daily rainfall and temperature data in both cropping seasons of wheat are summarized in Figure 2. The soil was classified as Dystrophic Rhodic Haplustox with a clayey texture (Soil Survey Staff, 2014). The experimental area was grown with annual cereal and legume crops for over 28 years, while for the past 13 years, the area is under a no-tillage system (Santos et al., 2018).




Figure 1 | Experimental location at the Research and Extension Farm in Selvíria - Mato Grosso do Sul state, Brazil (20°22′S, 51°22′W, altitude of 335 m) in 2019 and 2020 crop seasons. The map was created using pacot, geobr, and ggplot with R software (R Development Core Team, 2015). Projection System WGS 84/UTM 200DC [EPSG: 4326]. This image was taken from Google Earth program, Google Company (2021). Map data: Google, Maxar Technologies.






Figure 2 | Meteorological data were acquired from the automatic weather station of Education and Research Farm during the wheat cultivation period from May to September 2019 (A) and May to September 2020 (B).



Before beginning the experiment, 20 randomly selected soil samples were collected from the location of the experiment using a cup-type auger at a soil depth of 0.0–0.20 m. The soil samples were mixed to make a composite sample and analyzed according to the procedure of Raij et al. (2001) for the following chemical properties: pH (CaCl2) = 5.2; P (resin) = 37 mg dm−3; S-SO4−2 = 5 mg dm−3, K+ = 2.3 mmolc dm−3; Ca2+= 27 mmolc dm−3; Mg2+= 17 mmolc dm−3; Al3+= 0.01 mmolc dm−3; H+Al = 35 mmolc dm−3; cation exchange capacity = 69.1 mmolc dm−3; base saturation = 52%; organic matter = 19 g kg−1; B (hot water) 0.15 mg dm−3. The pre-experiment soil analysis showed that diethylenetriaminepentaacetic acid (DTPA) extractable Zn content (0.7 mg dm−3) was medium low, while Fe = 29 mg dm−3, Mn = 41 mg dm−3, and Cu = 4 mg dm−3. A pre-experiment composite soil sample was also determined for the following granulometric attributes: clay (439 g kg−1), sand (471 g kg−1), and slit (90 g kg−1) as per the methodology of Teixeira et al. (2017).




2.2 Experimental design and treatments

Experiments were carried out in a completely randomized block design with four replications, arranged in a 4 × 5 factorial scheme. The treatments consisting of four types of seed inoculations (no inoculation, A. brasilense, B. subtilis, and P. fluorescens) and five nano-Zn foliar doses (0, 0.75, 1.5, 3.0, and 6.0 kg Zn ha−1) were applied 50% during tillering and 50% at the grain filling stage of wheat (Dhaliwal et al., 2019).

Seeds were manually inoculated in an individual plastic bag by mixing seeds with inoculant an hour before planting. Inoculation via seeds was performed using inoculants provided by the manufacturer (Biotrop®, Curitiba, Brazil). These inoculants are being commercially registered with the Ministry of Agriculture of Brazil with trade names of AzoTotal™ (A. brasilense), Vult™ (B. subtilis), and Audax™ (P. fluorescens). Wheat seeds were inoculated with A. brasilense strains Ab-V5 (CNPSo 2083) and Ab-V6 (CNPSo 2084) with a colony-forming unit (CFU) of 2 × 108 ml−1 at a dose of 200 ml of liquid inoculant per 24 kg of seeds. The genome sequences of A. brasilense described that both strains Ab-V5 and Ab-V6 carried fix and nif genes that could promote nutrient transportation, biological nitrogen fixation, and the production of phytohormones, and invigorate tolerance against abiotic stresses (Fukami et al., 2018; Hungria et al., 2018). Inoculations with a B. subtilis strain (CCTB04) at 1 × 108 CFU ml−1 and a P. fluorescens strain (CCTB03) at 2 × 108 CFU ml−1 were performed at a dose of 150 ml ha−1 per 24 kg of wheat seeds. B. subtilis is carrying a non-ribosomal peptide synthetase and beta-glucanase to prevent phyto-pathogen infestation, helping in the bioremediation of heavy metal and Zn transporter (zntR) that could promote plant growth (Chaoprasid et al., 2015; Rekha et al., 2017; Muñoz-Moreno et al., 2018). P. fluorescens produces antibiotics, gluconic acid, and volatile organic compounds to deter soil pathogens, solubilize nutrients, and help in biological N fixation (David et al., 2018; Jing et al., 2020).

Foliar application of nano-Zn was performed from a liquid source of Zn (Nano R1 Zinco™), obtained from Allplant® fertilizer industry, São Paulo, Brazil. The product is already registered with the Ministry of Agriculture, Brazil. Nano R1 zinc is characterized as a fluid suspension with 50% p/p Zn, 1,000 g L−1 solubility, 2.0 density, and 150-nm particle size, and is successfully used in previous studies to increase grain and plant Zn concentration (Nakao et al., 2018; Jalal et al., 2022c). Foliar application of nano-Zn was performed through a manual sprayer pump with a water capacity of 6.0 L (300 L ha−1 of volume application). Each foliar dose of nano-Zn was applied 50% during tillering and 50% at the grain filling stage of wheat (Dhaliwal et al., 2019). Spraying was carried out every morning. The field was visited soon after foliar spraying but no leaf damage was observed.




2.3 Plant materials

The experimental site was sprayed with herbicides [carfentrazone (40 g ha−1), glyphosate (1,800 g ha−1), and cletodim (240 g ha−1) of active ingredient (a.i.)] approximately 15 days prior to experimental initiation to control weeds with narrow and broad leaves. Wheat seeds were chemically treated with Standak Top® [co-formulation of fungicides {thiram + carbendazim (105 g + 45 g of a.i.)} and insecticides {thiodicarb + imidacloprid (135 g + 45 g of a.i.)}] 100 kg−1 seeds, prior to inoculation and planting. Previous research reported that chemical treatment of cereal seeds before planting is a common agricultural practice in Brazil that could prevent infestation of soil pathogen without any drastic effect on seed inoculation of the same nature as the current experiment (Cardillo et al., 2019; Galindo et al., 2021; Jalal et al., 2023).

Wheat genotype (TBIO SOSSEGO) of potential production and quality was planted in a no-tillage system on 11 May 2019 and 3 May 2020 in the first and second cropping seasons, respectively. Sowing was carried out with a drill sowing method at 80 seeds m−1 while seedlings emerged approximately 5 days after planting. A basal dose of 270 kg ha−1 was applied from 08-28-16 (32, 112 and 64 kg ha−1 of N, P2O5, and K2O) at sowing on the basis of pre-experiment soil analysis and the recommendation of Boletim-100 for wheat crop (Cantarella et al., 1997). Each plot was composed of 13 rows, 5.0 m long and 0.17 m apart, for a total of 12.15 m2. The recommended dose of 120 N kg ha−1 was manually applied using the fertilizer ammonium sulfate during tillering (decimal growth stage-GS21) (Zadoks et al., 1974). Crops were irrigated with a sprinkler central-pivot irrigation system (14 mm on average) on the same day as fertilizer application to achieve uniform distribution and incorporation in all treatments. The experimental area had boron (B) deficiency (Vale et al., 2008). Therefore, all the treatments were homogeneously applied with 1.0 kg ha−1 of B from the source of boric acid (18% of B) through a tractor sprayer machine on the basis of pre-experiment soil analysis and interpretation of Campinas Agronomic Institute- IAC (Raij et al., 2001). The wheat crop was manually harvested on 12 September 2019 (with a 125-day cycle) and 7 September 2020 (with a 128-day cycle).




2.4 Evaluation and analysis



2.4.1 Nutritional analysis

The plant materials (shoot and grain) were collected at physiological maturity in properly labeled paper bags and dried in an airtight oven at 60 ± 5°C for 72 h to measure nutritional analysis. The samples were ground in a stainless-steel Wiley knife mill by passing through a 10-mm-mesh sieve and stored in labeled plastic bags. Each sample was weighed (0.25 g), digested with nitroperchloric acid (HNO3:HClO4 solution), and quantified by atomic absorption spectrophotometry. The analysis was developed by following the methodology of Malavolta et al. (1997).




2.4.2 Growth and productivity attributes

Plant height at physiological maturity was manually measured with a meter rod from the ground surface to the upper apex of the plant. Shoot dry matter was determined after harvesting from four central lines. The plants harvested from four central lines and samples were kept in an oven for 72 h at 60 ± 5°C to measure shoot dry matter. Wheat spikes were harvested from five central rows of 5-m length in bags and desiccated in the shade for approximately 7 days. An electric thresher was used for threshing individual samples and processed grains were weighed for conversion into grain yield per hectare at 13% moisture content.




2.4.3 Zinc partitioning index, intake, and use efficiencies

The zinc partitioning index (ZPI) was derived from the fraction of grain-to-shoot Zn concentration following the methodology of Rengel and Graham (1996). Estimated daily Zn intake in Brazil with consumption of wheat grains on a daily basis was derived from the biofortified wheat grains in the present study, following the small modification in the study of Lessa et al. (2019). The consumption of wheat according to the Foreign Agricultural Service - United States Department of Agriculture (USDA. Foreign Agriculture Services, 2020) was 56.86 kg person−1 per annum (156 g person−1 per day) in Brazil. Following this information, the daily intake of biofortified wheat grains was calculated below in Eq. 1.



where Zn grain (g kg−1) is the Zn concentration in biofortified grains in the present results and C (g person−1 per day) is the mean grain consumption of wheat per capita per day in Brazil.

Zinc use efficiency (ZnUE) and recovery applied Zn (RAZn) were calculated from the fraction of shoot Zn uptake to shoot dry matter and grain Zn uptake to grain yield using the procedure of Fageria et al. (2009); Fageria et al. (2011), and Jalal et al. (2021).





where GY ZnF = grain yield with Zn fertilization, GY ZnWF = grain yield without Zn fertilization, ZnAF = shoot + grain Zn accumulation in Zn fertilized plots, and ZnAWF = shoot + grain Zn accumulation in Zn-fertilized plots.





2.5 Statistical analysis

All data were initially tested for normality using Shapiro and Wilk test, which showed that data are normally distributed (W ≥ 0.90). The data were submitted to analysis of variance (F test). Inoculations with PGPBs, Zn foliar doses, and their interactions were considered fixed effects in the model. When a main effect or interaction was significant by F test (p ≤ 0.05), then Tukey test (p ≤ 0.05) was used for the comparison of means of inoculations with PGPBs. In addition, regression analysis was performed for Zn foliar doses using R software (R Core Team, 2015).

The Pearson correlation analysis (p ≤ 0.05) was performed using R software (R Development Core Team). To create a heatmap, the package of corrplot with “cor” and “cor.mtest” functions was used to calculate the coefficients and p-value matrices. The digits added to the heatmap cells identify the significant correlations.





3 Results



3.1 Zinc, nitrogen, and phosphorus concentrations in wheat plant and grains

The concentrations of zinc (Zn), nitrogen (N), and phosphorus (P) in shoot and grains of wheat were significantly influenced by inoculation with PGPBs and nano-Zn spray. Inoculation with PGPBs and foliar fertilization with nano-Zn significantly enhanced shoot Zn concentration of wheat in the cropping seasons of 2019 and 2020 (Table 1). The interaction for shoot Zn concentration was only significant in the 2019 cropping season (Table 1). The graphical trend in the 2019 cropping season indicated that increasing nano-Zn foliar spray up to 3.6 and 3.2 kg ha−1 in combination with inoculation of A. brasilense and B. subtilis increased shoot Zn concentration, respectively, while further increase in foliar nano-Zn fertilization led to the reduction of shoot Zn concentration. The combination of inoculation with P. fluorescens and foliar nano-Zn application was observed to be non-significant (Figure 3A). In the 2020 wheat cropping season, shoot Zn concentration was increased by 18.5% with inoculation of P. fluorescens, which was statistically similar to the inoculation of B. subtilis and A. brasilense as compared to without inoculation treatments (Table 1). The quadratic equation of foliar nano-Zn application was adjusted to 3.38 kg ha−1 to increase shoot Zn concentration in the 2020 cropping season (Supplementary Table 1).


Table 1 | Shoot zinc (Zn), nitrogen (N), and phosphorus (P) concentrations of wheat as influenced by plant growth-promoting bacteria and foliar applied nano-Zn doses.






Figure 3 | Influence of inoculation with PGPBs and nano-Zn foliar application on shoot Zn concentration in 2019 (A), shoot N concentration in 2020 (B), and grain N concentration in 2020 (C) of wheat. The different letters correspond to a significant difference at 5% probability level (p ≤ 0.05). The identical letters do not differ from each other as analyzed by Tukey test (PGPBs inoculations; p ≤ 0.05) and Regression (Foliar Zn rates; p ≤ 0.05) tests for wheat cropping year 2019 and 2020, respectively. Error bars indicate the standard error of the mean (n = 4 replications). Selvíria, 2020. **: significant at p ≤ 0.01.



Shoot N concentration of wheat was positively increased with inoculation and foliar fertilization with nano-Zn in both cropping seasons (Table 1). Interaction of shoot N concentration was not significant in 2019 (Supplementary Table 1) and significant in the 2020 wheat cropping season (Figure 3B). Among inoculations, inoculation with B. subtilis enhanced shoot N concentration by 24% as compared to control treatments in first cropping season. Foliar application of nano-Zn at a dose of 1.5 kg ha−1 was observed with the highest shoot N concentration in the 2019 cropping season (Table 1). The shoot N concentration was adjusted to quadratic trend in the 2020 cropping season (Figure 3B). Shoot N concentration was enhanced with increasing foliar nano-Zn fertilization up to 3.11 kg ha−1 in combination with inoculation of B. subtilis while further increase in foliar nano-Zn doses led to the reduction of shoot N concentration of wheat (Figure 3B). In addition, the interactions of nano-Zn foliar doses with other inoculations were found to be non-significant (Figure 3B).

The interactions of inoculation with PGPBs and foliar fertilization with nano-Zn fertilization for shoot P concentration were not significant (Table 1). In addition, shoot P concentration of wheat was significantly enhanced with inoculation and foliar nano-Zn fertilization in the 2019 and 2020 cropping seasons (Table 1). Inoculation with P. fluorescens enhanced shoot concentration of P by 26.5% and 32.2% in the 2019 and 2020 cropping seasons, respectively, in comparison to the treatments without inoculation. The regression of foliar nano-Zn doses was adjusted to quadratic trend, where shoot P concentration was increased with a maximum estimated foliar nano-Zn dose of 5.0 and 4.4 kg ha−1 in 2019 and 2020, respectively (Supplementary Table 1). A further increase in foliar nano-Zn fertilization may cause reduction in shoot P concentration in the 2019 and 2020 cropping seasons.

The grain Zn concentration of wheat was positively influenced by inoculation and foliar nano-Zn fertilization in the 2019 and 2020 cropping seasons while their interactions were not significant in both studied cropping seasons (Table 2). Inoculation with P. fluorescens increased grain Zn concentration by 23.7% and 16.5%, which was statistically at par with inoculation of B. subtilis in 2019, and with inoculation of B. subtilis and A. brasilense as compared to without inoculation treatments in both seasons, respectively. The regression equation of nano-Zn foliar application was adjusted to a maximum estimated dose of 3.5 and 3.4 kg ha−1 for the higher grain Zn concentration of wheat in the 2019 and 2020 cropping seasons (Supplementary Table 1). These calculations indicated that a further increase of foliar nano-Zn fertilization may cause reduction in the grain Zn concentration of wheat.


Table 2 | Grain zinc (Zn), nitrogen (N), and phosphorus (P) concentrations of wheat as a function of plant growth-promoting bacteria and foliar applied nano-Zn doses.



Grain N concentration was not significantly enhanced by inoculations or the interaction of foliar nano-Zn × inoculations in 2019, while the interaction in 2020 was significant (Table 2). The regression of foliar nano-Zn application was adjusted to a quadratic equation with a maximum estimated dose of 3.5 kg ha−1 for the increasing grain N concentration in the 2019 cropping season (Supplementary Table 1). In addition, grain N concentration was linearly enhanced with increasing foliar nano-Zn fertilization regardless of the inoculation in the 2020 cropping season of wheat as indicated in the graph trend (Figure 3C).

Inoculation and foliar nano-Zn doses positively enhanced grain P concentration while their interactions were not significant in both the 2019 and 2020 cropping seasons (Table 2). Grain P concentration was increased by 26.9% and 24.5% with the inoculation of B. subtilis as compared to without inoculation in the first and second cropping seasons, respectively. The regression analysis indicated that foliar nano-Zn was adjusted to a quadratic equation, where increasing foliar nano-Zn doses up to 3.0 and 3.4 kg ha−1 could increase grain P concentration while a further increase may cause reduction in grain P concentration of wheat in 2019 and 2020, respectively (Supplementary Table 1).




3.2 Shoot dry matter, yield, and zinc partitioning

Shoot dry matter of wheat was significantly increased by inoculation with PGPBs and foliar fertilization of nano-Zn while the interactions in both 2019 and 2020 cropping seasons were not significant (Table 3). Shoot dry matter was increased by 5.3% with the inoculation of P. fluorescens in both cropping seasons, which was statistically similar to treatments with the inoculation of B. subtilis and A. brasilense as compared to without inoculation. The regression analysis of nano-Zn foliar application was adjusted to a quadratic equation with a maximum Zn dose of 3.0 and 3.2 kg ha−1 in the 2019 and 2020 cropping seasons, respectively (Supplementary Table 1). Any further increase in nano-Zn foliar application may lead to the reduction of wheat shoot dry matter.


Table 3 | Shoot dry matter, grain yield, and Zn partitioning index of wheat grains as a function of plant growth-promoting bacteria and foliar applied nano-Zn doses.



The interactive effect of inoculation with PGPBs and foliar nano-Zn doses positively enhanced the grain yield of wheat in the first and second cropping seasons (Table 3). The graph trend of the interaction of inoculations and nano-Zn foliar doses for grain yield of wheat in the 2019 and 2020 cropping seasons was set to a quadratic function (Figures 4A, B). Increasing foliar application of nano-Zn to 5 kg ha−1 in combination with inoculation of A. brasilense increased grain yield in the 2019 cropping season (Figure 4A). In addition, a maximum calculated dose of foliar nano-Zn up to 1.5 kg ha−1 in combination with the inoculation of P. fluorescens increased grain yield of wheat in the 2020 cropping season (Figure 4B). A further increase in foliar application of nano-Zn fertilization after calculated doses in the presence of inoculation with A. brasilense and P. fluorescens caused reduction in grain yield of wheat.




Figure 4 | Influence of inoculation with PGPBs and nano-Zn foliar application on grain yield in 2019 (A) and 2020 (B), and Zn partitioning index (ZPI) in 2020 (C) of wheat. The different letters correspond to a significant difference at 5% probability level (p ≤ 0.05). The similar letters of different means showed no difference as analyzed by Tukey test (PGPBs inoculations; p ≤ 0.05) and Regression (Nano-Zn foliar doses; p ≤ 0.05) tests for the first and second wheat cropping year, respectively. Error bars indicate the standard error of the mean (n = 4 replications). Selvíria, 2020. **: significant at p ≤ 0.01.



ZPI improved with the inoculation and application of foliar nano-Zn doses (Table 3). The interactive effect of foliar nano-Zn application and inoculations for ZPI was not significant in 2019 whereas interaction for ZPI was significant in the 2020 cropping season. ZPI was increased by 20% with the inoculation of P. fluorescens (Table 3). Foliar nano-Zn doses adjusted to a quadratic trend with an increasing dose of up to 3 kg ha−1 increased ZPI in wheat grain (Supplementary Table 1). The interactive effect of inoculation and foliar nano-Zn doses for ZPI in the 2020 cropping season was also adjusted to a quadratic trend (Figure 4C). The graph trend of foliar nano-Zn doses indicated that increasing nano-Zn application by up to 3.4 kg ha−1 regardless of inoculation increased ZPI in wheat grains (Figure 4C).




3.3 Zinc intake and Zn use efficiencies

The interactions of inoculation and nano-Zn foliar fertilization were not significant for the daily Zn intake with wheat consumption in both cropping seasons (Supplementary Table 2). Inoculation with P. fluorescens was observed with the maximum daily Zn intake from consumption of wheat in Brazil. Zinc intake was increased by 24% and 16% with the inoculation of P. fluorescens as compared to without inoculation in the 2019 and 2020 cropping seasons. The quadratic function for Zn intake described that increasing foliar nano-Zn application by up to 3.9 and 3.6 kg ha−1 improved the estimated daily Zn intake with wheat consumption in Brazil in the 2019 and 2020 cropping seasons, respectively (Supplementary Table 1). In both cases, a further increase in Zn-foliar doses may reduce estimated daily Zn intake in wheat grains.

The interactions between inoculations with PGPBs and foliar nano-Zn doses were significant for both Zn use efficiency (ZnUE) and applied Zn recovery (AZnR) (Supplementary Table 2). The graph trend indicated that ZnUE was linearly decreased with the inoculation of A. brasilense and P. fluorescens under increasing doses of nano-Zn foliar application in the first wheat cropping season. Zinc use efficiency with inoculation of B. subtilis was set to a quadratic trend with an increasing dose (1.8 kg ha−1) of nano-Zn foliar application while a further increase may cause reduction under the same inoculation (Figure 5A). In 2020, ZnUE was also linearly decreased with increasing doses of foliar nano-Zn application along with the inoculation of A. brasilense, B. subtilis, and P. fluorescens, while the interaction of foliar nano-Zn doses and without inoculation was not significant (Figure 5B). In addition, applied Zn recovery was linearly decreased with increasing foliar nano-Zn doses in 2019 (Figure 5C) and 2020 (Figure 5D), regardless of inoculation.




Figure 5 | Influence of inoculation with PGPBs and nano-Zn foliar application on zinc use efficiency in 2019 (A) and 2020 (B), and applied zinc recovery in 2019 (C) and  2020 (D) of wheat. The different letters correspond to a significant difference at 5% probability level (p ≤ 0.05). The identical letters do not differ from each other as analyzed by Tukey test (PGPBs inoculations; p ≤ 0.05) and Regression (Foliar Zn rates; p ≤ 0.05) tests for wheat cropping year 2019 and 2020, respectively. Error bars represent the standard error of the mean (n = 4 replications). ** significant at p ≤ 0.01.






3.4 Pearson’s linear correlation

Pearson’s linear correlations between most of the evaluated attributes of wheat were positive and significant in 2019 (Figure 6A) and 2020 (Figure 6B). There was a positive correlation between grain N concentration and all evaluated attributes except applied Zn recovery and Zn use efficiency, which was positive but not significant in wheat cultivation during the 2019 crop season (Figure 6A).




Figure 6 | Heatmap color scale represented Pearson’s correlation between the attributes of wheat in the function of plant growth-promoting bacteria and foliar nano ZnO applications in 2019 (A) and 2020 (B) cropping seasons. DM, shoot dry matter; ShN, shoot N concentration; ShP, shoot P concentration; SZnC, shoot Zn concentration; GN, grain N concentration; GP, grain P concentration; GZnC, grain Zn concentration; GY, grain yield; ZPI, zinc partitioning index; ZnIB, estimated Zn intake in Brazil; ZnUE, Zn use efficiency; and AZnR, applied Zn recovery.



In addition, there was a positive correlation between grain N concentration and all the evaluated attributes of wheat, except shoot N concentration in the 2020 cropping season (Figure 6B).





4 Discussion

Wheat grains are inherently low in Zn, which may result in not meeting daily human Zn requirement, particularly in regions with Zn deficiency. Therefore, a potential and sustainable strategy is needed to improve grain Zn concentration for health purposes (Jalal et al., 2020a; Jalal et al., 2020b). The integrated use of Zn and PGPBs is one of the sustainable and easy adaptable strategies that can effectively eliminate plant and human Zn scarcity by improving nutrition and productivity of wheat (Jalal et al., 2020b; Jalal et al., 2022a; Jalal et al., 2023). In this sense, the current experiment revealed that nano-Zn foliar application in combination with inoculation of PGPBs has increased N, P, and Zn concentrations in shoots and grains of wheat under field conditions (Tables 1, 2). This might be due to the involvement of PGPBs in different soils and various mechanisms such as the production of phyto-hormones and enzymes, carboxylation, and biological fixation of nitrogen, which could help in the solubilization and availability of nutrients to plants for better absorption (Mitter et al., 2017; Rehman et al., 2021; Yasmin et al., 2022). In particular, it was reported that inoculation with Pseudomonas sp. could increase root architecture, branching, and proliferation, which will help host plants by improving their biochemical attributes and nutrient bioavailability to make plants healthy and for them to withstand harsh environmental conditions (Abadi et al., 2021; Yasmin et al., 2022). In addition, Zn is an important component and co-factor of several enzymes, cell division, and elongation, which help the plants maintain different biochemical activities for better crop growth, better physiology, more biofortified grains, and greater yield (Ullah et al., 2019; Jalal et al., 2020a; Faizan et al., 2021). In this sense, the present study demonstrated that inoculation with B. subtilis and P. fluorescens in combination with foliar fertilization of nano Zn increased the concentration of N, P and Zn in the shoot and grains of wheat (Tables 1, 2; Figure 3). The positive correlations between the treatments supported the hypothesis of the current study (Figure 6). Previous studies also supported our results in that inoculation with A. brasilense, B. subtilis, and P. fluorescens could promote nutrient uptake and plant growth of different cereals and sugarcane (Galindo et al., 2022b; Rosa et al., 2022).

The current study indicated that inoculation with P. fluorescens and B. subtilis in combination with foliar fertilization of nano-Zn enhanced shoot dry matter and grain yield of wheat (Table 3; Figure 4). It may be possible due to the role of these PGPBs in developing a root system and biomass of host plants that act as a gateway for better nutrient absorption for better plant performance and greater productivity (Moretti et al., 2020). Previously, inoculation with Bacillus sp. along with zinc oxide has been considered as one of the effective strategies to improve the different physiological and biochemical traits of maize, thus enhancing growth and grain yield with high nutritional values under field conditions (Jalal et al., 2023). Co-application of PBPBs and Zn increased Zn use efficiency under tropical soils that ultimately promoted plant growth and yield of the maize–wheat cropping system (Galindo et al., 2021). It was previously described that the combined use of PGPBs and nano-Zn can efficiently stimulate the defense system of plants by enhancing primary metabolites and photosystems, which may lead to greater plant growth and grain yield (Tanveer et al., 2022). In addition, Zn is one of the important nutrients for plant growth regulation, cell multiplication, and biochemical mechanisms; all these functions together lead to higher dry matter and yield production (Doolette et al., 2020).

Wheat expansion to tropical and marginal regions is one of the best options to achieve food security; however, its inherent makeup of high ratio of phytic acid to Zn concentration in grains can cause malnutrition in Zn-deficient regions (Cakmak et al., 2010; Chattha et al., 2017). In this context, the current study indicated that foliar spray of nano-Zn along with the inoculation of P. fluorescens increased Zn partitioning and dietary intake of wheat grains (Table 3; Figure 4C).  It has previously been stated that Zn-solubilizing bacteria such as Bacillus and Pseudomonas sp. strains stimulate several interactive mechanisms of soil and plant that convert the insoluble form of Zn into available Zn to enhance its uptake in plants for effective biofortification and higher yield (Hafeez et al., 2013; Singh et al., 2017; Jalal et al., 2021). Zinc-solubilizing bacteria could effectively increase bioavailability and assimilation of Zn in plants and grains by reducing phytic-P concentration, thus increasing these grains’ consumption by humans (Mumtaz et al., 2017). Some previous studies reported that the application of foliar Zn is highly mobile in phloem, and quickly assimilated and redistributed into new generating grains of wheat (Doolette et al., 2020; Rehman et al., 2021). The redistribution and re-localization of Zn into grain tissues of wheat could better handle Zn malnutrition in humans (Firdous et al., 2020).

Zinc efficiencies are better defined by the ratio of grain Zn concentration to Zn-deficient soils, where Zn use efficiencies could decrease with increasing Zn fertilization. Hence, the present study showed that inoculation with P. fluorescens in combination with nano-Zn foliar application increased Zn use efficiency and applied Zn recovery under field cultivation of wheat (Figure 5). This might be due to the effectiveness of PGPBs in the dissolution of oxides, sulfides, and carbonates, thus increasing Zn bioavailability for better use of plants (Anuradha et al., 2015). Previous studies performed by Ullah et al. (2020) and Jalal et al. (2022a); Jalal et al. (2022b) reported that inoculation with PGPBs along with Zn fertilization could increase Zn use efficiencies via cultivation of different crops on soils with a low Zn content.




5 Conclusion

The combined use of foliar nano-Zn and PGPBs is among the rapid and sustainable alternative strategies for cereal production. It was verified from our results that inoculation with PGPBs in combination with nano-Zn foliar application increased plant and grain N, P and Zn concentrations, growth and yield of wheat. The inoculation with B. subtilis and P. fluorescens enhanced concentrations of nitrogen, phosphorus, and Zn in shoot and grain as well as provided greater shoot dry matter, grain yield and ZPI in wheat. The inoculation of B. subtilis and P. fluorescens along with the optimal calculated dose of foliar nano-Zn fertilizer, ranging from 3 to 3.5 kg ha-1, increased most of the evaluated traits of wheat. Zinc intake from daily wheat consumption in Brazil, applied Zn recovery, and Zn use efficiency increased with the combined P. fluorescens and nano-Zn foliar application under field conditions. In this context, combined application of P. fluorescens and foliar nano-Zn under tropical savannah regions could be an effective strategy to improve plant nutrient acquisition and use efficiencies, particularly Zn, leading to sustainable production and biofortification of wheat. Prospective research should focus on the improvement of Zn use efficiency and recovery as well as the hormonal regulators produced as a result of inoculation and co-inoculation with PGPBs, and their influence on the performance, biofortification, and physiological traits of cereals to efficiently understand solubilization, assimilation, and partitioning of Zn under field conditions.
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As the promotive/complementary mechanism of the microbe–soil–tobacco (Nicotiana tabacum L.) interaction remains unclear and the contribution of this triple interaction to tobacco growth is not predictable, the effects of intercropping on soil nutrients, enzymatic activity, microbial community composition, plant growth, and plant quality were studied, and the regulatory mechanism of intercropping on plant productivity and soil microenvironment (fertility and microorganisms) were evaluated. The results showed that the soil organic matter (OM), available nitrogen (AN), available phosphorus (AP), available potassium (AK), the urease activity (UE) and sucrase activity (SC), the diversity, abundance, and total and unique operational taxonomic units (OTUs) of bacteria and fungi as well as plant biomass in T1 (intercropping onion), T2 (intercropping endive), and T3 (intercropping lettuce) treatments were significantly higher than those of the controls (monocropping tobacco). Although the dominant bacteria and fungi at the phylum level were the same for each treatment, LEfSe analysis showed that significant differences in community structure composition and the distribution proportion of each dominant community were different. Proteobacteria, Acidobacteria, and Firmicutes of bacteria and Ascomycota and Basidiomycetes of fungi in T1, T2, and T3 treatments were higher than those of the controls. Redundancy analysis (RDA) suggested a close relation between soil characteristic parameters and microbial taxa. The correlation analysis between the soil characteristic parameters and the plant showed that the plant biomass was closely related to soil characteristic parameters. In conclusion, the flue-cured tobacco intercropping not only increased plant biomass and improved chemical quality but also significantly increased rhizospheric soil nutrient and enzymatic activities, optimizing the microbial community composition and diversity of rhizosphere soil. The current study highlighted the importance of microbe–soil–tobacco interactions in maintaining plant productivity and provided the potential fertilization practices in flue-cured tobacco production to maintain ecological sustainability.
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1 Introduction

The growing demands for staple food and the limited arable land have resulted in flue-cured tobacco production with high cropping intensity and long monocropping periods (Chen et al., 2016; Fu et al., 2018; Li et al., 2022), but long-term monocropping may adversely affect the diversity and abundance of microbial community in the soil, thereby reducing soil quality, hindering the growth and development of tobacco plants, and ultimately affecting tobacco yield and quality (Wang, 2016; Gong et al., 2018; Ma et al., 2021).

However, intercropping, which simultaneously grows multiple crop species in a single field, has been widely practiced due to its economic, ecological, and environmental benefits (Martin-Guay et al., 2018; Dowling et al., 2021). Many researchers have shown that intercropping, in addition to affecting crop yield, may also cause functional and architectural alterations in the soil microbiota (Duchene et al., 2017; Yu et al., 2018). In the intercropping systems, the soil, microbes, and plants may interact with each other in various ways; e.g., microbes might influence soil nutrient turnover by decomposing soil organic matter (OM), which in turn influences soil enzymatic properties and secretion (Lauber et al., 2008; Peng et al., 2015). Soil enzymes facilitate the decomposition of soil microbes and plant debris, providing plants with nutrients to survive (Veres et al., 2015).

Different intercropping patterns may differentially affect soil physicochemical properties and microbial characteristics. Although previous studies have reported the tobacco–corn and tobacco–wheat (Zhou et al., 2015) intercropping systems, the effects of intercropping onion, endive, and lettuce with tobacco on soil nutrients, enzymatic activities, microbial community structure, and tobacco yield have been rarely reported. Therefore, we used high-throughput sequencing to investigate the impact of tobacco monocropping and intercropping systems on soil physio-biochemical and biological properties in Guizhou Province, which in turn affected tobacco productivity. The main objectives of the present study were as follows: 1) investigating the effects of tobacco intercropping with various other crops on the soil physio-biochemical properties, soil enzymatic activities, and tobacco yield; 2) comparing the differences in the microbial diversity and soil microflora composition between tobacco monocropping and intercropping; 3) determining the relationships among soil microbes, soil enzymatic activities, and physio-biochemical properties as well as flue-cured tobacco plants.




2 Materials and methods



2.1 Experimental design and sampling

The experiment was carried out in Weining County, Bijie City, Guizhou Province, China (103°80′E, 27°20′N, altitude 1,100 m) from April to October 2022, with the climate belonging to a humid subtropical monsoon and an average yearly temperature of 15.5°C, precipitation of 909 mm, and 1,812 hours of photoperiod. The prevailing soil composition in this geographical region primarily consists of clayey soil. The field has been continuously planted with tobacco for 10 years. The tested variety of flue-cured tobacco was the main local variety Yunyan 87, with a planting density of 16,500 plants/hectare at a row spacing of 1.2 m × 0.5 m.

Three treatments were used to intercrop the flue-cured tobacco: scallions (T1), endive (T2), and rapeseed (T3). A non-intercropped monoculture tobacco field was used as the control (CK). The total experimental area was 66.7 m2. After transplanting tobacco seedlings in April 2022, the intercropping plants were respectively on both sides of the flue-cured tobacco, with 82,500 plants/hectare, 33,000 plants/hectare, and 16,500 plants/hectare planted for scallions, endive, and rapeseed, respectively.

Rhizospheric soil samples were collected in June by scooping the surface soil around the tobacco plants to a depth of 3 cm, followed by digging with a shovel approximately 25 cm away from the stem of the tobacco plant. After the rhizosphere of the tobacco plant was exposed, the soil was taken as a sample. The whole process was replicated three times. The collected soil samples were temporarily stored in a polyethylene box with an ice pack and then completely homogenized through a soil screen of 2 mm. Each soil sample was equally divided into two parts. The samples for biochemical analysis were air-dried for 1 week and kept at −20°C. Samples for microbial community analysis were kept at −80°C (Zhao et al., 2019).

Biomass analysis was conducted three times during the entire growth period of tobacco plants. The destructive sampling was carried out at 30 days, 60 days, and 90 days after transplanting. Three representative tobacco plants were selected from each treatment with the roots, stems, and leaves dried for biomass measurement. After tobacco leaves were roasted, the contents of water-soluble sugar (including total sugar and reducing sugar), total alkali, total nitrogen, and potassium were determined with the tobacco industrial standards YC/T 159-2019, YC/T 160-2002, YC/T 33-1996, and YC/T 217-2007, respectively.




2.2 Soil properties and enzymatic activity

The available nitrogen (AN), available phosphorus (AP), available potassium (AK), and OM contents were measured following the instructions of the Kjeldahl method, the molybdenum antimony anti-chromogenic extraction method, inductively coupled plasma (ICP) spectrometer method, and the K2Cr2O7-H2SO4 oxidation approach (Zhao et al., 2020), respectively. Urease (UE), sucrase (SC), and peroxidase (POD) activities were measured using the phenol sodium hypochlorite colorimetric method, the 3,5-dinitrosalicylic acid colorimetric method, and spectrophotometry method (Jia, 2016), respectively.




2.3 Soil DNA extraction, PCR amplification, and sequencing

Total soil DNA was extracted from a 3-g soil sample using a Power Soil DNA Kit (MOBIO Inc., Carlsbad, CA, USA). PCR was performed to amplify the V3–V4 region of the bacterial 16S rRNA gene using primer pair 338F 5′-ACTCCTACGGGAGGCAGCA-3′ and 806R 5′-GGACTACHVGGGTWTCTAAT-3′. As for the fungal community, the ITS1 region of ITS gene was amplified using primer pair ITS1 5′-GGAAGTAAAAGTCGTAACAAGG-3′ and ITS2 5′-GCTGCGTTCTTCATCGATGC-3′. Finally, paired-end sequencing of the bacteria and fungi was performed on an Illumina MiSeq sequencer at Novogene Co., Ltd. (Beijing, China) (Wang, 2016).




2.4 Statistical analysis

The relative abundance of the rhizosphere soil microorganism community was analyzed by one-way ANOVA using SPSS 16.0 software. Uparse software was used to cluster Effective Tags into operational taxonomic units (OTUs) with a threshold value of 97% similarity, and the sequences with the largest number of OTUs were selected as the representative sequences of the OTUs for species annotation (citation). QIIME software was used to calculate the Alpha diversity index (citation). R language tool was used to make the composition of the community (citation). Circos software was used to analyze the composition proportion of the dominant community and its distribution proportion in samples (xxxx). LEfSe software was used to analyze soil communities with significant differences, and principal coordinate analysis (PCoA) in R was used to analyze the difference in community structure (xxxx). Tax4Fun and FUNGuild methods were used to compare the existing 16S rRNA and ITS gene sequencing data with the SILVA database used to compare the abundance differences of functional genes in biological metabolic pathways (xxxx). The “vegan” redundancy analysis R software (RDA) and Mantel test were used to analyze the relationship between soil nutrients, enzymatic activities, and microbial community (Tang et al., 2020).





3 Results



3.1 Effects of intercropping on soil nutrients and enzymatic activities in the rhizospheric soil of flue-cured tobacco

The OM, AN, AP, and AK contents in the soil of the intercropping treatment groups of flue-cured tobacco were significantly higher than those in CK (Table 1), in which T1 treatment reached the highest. Compared to the controls, T1, T2, and T3 increased OM content by 44.87%, 34.55%, and 40.32%, respectively; the AN contents were increased by 36.59%, 26.85%, and 33.12%, respectively; the AP contents were increased by 48.23%, 28.17%, and 36.84%, respectively; the AK contents were increased by 39.61%, 21.08%, and 30.59%, respectively. The enzymatic activity of the soil under intercropping treatments (T1, T2, and T3) decreased by 14.49%, 5.15%, and 7.30% in terms of POD contents, respectively. The UE contents were increased by 46.42%, 11.81%, and 34.48%, respectively, and the SC contents were increased by 40.92%, 17.94%, and 31.67%, respectively.


Table 1 | Soil nutrients and enzymatic activity of the soil.






3.2 Effects of intercropping on microbial community diversity and structure in the rhizosphere soil of flue-cured tobacco



3.2.1 Microbial community diversity

The order of bacterial abundance was ranked as T1>T3>T2>CK, and the bacterial abundance in T1 was significantly higher than that in T2 and T3 treatments (Figure 1A) . Compared to the controls, the bacterial abundance in the T1, T2, and T3 treatments increased by 16.52%, 12.10%, and 6.28%, respectively. Among the Shannon, Ace, and Chao diversity indices of the T1, T2, and T3 treatments, only Ace indices between T1 and T2 treatments showed significant differences (Figure 1A). The PCoA showed (Figure 1C) that there was an obvious separation between the four treatments, with the X and Y axes explaining 49.72% and 21.08% of the overall variation of the bacterial population, respectively. The OTU analysis showed that the unique bacterial OTUs of CK, T1, T2, and T3 were 498, 852, 508, and 644, respectively (Figure 1E).




Figure 1 | Microbial abundance and diversity in the rhizosphere soil of flue-cured tobacco under different intercropping treatments. (A) Abundance and diversity of bacteria; (B) Abundance and diversity of fungi; (C) PCoA analysis of bacteria; (D) PCoA analysis of fungi; (E) OTU analysis of bacteria; (F) OTU analysis of fungi. Different lowercase letters above the column indicate significant differences (p<0.05), the same as below.



The changes in fungal abundance as well as the three Alpha diversity indices of Shannon, Ace, and Chao were ordered as T1>T3>T2>CK (Figure 1B). The differences between the T2 and the control were not significant, but both of them were significantly lower than the T1 and T3 treatments (Figure 1B). PCoA results indicated that the X and Y axes explained 38.63% and 25.69% of the overall variation of the fungal community, respectively (Figure 1D). The unique OTUs of the tobacco fungi in the rhizospheric soil were ranked as T1 (816)>T2 (784)>T3 (563)>CK (253) (Figure 1F).




3.2.2 Microbial community structure

Although the bacteria with relative abundance>3% at the phylum level were the same, Proteobacteria, Acidobacteria, Bacteroidota, Gemmatimonadetes, Firmicutes, and Actinobacteriota were the main bacterial communities. These were present in much higher quantities than other dominant bacterial groups and accounted for approximately 86.73% of the total bacterial groups (Figure 2A). However, the community structure composition from the phylum level to the genus level among different treatments was shown from the LEfSe analysis. Among them, nine groups in T1, seven groups in T2, three groups in T3, and two groups in CK were identified as differential bacterial communities (Figure 2B).




Figure 2 | Bacterial dominant communities in the rhizosphere soil of flue-cured tobacco under different intercropping treatments. (A) Evolutionary map of phylum level of bacteria; (B) LEfSe analysis of differences in bacterial community structure composition.



The top 100 fungi in each treatment group at the genus level belonged to six phyla, namely, Ascomycota, Basidiomycota, Chytridiomycota, Mortierellomycota, Mucormycota, and Glomeromycota, which accounted for 78.11%–95.32% of the total fungi (Figure 3A). However, the community structure composition among different treatments identified 22 groups in the T1 treatment, 16 groups in the T2 treatment, 15 groups in the T3 treatment, and 9 groups in the control as differential fungal communities (Figure 3B).




Figure 3 | Fungal dominant communities in the rhizosphere soil of flue-cured tobacco under different intercropping treatments.(A) Evolutionary map of phylum level of fungi; (B) LEfSe analysis of differences in fungi community structure composition






3.2.3 Effects of intercropping on the distribution of dominant microorganism communities

The Circos analysis showed the distributions of dominant bacteria3and fungi in different treatments (Figures 4A, 5A). Based on the phylum level of bacteria, the proportions were ranked as T1 (40%)>T3 (34%)>T2 (33%)>CK (28%) for Proteobacteria, T3 (15%)>T2 (14%)>T1 (12%)>CK (11%) for Acidobacteria, T1 (13%)>CK (12%)>T3 (11%)>T2 (10%) for Bacteroides, T2=CK (6%)>T3 (5%)>T1 (3%) for Gemmatimonadetes, T2 (15%)>CK (14%)>T3 (12%)>T1 (10%) for Actinobacteria, and T1 (14%)>T3 (12%)>T2=CK (11%) for Firmicutes (Figure 4B).




Figure 4 | The distributions of bacterial dominant communities in the rhizosphere soil of flue-cured tobacco under different intercropping treatments. (A) Circos analysis of dominant fungal composition; (B) Distribution ratio of dominant fungi of phyla level in different treatments.






Figure 5 | The distributions of fungal dominant communities in the rhizosphere soil of flue-cured tobacco under different intercropping treatments. (A) Circos analysis of dominant bacterial composition; (B) Distribution ratio of dominant bacteria of phyla level in different treatments.



Based on the phylum level of fungi with the proportion larger than 1%, Ascomycota was distributed as T1 (97.22%)>T2 (80.89%)>CK (74.21%)>T3 (37.21%), Basidiomycetes as T3 (60.51%)>T2 (12.81%)>CK (11.77%)>T1 (1.26%), and Mortierella as CK (12.86%)>T2 (5.91%)>T3 (2.23%)>T1 (1.41%) (Figure 5B).





3.3 Effects of intercropping on growth and quality of flue-cured tobacco plants

Except for the biomass of tobacco root (Figure 6A), stem (Figure 6B), leaf (Figure 6C), or total biomass (Figure 6D) on the 30th day after transplanting, little differences were observed among the four treatments. However, on the 60th day after transplanting, there were slight differences in the root, stem, leaf, and total biomass of the four treatments, among which the T2 treatment was the largest and the CK treatment was the smallest. On the 90th day after transplanting, significant differences appeared in the total biomass of the roots, stems, and leaves among the four treatments, but they were still the largest in the T2 treatment and the smallest in the CK treatment.




Figure 6 | The root, stem, and leaf biomass of flue-cured tobacco under different intercropping treatments. (A) the root biomass of tobacco plant; (B) the stem biomass of tobacco plant; (C) the leaf biomass of tobacco plant; (D) the total biomass of tobacco plant.



When compared with the control, the tobacco leaves of the three intercropping systems were closer to the standard of high-quality tobacco leaves (Table 2).


Table 2 | Routine chemical composition of different intercropping treatments.






3.4 Correlation analysis



3.4.1 Redundancy analysis between dominant microbial communities and soil nutrients

RDA showed that the contents of OM, AN, and AP were positively correlated with Proteobacteria, Acidobacteria, Gemmatimonadetes, Actinobacteriota, and Firmicutes but negatively correlated with Bacteroidota; the contents of AK, UE, and SC were positively correlated with Acidobacteria, Gemmatimonadetes, Actinobacteriota, and Firmicutes but negatively correlated with Proteobacteria and Bacteroidota. The POD activity was positively correlated with Gemmatimonadetes and Firmicutes but negatively correlated with Proteobacteria, Acidobacteria, Actinobacteriota, and Bacteroidobacteria (Figure 7A). Moreover, various soil nutrient contents (OM, AN, AP, and AK) and enzymatic activities (POD, UE, and SC) were positively correlated with Ascomycota and Basidiomycota but negatively correlated with Chytridiomycota, Mortierellomycota, Mucoromycota, and Glomeromycota (Figure 7B).




Figure 7 | Redundancy analysis (RDA) between dominant microbial communities, nutrients, and enzymatic activity in the rhizospheric soil under different intercropping treatments. Note: OM, AN, AP, AK, UE, SC, and POD represent respectively organic matter, available nitrogen, available phosphorus, available potassium, urease, sucrase, and peroxidase. (A) Redundancy analysis of soil nutrients and bacterial communities; (B) Redundancy analysis of soil nutrients and fungal communities.






3.4.2 Correlation analysis between soil properties and flue-cured tobacco plants

According to the correlation analysis, the total biomass was positively correlated with all the soil nutrients and enzymatic activity. The total biomass after 60 days and 90 days of transplanting reached a significant level at p < 0.01, while the total biomass after 30 days of tobacco plant transplanting reached a significant level at p < 0.05. The contents of RS, TS, TN, and nicotine were significantly negatively correlated with all the soil nutrients and enzymatic activities (Figure 8).




Figure 8 | Correlation analysis between dominant microbial communities in the rhizosphere soil and total biomass, routine chemical composition under different intercropping treatments. TBTD, TBSD, TBND, TS, RS, and TN represent respectively total biomass of 30 days, total biomass of 60 days, total biomass of 90 days, total sugar, reducing sugar, and total nitrogen.








4 Discussion



4.1 Soil nutrients and enzymatic activities in the intercropped tobacco fields

Intercropping has become increasingly popular over the past decade to maintain soil biodiversity and improve nutrient content (Dai et al., 2019). One of the biggest advantages of intercropping is to make use of the interaction among different plants to improve soil physio-biochemical properties and enzymatic activities as well as to promote crop growth and development (Gong et al., 2019). Previous studies have demonstrated that intercropping peanuts with maize changed the abundance of nitrogen-fixing microbes in the rhizosphere (Chen et al., 2018). Cassava–peanut intercropping enriched Actinomycetes in the soil rhizosphere and boosted the absorption of soil-available nutrients, thus increasing the peanut yield (Chen et al., 2020). The present study also verified that the nutrients of all flue-cured tobacco intercropping treatments were significantly higher than those of the controls (Table 1), suggesting that intercropping could contribute to elevating the levels of soil nutrients.

Soil enzymatic activity is a vital parameter indicating how organic matter is degraded and the nutrients are cycled in the soil (Nannipieri et al., 2012; Hussain et al., 2021). The soil enzymatic activity can be represented by the physio-biochemical traits and microbial communities (Gu et al., 2009). For example, sucrase hydrolyzes sucrose, which reflects the convertibility of the soil organic carbon, while urease impacts the metabolism of soil nitrogen through urea hydrolyzation (Cantarella et al., 2018). In this study, the intercropping soil systems (T1, T2, and T3) presented the highest UE and SC activities compared to the CK (Table 1). Likewise, Zhou et al. (2011) also reported elevation in the soil urease activity in the cucumber–garlic/onion intercropping system compared to the monocropping system. Peroxidase activity is considered a crucial predictor of the dynamics of soil organic matter (Tian and Shi, 2014).




4.2 Effects of intercropping on the soil structure of microbial communities

The intercropping systems led to alterations in the soil physio-biochemical parameters and enzymatic activities, prompting the enrichment of a particular subset of functional bacteria and fungi, which was manifested as elevated diversities of both microbial types in the intercropped soil compared to the tea monoculture (Zhang et al., 2019; Bai et al., 2022; Jing et al., 2022). In agreement with this, an increase in the abundance and diversity of microbial communities in the rhizospheric soil of flue-tobacco plants was also observed under the three intercropping treatments (Figures 1A, B). This may be due to the fact that the plant root distribution in the top layer of the soil was expanded by intercropping. Thus, the permeability of the soil increased and the circulation of nutrient elements became more efficient, which provided a better microenvironment for the growth and propagation of microorganisms.

Intercropping may also influence soil microbiota composition differences (Bainard et al., 2012a; Floc’h et al., 2020) In this study, the PCoA of soil bacterial and fungal communities revealed a separation between the four treatments, indicating that the microbiota composition differed between the monoculture and intercropped plants (Figures 1C, D). The dominant microbial community in the rhizospheric soil of tobacco plants under four treatments was the same (Figures 4A, 5A), which is in agreement with previous studies (Zhang et al., 2017; De Vries et al., 2020), but the dominant community composition and their ratio were different (Figures 2, 3, 4B, 5B), which roughly corresponded to previous studies investigating agricultural soils (Li et al., 2011; Bai et al., 2020). Previous reports indicated that many members of Proteobacteria and Bacteroidetes of the soil bacteria community were closely associated with the carbon (C) and nitrogen (N) cycles (Leff et al., 2015; Pardon et al., 2017), while Ascomycota of the soil fungal community can rapidly metabolize organic substrates of rhizodeposition in rhizosphere soil (Bastida et al., 2013). As a result, the intercropping systems might increase soil nutrient accumulation and nutrient utilization efficiency by promoting microbial growth that is closely associated with N fixation or other C–N processes. In this study, the abundance of Proteobacteria of bacteria and Ascomycota of fungi in the intercropping systems was significantly higher than the monocropping ones (Figures 4, 5), indicating the improved soil nutrient conditions after intercropping.




4.3 Effects of intercropping on tobacco growth and quality

Positive interactions occur in complex symbiotic systems that enhance the growth of crops, and these interactions are beneficial for improving soil fertility and yield (Hauggaard et al., 2001; Qian et al., 2018). In this study, intercropping can substantially increase the biomass (Figure 6) and improve the quality of routine chemical composition (Table 2) of tobacco plants. The growth and quality improvement results of the tobacco plants are consistent with previous research on Aconitum carmichaeli–rice intercropping systems (Ren et al., 2018). These results revealed that belowground interaction in intercropping can induce changes in soil microbial community structure, such as the increase in Acidobacteria abundance of bacteria can better degrade plant residue polymers and enhance photosynthesis, thereby increasing soil nutrients and plant biomass; the increase of plant residue polymers also promoted the increase of Ascomycota abundance of fungi, and the fungi can rapidly metabolize organic substrates of rhizodeposition in rhizosphere soil (Bastida et al., 2013). Therefore, we concluded that the increased microbial abundance of the tobacco intercropping system could accelerate the soil nutrients cycle, which in turn may have been beneficial to maintaining high soil fertility, growth, and quality of plants.




4.4 Soil–microbe–plant interaction

The direct and positive relationships between microbial diversity and soil nutrients in this study (Figure 1) coincide with the documented finding that soils with high microbial community diversity typically have increased nutrient availability (Zhang et al., 2021). This demonstrated that a diverse microbial community provides more nutrients for plants to absorb and less competition from microorganisms. Increased microbial diversity may promote the accumulation of available N and OM in the soil, all of which could increase overall plant productivity (Banerjee et al., 2018; Delgado-Baquerizo et al., 2020). Moreover, three intercropping treatments increased plant biomass (Figure 6) and improved the chemical composition of tobacco leaves (Table 2), which strongly suggests the potential role of intercropping on plant performance. Higher tobacco biomass and soil fertility of intercropping may depend on the regulating ability of belowground interactions since soils with high diversity also have higher plant productivity (Lan et al., 2023) and decomposition ability in organic matters (Liu et al., 2020b). In summary, intercropping could increase the abundance of soil microbes, which can promote the release of soil enzymes to catalyze various biochemical reactions such as mineralization of organic matter, synthesis of humus substances, and release of growth active substances, thus improving the overall growing environment and ultimately improving the biomass and quality of the flue-cured tobacco.





5 Conclusion

Our study suggested that intercropping flue-cured tobacco with other plants could increase the contents of soil AN, AP, AK, and OM and greatly improve soil nutrient status, thereby facilitating the improvement of the growth and quality of the flue-cured tobacco plants. Meanwhile, intercropping also altered the microbial community structure in the soil rhizosphere, while the microbial structure was closely related to the soil characteristics. Overall, intercropping may directly or indirectly increase plant productivity by regulating soil fertility and microbial dynamics in the rhizosphere of flue-cured tobacco. Therefore, soil–microbe–plant interactions should be promoted in arable systems to improve sustainable crop productivity.
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Variables AS

AS

FKF 0.401
FS 0.260
LA 0.390
RA 0.480
SD 0.387

FKF

0.492
0.552
0.519
0.361

ES LA RA SD
0.344
0.445 0.569
0.767 0.369 0.468

AS, adaption strategies; FKE, farmer’s knowledge (floods); FS, food security; LA, livelihood
assets; RA, risk assessment; SD, sustainable development.
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Statistical Paths Beta (B) Std. Dev T-Value

AS - > FKF 0.155%** 0.033 4.655
FS- > FKF 0.343%%* 0.044 7.662
LA - > FKF 0.2734%* 0.040 6.809
RA - > FKF 0.147+%* 0.042 3.457
SD - > FKF —0.079N8 0.050 1.572
Control Variables

Age - > FKF —0.000N8 0.029 0.202
EDU - > FKF 0.074*** 0.028 2.586
Gender- > FKF 0.078*** 0.033 2.345
R? 0.379

Adjusted R? 0.372

***Significant at p < 0.001, NS, not supported; AS, adaption strategies; FKF, farmer’s
knowledge (floods); FS, food security; LA, livelihood assets; RA, risk assessment; SD, sustain-
able development; STDEV, standard deviation.
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Gender

Age (Years)

Education
(Years)

Farming present
land (Years)

Plowing per year

Male

Female

18-25

26-35

36-45

Above 45
Primary School

High School
College Level
University level
1-5

6-10
11-15
16-above
Once
Twice

Three-more

Layyah Muzaffargarh DG Khan

854
14.6
17.7
37.7
285
162
311

43.1
14.6
9.2
262

50
10
138
169
70
311

814
18.6
13.6
207
3.6
221
236

50
157
10.7

35

329
214
10.7
36
78.6
17.9

738
26.2
138
37.2
26.2
28
255

545
11

46.2

283
18.6
6.9
4.1
80.7
152

Lodhran

75

25

15
331
406
113
456

406
94
44
45

319
156
75
69
613
319

Multan

77.1
229
193
329
321
157
521

39.3

36
536

207
21
36
86
63.6
279

Rajanpur

716
284
22
348
284
135
49

413
7.7
19
49

36.1

5.8
5.8
56.8
374

Bahawalpur

74
26
227
333
327
113
393

347
18.7
73
54

287
127
47

453
46.7

Rahim_yar_
Khan

722
28
206
267
411
117
306

389

211
94

61.7

289
56
39

45
50
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Variables Items Loadings

Adaption AS1
Strategies

AS2
AS3
AS4

Risk RA1
Assessment

Food FS1
Security

FS2
FS3
FS4

Livelihood LAl
Assets

LA2
LA3
Sustainable  SD1
Development
SD2
SD3
SD4
Farmer’s FKF1
Knowledge
(Floods)
FKF2
FKF3
FKF4

a > 0.7;CR > 0.7; AVE > 0.5; VIF < 5; ***Significant at p < 0.001.

0.778*%*

0.721%4*
0.743***
0.736***
0.749***

0.803***
0.852%%*
0.830***

0.696***
0.891**
0.882%**
0.846™**

0.880***
0.863***
0.854**

0.892**
0.857**
0.868**
0.811+*

0.885%**
0.866***
0.869***

VIF T Statistics

1.511

1.555
1.520
1.511
1.315

1.530
1.511
1.726

1.479
2.873
2.897
1.844

2.092
1.826
2.285

2.538
2.380
2.438
1.870

2.616
2.300
2.372

24.354

17.598
20.741
21.012
24.599

32.982
48.756
46.442

21.405
74.845
64.785
41.425

65.747
56.130
55.681

88.514
56.166
58.923
37.581

81.021
59.459
66.316

o

0.740

0.880

0.847

0.829

0.725

0.891

CR

0.753

0.833

0.874

0.831

0.743

0.901

AVE

0.555

0.736

0.686

0745

0.644

0.753
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STDEV  Mean

AS 0.024
FKF 0.019
FS 0.016
LA 0.019
RA 0.019
SD 0.015

0.551
0,735
0.685
0.744
0.642
0.752

AS

0.745
0.341
0.225
0.313
0.366
0.332

0.858
0.436
0.473
0.419
0.324

Bold diagonal values are the square root of AVE.
AS, adaption strategies; FKE, farmer’s knowledge (floods); FS, food security; LA, livelihood

ES

0.828
0.297
0.347
0.660

LA RA SD

0.863
0.446  0.803
0.320 0380  0.868

Assets; RA, risk assessment; SD, sustainable development: STDEV, standard deviation.
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Treatments = Germination Index = Relative Seed Germination (%) Coefficient of Velocity of = Germination Percentage (%)

Germination
Control 100.00 + 00b 100.00 + 0.00a 4350 + 4.41ab 8111 +2.94a
Mn,0;-NPs 11562 + 7.03b 107.41 + 7.41a 46.06 + 2.49a [ 8444 + L1la
I Mn,0; 2131 + 3.13¢ 48.48 + 9.74b 29.93 + 3.53¢ 3222 + 2.94c
MnSO, 157.70 + 23.12a 12391 + 12.94a 5241 + 2.88a 88.89 +2.94a
MnCl, 51.27 + 4.25¢ 69.61 + 5.83b 3471 + 2.71bc 6333 + 3.85b
sig ™ - - -

**means significant at p < 0.005.
Means + SDs with different letters in each column indicate significant statistical differences (P<, 0.05).
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Chl t (mg Carotenoids Chl a/Chl Chl t/Car Total phenol Total flavo-
g'1 FW) (mg g'l FW) b ratio ratio (ug GAE g'1 noids (mgCA g’
FW) TFwW)

SP
60 day
@ 093 +0.18c | 0.76 + 0.09b 1.69 + 0.27¢ 1.29 + 0.05A 1.21 +0.11b 1.31 +0.22¢ 67.7 £ 8.8a 141 % 0.03¢
Mn,Os- 101 £0.08c | 077 % 0.04b 1.78 £ 0.12¢ 1.32 £ 0.02A 1.31 + 0.04b 1.34 + 0.08¢ 36.0 + 0.6b 1.37 + 0.08a
NPs
Mn,O; 159 £0.10ab | 1.04 +0.05ab | 2.63 % 0.15ab 146 + 0.04A 1.53 + 0.052 1.80 + 0.11ab 293 £ 4.4b 1.13 £ 0.07¢
MnSO,  133+0.04bc | 094+002b 227 +0.06bc 149 + 0.05A 142 +£002ab 153 +0.08bc 61.7 +3.92 1.79 + 0.04ab
MnCL,  190+020a | 135z 020a 326+0.4a 152 £ 0.14A 142 £0.06ab | 2.13 +0.09 307 £ 1.2b 1.38 + 0.06bc
90 day
(e, 171£029b | 128+023b | 299 +0.53b 1.68 + 0.08B 134 £002A 175 +023A 106.0 + 0.6b 234 +0.06b
Mn,Os-  235+0.04a | 183 %0.05a 4.19 £ 0.09a 189+ 0.01AB | 128+002A 221 +0.04A 78.1 £3.1c 1.95 £ 0.07¢
NPs
Mn,Os 246 +0.02a | 187 %0.10a 4.33 £ 0.08a 2.15 £ 0.21A 132 £0.09A  2.06 +0.24A 773 £3.2¢ 254 +0.04a
MnSO; | 220£0.02a | 157+003ab | 3.77 £ 0.05ab 1.76 + 0.04B 141 £0.02A 215+ 0.02A 157.9 £ 8.1a 231 £ 0.04b
MnCl, | 218002 | 156 004ab | 3.76 £ 0.07ab 1.69 + 0.03B 140 £0.02A 221 +0.01A 83.6 £ 7.4c 2.01 £ 0.06c
120 day
(0 159 £0.05A | 1.08 £ 0.01A  2.67 + 0.05A 1.76 + 0.02A 1.46 + 0.03¢ 1.52 £ 0.04B 199.5 £ 31.5b 192 +0.01B
Mn,Os- 174 +0.10A | 1.05+005A 279 £ 0.16A 1.65 + 0.02A 1.67 £ 0.01a 1.69 + 0.07AB 276.0 £ 8.7a 1.87 +0.01B
NPs
Mn,Os | 1.65+0.11A | 1.04+008A  2.69 % 0.20A 142 £ 0.29A 158 £0.02b  2.02 +0.30A 188.0 + 38.7b 1.96 + 0.02B
MnSO; | 170 £0.12A | 1.09 £ 0.06A 279 +0.18A 1.73 £ 0.02A 1.56 + 0.02b 1.61 + 0.08AB 3285 +2.6a 1.99 + 0.03AB
MnCL, | 173+011A | L18+007A 291 +0.18A 1.85 + 0.07A 1.47 + 0.01c 1.57 + 0.04AB 3120 +5.2a 222 £ 0.16A
SP+F
90 day
¢ 150 £0.23¢ | 1.04 + 0.18¢ 255 + 0.40b 1.54 + 0.12bc 146 + 0.03AB | 1.63 +0.14d 161.0 + 6.4a 1.95 + 0.03A
Mn,Os-  212+0.06ab = 158 +008ab = 3.69 = 0.14a 1.81 +0.06a 1.34 £ 0.03AB 204 + 0.0lab 1192 + 13.2b 2.35 + 0.08A
NPs
Mn,O;  228+002 | 178 0.06a 4.06 + 0.08a 1.81 +0.052 128 £+ 0.03AB | 2.24 +0.0la 1043 £ 7.5b 192 £ 0.35A
MnSO;  1.80 +0.05bc | 1.23 +0.07c 3.03 £0.11b 1.73 + 0.02ab 147 £ 0.04A 176 +0.09cd 163.6 + 6.0a 226 +0.01A
MnClL,  164+0.07c | 131%006bc | 2.96%0.01b 1.50 + 0.04c 126 +0.11B 198 +0.05bc 1102 +22.4b 2.02 £ 0.05A
120 day
(5 145+ 0.04A | 079 +003B | 223 +0.06B 141 +0.04B 1.84 £+0.06A 158 +0.0lab 364.0 + 53.0ab 1.69 + 0.10¢
Mn,Os- 151 £0.07A | 1.03 £ 0.04AB = 2.54 £0.07AB 186 + 0.04A 147 £+0.11B | 136 +0.0lc 294.0 + 49.0b 2.01 £ 0.05a
NPs

7 Mn,Os  1.65+0.05A | 126+ 0.16A  2.92+0.19A 179 £ 0.12AB | 1.35 £ 0.15B 1.63 = 0.06a 370.7 + 63.8ab 1.66 + 0.03¢
MnSO; | 151 +0.13A 108+ 003AB 259 £0.14AB 184 + 0.04A 1.39 +0.11B 141 + 0.07bc 5227 £43.2a 1.95 + 0.08ab
MnClL, 140 £0.13A 098 0.13AB  2.38 £ 0.24B 159 +0.23AB | 146 +0.10B 152  0.08abc 254.7 +27.5b 1.71 £ 0.11bc

Data are expressed as mean+standard error. Different letters show significant differences between treatments. Capital letters represent no statistical difference among treatments.
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Primer pair sequence Length Product

Gene name (1) b9 length
OsPHT4-1F ATCGAAAGGGAAGTCGCTGG 20
OsPHT4-1R ACCATCTCAACTCCGGACGA 20 109
OsFe-SODI-1F  GCCAGAAGGTGGTGGGTCA 19
OsFe-SODI-IR  AGCCAGACCCCAAAAGTGATA 21 122
OsMn-SODI-1F  CCGCACGCTGGCCTC 15
OsMn-SODI-IR CGACGGTCGTCACACCC w 147
OsPHTI-1F GTGATGCTGCAAGCTCTTCG 20
OsPHTI-IR CCAGGTCGAGAAGTACGCAA 20 107
OsHMA2-F 20
OsHMA2-R 20 146
OsHMA3-F 20
OsHMA3-R 20 86
OsAPX-F CTAGGGCCAGTGTGAACCAG 20

OsAPX-R GCAGCATTGCAGTTGAGCAT 20 127
OsCAT-F CTCCGTGGCATCTGGATCTC 20

OsCAT-R TTCCTCCTGGCCGATCTACA 20 108
OsCu-ZnSOD-F - CAGATTCCTCTGAGTGGCCC 20
OsCu-ZnSOD-R - AACAACACCGCATGCAAGTC 20 141
OsActin-1F AGGCCCCTTTGAACCCAAAA 20

OsActin-IR ATAGCGACGTACATGGCAGG 20 106





OPS/images/fpls-13-982668/fpls-13-982668-t002.jpg
Genotype Treatment
221 K
As
si
P
Si+As
As+P
Si+p
S+ Ast P
GD-6 K
As
si
P
Si+As
As+P
Si+p
Si+AstP

Shoot FW (g)
6.04 £0.71 ab
1.24+032d
6994095
5.580.84b
178£0.23d
155£0.11d
4.92£0.45 be
417£021¢
4.19£0.52a
Li2s03sc
1915061
397+0.74ab

22%0.15bc
2221046 bc

5.1+0.82a
3.410.69ab

Root FW (g)

125008
04094009 b
146021
L15£034a
043£007b
041£001b
169025
1024041 ab
123£025b
05924006 ¢
1.42+£034ab

1008 be
0735£002¢
0.669+0.07 ¢
114£009b
175£038a

Shoot DW (g)
0.673+0022b
0.22540.015d
078400312
0.732:£0.024 ab
05140011 ¢
029:+0.016d
0.685+0.042b
0275+ 0,001 d
0,58+ 0,065 abe
03240028 ¢
0.67140.11ab
054£002¢
0.363 +0.041 de
037240023 de
0.756:+0.09a
04724002 cde

Root DW (g)

0119+ 0,03 ab
0.03+0.005d
013840012
0.118£0.07b
0.097 +0.02 b
0.041+0.006d
0.137£0042
01140055 be
0.1174004b
0.056+0.01d.
0.13440.012ab
0.107 +0.06 be
0,069 +0.003cd
0.059+0.017d
0,167 +0.0282
0,094+ 0,003 ¢

Shoot length (cm) Root length (cm)

805+4.2b
51943.1¢
95254
77.2£38b
633+423¢
539+19¢
839+49ab
522+562¢
62+28b
47.6423d
69441782
558435bc
564 12bc
492427cd
689+ 1142
605+ 1.69b

2130452
118+17¢
214232
193£15ab
167£09b
15.1£125bc
20721
15424bc
163£17a
1284095¢
173+ 11a
17£089ab
131£102¢
15£0.11b
162£15a
159+ 113

All values are means of three replications (+SE). Different letters represent significant difference among the treatments within each genotype at p<0.05 probability level by applying
Duncans multiple range test. CK, control; S.i, Serendipita indica.
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