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Abstract 

Over the past decades, the atmospheric CO2 concentration and global average 

temperature have been increasing, and this trend is projected to soon become more 

severe. This scenario of climate change intensifies abiotic stress factors (such as 

drought, flooding, salinity, and ultraviolet radiation) that threaten forest and associated 

ecosystems as well as crop production. These factors can negatively affect plant growth 

and development with a consequent reduction in plant biomass accumulation and yield, 

in addition to increasing plant susceptibility to biotic stresses. Recently, biostimulants 

have become a hotspot as an effective and sustainable alternative to alleviate the 

negative effects of stresses on plants. However, the majority of biostimulants have poor 

stability under environmental conditions, which leads to premature degradation, 

shortening their biological activity. To solve these bottlenecks, micro- and nano-based 

formulations containing biostimulant molecules and/or microorganisms are gaining 

attention, as they demonstrate several advantages over their conventional formulations. 

In this review, we focus on the encapsulation of plant growth regulators and plant 

associative microorganisms as a strategy to boost their application for plant protection 

against abiotic stresses. We also address the potential limitations and challenges faced 

for the implementation of this technology, as well as possibilities regarding future 

research.  
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1. Introduction 

 In recent decades, extreme events that characterize climate change have become 

increasingly frequent and intense around the world. This climate change has severely 

affected all life forms, including plants (O’Neill et al., 2017). Several climate models 

have demonstrated that the climate regulates the growth rate and distribution of plants, 

which might be altered by the combination of elevated CO2 concentration and global 

warming (Pugnaire et al., 2019). Currently, the global average carbon dioxide is over 

400 ppm and this value is expected to double by the end of this century (Buis, 2019; 

Lüthi et al., 2008). In addition, the temperature on Earth has risen at an average rate of 

0.1 – 0.4 ºC per decade since 1981 (IPCC, 2021; NOAA, 2021).  

 Climate change intensifies the abiotic stress factors that act over plants, with 

alteration in precipitation patterns leading to more frequent drought and flooding events, 

extreme temperatures, high wind speeds, and altered intensity and spectrum of 

ultraviolet radiation. The severity of climatic events is strongly influenced by 

biogeographical characteristics as well as by land use (Espeland and Kettenring, 2018). 

For example, land degradation and inherent susceptibility of certain ecosystems to 

climate change might be worsened by uncontrolled urbanization, intensive cropping, 

deforestation, and overgrazing. In developing countries, at least one quarter of the 

problems attributed to climate-related disasters are related to agricultural activity (FAO, 

2015). Progressive and permanent changes are expected to occur in natural habitats, 

which will negatively affect the associated ecosystems, overall biodiversity, and plant 

fitness (Chiabai et al., 2018). In addition, several abiotic stresses can occur at the same 

time in the environment, and the interactions among them determine their effects on 

plants. These stresses vary according to their duration, severity, and nature (Figure 1).  Jo
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Figure 1: Effects of abiotic stress on plants. Plants under stress conditions can 

demonstrate different responses, which determine if they are resistant or susceptible to 

the stress. Plants under abiotic stress present changes at morphological, physiological, 

biochemical, and molecular levels in order to build an appropriate response to the stress 

condition. Created with BioRender.com 

There are differences in the management of abiotic stress when dealing with 

plants of agricultural/forestry interest and native trees for ecosystem restoration. For the 

agronomical approach, the goal is to ensure that the plants are more resilient to climate 

change and at the same time have increased productivity. On the other hand, the 

ecological approach aims to maintain biodiversity and the associated ecosystems by 

promoting the survival of different plant species submitted to stresses of various 

characteristics. This approach is very important to establish tools and frameworks for 

ecosystem restoration programs around the world (Charrier et al., 2021; Chiabai et al., 

2018).  
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 Forests worldwide are key players in the mitigation of climate change, 

functioning as a sink that can compensate the emission of some greenhouse gases, and 

being responsible for approximately 46% of global terrestrial carbon flux. In addition, 

forests are key global regulators of atmospheric moisture and rainfall (Popkin, 2019). 

However, climate change has already negatively impacted many forest ecosystems 

around the world (e.g., by hampering plant growth rates, augmenting plant 

susceptibility to pests, altering species composition, and increasing the frequency of fire 

events), which reinforces the pressure that forests are under (Climate ADAPT, 2019). 

Implementation of reforestation programs with native tree seedlings is among the most 

effective approach for climate change mitigation. However, the number and quality of 

tree seedlings currently produced is not enough to meet reforestation demands. For 

example, it has been estimated that tree nurseries in the United States must double their 

seedling production to supply the reforestation programs across the country (Fargione et 

al., 2021).  

 Agriculture is the backbone of the economy of many countries (especially 

developing countries) and is highly dependent on the climate. During the last century, 

the crop yield has been increased by the use of high amounts of fertilizers and 

pesticides, as well as by genetic breeding and modification (Nowicka et al., 2018). 

However, these approaches are not sufficient to maximize agricultural production in 

face of climate change, which highlights the need for the development of innovative, 

sustainable strategies to minimize the effects of climate change on crops while 

decreasing side-effects on the ecosystem (Burgess et al., 2022).  

Currently, several strategies are used to improve plant responses to stresses, such 

as chemical and biological priming. Priming is based on the preconditioning of the plant 

defense mechanisms against stresses, resulting in a faster, stronger, and more effective 

response against stresses. The use of biostimulants is increasing rapidly in agriculture 

since they show promise to increase crop productivity in a sustainable way (Rouphael 

and Colla, 2020). Biostimulants are defined as non-nutrient molecules or 

microorganisms, which have the ability to stimulate plant growth, yield, and plant 

fitness/health when applied at very low concentrations. Previous studies have shown 

that these compounds and/or microorganisms regulate different physiological processes, 

such as germination, photosynthesis, water balance, nutrient uptake and use, 

senescence, and the metabolism of plant growth regulators (Ahmad et al., 2022). There 

are several types of biostimulants, however, in the current review we will explore the 
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utilization of plant growth regulators and plant associative microorganisms for 

application in the cultivation of  both crops and native trees (Lephatsi et al., 2022).  

In spite of the known effects of the exogenous application of plant growth 

regulators to improve plant resistance to different stresses (Li et al., 2021), the 

premature loss of their biological activity due to environmental factors (such as UV 

radiation, temperature, humidity, and oxidative degradation) is one of the largest 

challenges for the agricultural applications of plant growth regulators (Pereira et al., 

2019). Similarly, although several types of microorganisms have been proven to be 

effective for plant stress alleviation and growth promotion (Nephali et al., 2020), only a 

few formulations have reached the market, mainly due to the lack of reproducibility in 

the field of the results observed in laboratory and greenhouse conditions. This failure 

could be related to: i) loss of microorganism viability during the shelf storage or even 

during the treatment; ii) poor stability in the formulation or scarcity of methods to store 

the microorganisms without disrupting their microbial interactions; iii) incomplete or 

poor-quality formulation; iv) management practices (such as chemical inputs, fertilizers, 

tillage, etc.) that affect agricultural microbiomes through modifications of microbe-

microbe and plant-microbe interactions; and v) competitivity of the microorganism 

inoculated (Daisley et al., 2022; French et al., 2021; Vassilev et al., 2020). 

 In view of these bottlenecks in the application of biostimulants in agriculture 

and forest restoration, a promising alternative is their encapsulation 

(micro/nanoencapsulation) with different matrices (Jiménez-Arias et al., 2020), which is 

a widely used strategy for pesticide molecules (Bartolucci et al., 2022; Scott-Fordsmand 

et al., 2022). Through encapsulation it is possible to: i) create a favorable micro-

environment for the molecule of interest and/or microorganism in order to reduce the 

loss of viability during storage and application; ii) reduce premature degradation of the 

molecule due to environmental factors as well as biodegradation by the microbiota after 

application; iii) provide sustained release of the molecule; and/or iv) help in the 

competition of the microorganisms with well-adapted native soil strains (Vassilev et al., 

2020). In this review, we provide an overview of the micro/nanoencapsulation 

technique as a promising strategy for the improvement of biostimulant formulations, 

aimed at expanding their commercialization in the market. We also highlight the 

bottlenecks that should be addressed to achieve this goal.  
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2. Plant Growth Regulators  

Climate change resulting from anthropogenic activities represents a major 

challenge for plant survival, since plants are sessile organisms that are prone to the 

effects of environmental fluctuations (EL Sabagh et al., 2022; Zeng et al., 2021). Allied 

to this, the excessive use of agrochemicals contributes to the contamination of natural 

soil resources and may further hinder plant growth and development (Fraceto et al., 

2016; Pereira et al., 2019). The mitigation of climate change and environmental 

degradation is a great challenge for humans, in the sense of bringing sustainable 

solutions that seek to increase global food production while preserving the environment 

( Pereira et al., 2019; Zeng et al., 2021)  

Among the active substances that can be used to promote plant resistance to 

stresses are plant growth regulators (PGRs), which are natural or synthetic substances, 

mostly applied at low concentrations, that are involved in the hormonal homeostasis 

and/or signaling network, therefore triggering plant growth, development, metabolic 

processes, and responses to stress (Iqbal et al., 2022; Pereira et al., 2019; Rademacher, 

2015; Small and Degenhardt, 2018). Phytohormones themselves, their precursors and 

analogues can be used as PGRs. In addition, PGRs include substances that alter the 

biosynthesis, inactivation, translocation, or signaling pathway of plant hormones 

(Rademacher, 2015).  

Phytohormones are substances present in plant metabolism, which act at low 

concentrations and regulate physiological processes involved in growth, development, 

and responses to the environment (Ordaz-Ortiz et al., 2015; Small and Degenhardt, 

2018). They are separated into well-known groups according to their chemical structure 

and/or functions in plant physiology: auxins, cytokinins, gibberellins, abscisic acid, 

ethylene, brassinosteroids, salicylic acid, jasmonic acid, and strigolactones (Table 1, 

Figure 2) (Pereira et al., 2019; Small and Degenhardt, 2018). In addition to the classical 

phytohormones, other signaling molecules are known to modulate processes of plant 

physiology, such as nitric oxide (Lindermayr and Durner, 2018), hydrogen sulfide 

(Zhou et al., 2021), γ-aminobutyric acid (Khan et al., 2021), polyamines, and melatonin 

(Arnao and Hernández-Ruiz, 2019; Sabagh et al., 2021) (Table 1, Figure 2).   
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Table 1: Main signaling molecules found in plants (with their chemical nature) and the 

biological applications of some plant growth regulators (PGRs) related to them (natural 

compounds or synthetic analogues).   

Type of signaling 

molecule 

Chemical nature Examples of related PGRs Biological applications 

Auxins Indolic acids 2,4-dichlorophenoxyacetic 

acid (2,4-D), naphthalene-

1-1acetic acid (NAA), 

indole acetic acid (IAA), 

indole butyric acid (IBA) 

(+) Growth (cell division and 

elongation), apical dominance, 

fruit development, root 

formation 

(-) Abscission 

At high concentrations: 

(+) Abscission 

(-) General growth (herbicidal 

effect) 

Cytokinins Adenine 

derivatives with 

an isoprene-

derived side 

chain 

Kinetin, zeatin, 6-

benzylaminopurine (6BA), 

thidiazuron (TDZ), 

2-isopentenyladenine 

(2iP) 

 

(+) Shoot growth (cell division), 

development of lateral buds, 

sink strength 

(-) Senescence 

At high concentrations: 

(-) General growth (herbicidal 

effect) 

Gibberellins Tetracyclic 

diterpenoid 

carboxylic acids 

with the ent-

gibberellan 

skeleton 

GA1, gibberellic acid (GA3) (+) Longitudinal growth (cell 

division and expansion), floral 

induction (long-day plants), 

flower, seed and fruit 

development, seed germination 

Abscisic acid (ABA) Isoprenoid, 

synthesized from 

carotenoids 

(S)-cis-ABA (active form), 

(S)-2-trans-ABA (Inactive, 

but interconvertible with 

the active cis form), (R)-

cis-ABA (Inactive form in 

stomatal closure) 

(+) Abiotic stress responses, 

seed maturation, dormancy of 

seeds and buds 

(-) General growth, seed 

germination 

Ethylene Gaseous simple 

olefin 

Ethephon (Ethylene 

releaser 

(+) Senescence, abscission, 

ripening of climacteric fruits, 

formation of roots and root 

hairs, stress responses 

(-) General growth 

Brassinosteroids 

 

Steroidal 

lactones 

24-epibrassinolide (EBL), 

28-homobrassinolide 

(HBL) 

(+) General growth (cell 

division and expansion), seed 

germination, formation of lateral 

roots, stress responses 

At high concentrations: 

(-) General growth 

Salicylic acid Phenolic 

compound 

Salicylic acid, 2,6-

dichloroisonicotinic acid 

(INA), benzothiadiazole 

(BHT) 

(+) Stress responses 

(-) Senescence 

Jasmonic acid Oxo 

monocarboxylic 

acid derived from 

cyclic fatty acids 

n-Propyl dihydrojasmonate (+) Stress responses, trichome 

and stamen development, 

senescence 

(-) General growth 

Strigolactones Terpenoid Synthetic strigolactone (+) Seed germination, secondary 
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lactones, derived 

from carotenoids 

(GR24) growth, root hair growth, 

interaction with beneficial 

microorganisms 

(-) Root and shoot ramification 

Nitric oxide (NO) Gaseous nitrogen 

free radical 

S-nitrosothiols, sodium 

nitroprusside 

(+) Stress responses, seed 

germination, root and root hair 

formation 

(-) Floral induction, senescence, 

fruit ripening 

Hydrogen sulfide (H2S) Gaseous 

molecule 

Sodium hydrosulfide 

(NaHS) 

(+) Seed germination, root 

development, flowering, 

photosynthesis 

γ-Aminobutyric acid 

(GABA) 

Non-proteogenic 

amino acid 

Commercial formulation (+) Root development, pollen 

tube development, regulation of 

cytosol pH and redox balance 

Polyamines Low-molecular-

weight, 

ubiquitous 

polycationic 

compounds, with 

aliphatic 

nitrogenous 

bases 

Putrescine (Put), 

Sperdimine (Spd) and 

Spermine (Spm) 

(+) Cell division and 

differentiation, DNA and protein 

synthesis, reproductive 

development, fruit maturation 

(-) Senescence 

Melatonin Methoxylated 

indoleamine 

N-acetyl-5-

methoxytryptamine 

(+) Antioxidant defense, root 

development, flowering, seed 

germination, photosynthesis 

(-) Senescence 

(+) refers to positive effects and (-) to negative effects.  
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Figure 2: Main effects of plant growth regulators on plant growth, development, and 

responses to the environment. Main signaling molecules found in plants with the 

representation of their chemical structure and examples of some plant growth regulators 

related to them. The abbreviations are defined in Table 1. 

 

PGRs have wide applications in agriculture and horticulture, and recently in 

research seeking to improve ecological restoration techniques. They provide important 

benefits, such as improved plant growth and development, increased crop yield and 

quality, and the induction of resistance against biotic and abiotic stresses (Table 1) 

(Rademacher, 2015; Small and Degenhardt, 2018). In addition, PGRs have been used to 

alleviate heavy metal toxicity. For example, exogenous application of IAA was found to 

induce growth of tea seedlings (Camellia sinensis) in the presence of Cadmium (Cd) by 

regulation of physiological and biochemical reactions, which were responsible for 

alleviating the deleterious effect of this heavy metal (Zhang et al., 2020). Furthermore, 

GA3, EBL, 6BA, ABA, salicylic acid, and jasmonic acid also alleviate heavy metal 
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toxicity in plants as well as increase their biomass production (Li et al., 2022; Rostami 

and Azhdarpoor, 2019).  

A summary of the overall benefits of the PGRs most-commonly applied to 

mitigate the effects of abiotic stresses in plants is provided in Table 2. Other PGRs (e.g., 

gibberellins, cytokinins, and auxins) are often applied to promote growth or modulate 

specific processes of plant development, but their use to induce stress responses has 

recently been raised, especially as priming agents (Bryksová et al., 2020; Dolui et al., 

2022; Zhu et al., 2021).  

 

Table 2: Main PGRs applied to mitigate the effects of abiotic stresses in plants. 

 
PGR Main types of abiotic 

stress 

Principal responses References 

Abscisic acid (ABA) Salinity, cold, heat, and 

drought 

Stomatal closure, 

enhanced root/shoot 

ratio, promotion of water 

uptake, induction of 

several acclimation 

proteins (e.g., antioxidant 

response, chaperones, 

compatible osmolytes) 

(Iqbal et al., 2022; 

Kosakivska et al., 

2022; Rehman et al., 

2022) 

Ethylene inhibitors: 

Aminoethoxyvinylglycine 

(AVG) and 

1-methylcyclopropene (1-MCP) 

Cold, heat, and drought Reduction of oxidative 

stress, delay of 

senescence 

(Kazan, 2015; Poór 

et al., 2022; 

Rademacher, 2015) 

 

Brassinosteroids: 

24-epibrassinolide (EBL) and 

28-homobrassinolide 

(HBL) 

Salinity, cold, heat, and 

drought 

Enhanced 

photosynthesis, 

chlorophyll and 

antioxidant contents 

(Bhandari and 

Nailwal, 2020; 

Siddiqi and Husen, 

2021) 

 

Salicylic acid: 

Salicylic acid, 2,6- 

dichloroisonicotinic acid 

(INA) and benzothiadiazole 

(BHT) 

Salinity, drought and 

metal 

Enhanced 

photosynthesis, 

antioxidant defense, 

osmolyte production and 

improvement of water 

status 

(Damalas and 

Koutroubas, 2022; 

Khan et al., 2015; 

Wani et al., 2017) 

 

Jasmonic acid: 

n-Propyl dihydrojasmonate 

Salinity, cold, drought, 

metal, and light 

Induction of antioxidant 

defense, protection of the 

photosynthetic apparatus 

and stomatal closure 

(Kazan, 2015; 

Kosakivska et al., 

2022; Wang et al., 

2020) 

Strigolactones: 

Synthetic stringolactone 

(GR24) 

Nutrient starvation, heat, 

cold, salinity, drought, 

and light 

Regulation of root 

architecture and 

secondary growth, 

induction of antioxidant 

defense 

(Bhoi et al., 2021; 

Mostofa et al., 2018) 

 

Nitric oxide donors: 

S-nitrosothiols, sodium 

nitroprusside (SNP) 

Salinity, drought, cold, 

heat, metal, and light 

Induction of antioxidant 

defense, regulation of 

stomatal physiology, 

increase of 

(do Carmo et al., 

2021; Iqbal et al., 

2022; Singhal et al., 

2021) 
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photosynthetic 

efficiency, induction of 

root and root hair 

formation, and 

improvement of water 

status 

 

Hydrogen sulfide donor: 

Sodium hydrosulfide (NaHS) 

Salinity, drought, metal, 

cold, and heat 

Induction of antioxidant 

defense and osmolyte 

accumulation 

(Huang et al., 2021; 

Z.-G. Li et al., 2021; 

Raza et al., 2021) 

γ-Aminobutyric acid (GABA) Salinity, drought, 

flooding, heat, cold, and 

metal 

Induction of antioxidant 

defense, osmolyte 

accumulation and 

stomatal closure 

(Rezaei-Chiyaneh et 

al., 2018; Shelp et 

al., 2021) 

Polyamines: 

Putrescine (Put) 

Spermidine (Spd) 

Spermine (Spm) 

Salinity, drought and 

metal 

Induction of antioxidant 

defense, photosynthesis 

and osmolyte 

accumulation 

(Chen et al., 2019; 

Khajuria et al., 2018; 

Spormann et al., 

2021) 

Melatonin: 

N-acetyl-5-methoxytryptamine 

Salinity, drought, heat, 

and metal 

Induction of antioxidant 

defense and 

photosynthesis, delay of 

senescence 

(Khan et al., 2021; 

Rajora et al., 2022; 

Rehaman et al., 

2021) 

 

The application of PGRs can be hindered due to the chemical characteristics of 

the molecules, such as the rapid degradation of these compounds when exposed to the 

light and temperatures found in the field, resulting in some loss of the their biological 

activity (Pascoli et al., 2018; Seabra et al., 2015). For example, natural auxins, extracted 

directly from plants, degrade rapidly in the presence of light (George et al., 2007; Small 

and Degenhardt, 2018). In addition, nitric oxide donors are also susceptible to factors 

such as temperature, light, and pH, that lead to the rapid and excessive release of nitric 

oxide from donor molecules and the loss of beneficial effects (Seabra et al., 2015; 

Silveira et al., 2021). 

Besides the rapid degradation, PGRs need to be applied in proper concentrations 

to stimulate the desired responses, because they can become phytotoxic at high 

concentrations, acting as herbicides and not as hormones or regulators (Pascoli et al., 

2018). For example, gibberellins need to be applied at correct concentrations and timing 

to avoid detrimental effects on plant development (Dong et al., 2016). In addition, the 

function of hydrogen sulfide is directly dose dependent: at low concentrations it acts as 

a signaling molecule and at high concentrations as a toxin (Banerjee and Roychoudhury, 

2021). Another relevant aspect is related to the low water solubility of some PGRs, 

which can make their application more difficult. Moreover, the high cost associated 

with their production and application generates a high demand for the development of 
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technologies for slow, controlled, and efficient PGR release systems (Oliveira et al., 

2016; Pascoli et al., 2018; Pereira et al., 2019). 

In this sense, the development of micro- and nanoparticles as carrier systems of 

bioactive substances is a promising strategy with the purpose of improving the 

biological action of molecules (Athanassiou et al., 2018; Fraceto et al., 2016;  Pereira et 

al., 2019). The use of micro- and nanoparticles provides several advantages, including 

protection against premature degradation of the encapsulated molecules, reduction in 

photosensitivity and instability of the molecules, and the slow and controlled release of 

the active compounds, enhancing and prolonging their effects (Seabra et al., 2015; 

Silveira et al., 2021). The characteristics of micro- and nanoparticles allow reductions in 

the dosage and frequency of application of active compounds, as well as reducing the 

risk of contamination and harmful consequences for the organisms to which they are 

applied (Pereira et al., 2019).  

 

3. Plant Associative Microorganisms 

Soil is one of the richest habitats for a variety of living organisms and is also a 

―playground‖ for chemical reactions that ensure the normal functioning of ecosystems. 

The majority of soil bio-geochemical processes are driven by active soil microbiota 

(Bastida et al., 2016), which represents up to 5% of total microbial biomass 

(Blagodatskaya and Kuzyakov, 2013). Due to its richness in mineral resources, soil is a 

key element in the nutrition of land plants, and serves as a site for the plant-driven 

recruitment of microbiota, which leads to the establishment of interactions with plant 

associative microorganisms (PAMs, both fungi and bacteria). 

Arbuscular mycorrhizal fungi (AMF) and Trichoderma ssp. are beneficial 

microorganisms, which have been known to establish mutualistic symbiotic interactions 

with different types of plants, including economically important crops (Szczałba et al., 

2019). For this reason, a rising number of studies have focused on the utilization of 

these fungi as inoculants for increasing plant resistance to both abiotic and biotic stress 

(Begum et al., 2019). AMF can increase nutrient uptake by plants, such as phosphorus 

(P), increase photosynthesis, enhance osmotic adjustment in drought conditions, and 

improve soil properties (Begum et al., 2019). Likewise, Trichoderma ssp. improves 

plant growth and development by the production of PGRs, solubilization of soil 

nutrients, and enhancement of the uptake and translocation of less accessible minerals. 
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In addition, this fungal genus is widely used for the biological control of several 

economically important plant pathogens (Halifu et al., 2019; Sood et al., 2020).  

The interest of the scientific community in plant-bacteria interactions first 

appeared in the 60-70s, when scientists were trying to understand the nature of the 

formation of grapevine galls caused by the bacterium Agrobacterium tumefaciens 

(Kado, 2014). The results of these and subsequent studies (Burr, 1978; Howie and 

Echandi, 1983; Kloepper et al., 1980; Suslow and Schroth, 1982) have made it clear that 

the plant-associated microbiota (the phytomicrobiome) is more important in plant 

growth and development than previously thought and could be beneficial (mutualist), 

neutral (commensal), and unfavorable (detrimental) (Newton et al., 2010). In 1978, 

Kloepper and Schroth introduced the concept of plant growth-promoting rhizobacteria 

(PGPR), which marked the beginning of a new era of study of bacterial symbiotic 

interactions and their biostimulating properties (Kloepper and Schroth, 1978).  

PGPR are mostly located in the rhizosphere, the 0.5–4 mm zone around the root 

that is under plant control (Braga et al., 2016), and is characterized by an increased 

content of organic nutrient-rich root exudates containing up to 10
11

 microbial cells per 

gram of root (Feng et al., 2021), which corresponds to 50–2000 μg C g
−1

 soil (Fierer, 

2017). Due to the fact that the plant rhizosphere is a very ―competitive‖ habitat, 

microorganisms have developed specific mechanisms that allow them to occupy their 

microenvironmental niche. Thus, in the course of evolution, PGPR have acquired the 

ability to adjust their metabolic pathways to the needs of the ―host organism‖ (and vice 

versa) in order to remain in their beneficial microenvironment (Ankati and Podile, 

2019; Khatoon et al., 2020).  

PGPR directly promote plant growth by producing and secreting 

phytostimulatory hormonal substances, supplying readily available micro and 

macroelements (e.g., iron (Fe
3+

) via the production of siderophores), achieving 

biological nitrogen fixation (by regulation of nif genes in diazotrophs), and/or 

improving P solubilization (by converting insoluble forms of P to an accessible 

orthophosphate form) (Figure 3) (Hardoim et al., 2015; Kalayu, 2019; Vacheron et al., 

2013). Interestingly, some siderophore-producing bacteria produce siderophores that are 

able to bind heavy metals that are similar in nature to Fe, resulting in induction of metal 

resistance (Rajkumar et al., 2010; Złoch et al., 2016). For example, Streptomyces tenae 

F4 produces a siderophore complex consisting of desferrioxamine B, desferrioxamine 
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E, and coelomelin that binds cadmium ions, thereby reducing its toxicity and improving 

phytoremediation (Dimkpa et al., 2009). 

 

 

Figure 3: Main effects of plant associative microorganisms (PAMs) on plant growth, 

development, and responses to abiotic and biotic stressors.  The direct effect of PAMs 

on plants are represented in blue boxes while the response to these effects is represented 

in green boxes. The schematic representation was adapted from (Sati et al., 2022) 

(https://doi.org/10.1007/s42729-021-00724-5). EPS – exopolysaccharides; VOCs – 

volatile organic compounds; ACC deaminase - 1-aminocyclopropane-1-

carboxylate deaminase; N2 – nitrogen; P- phosphorus. Created with biorender.com 

 

Some PGPR produce, for example, indole-3-acetic acid (IAA, an auxin), thus 

modifying the architecture of the root system by increasing its branching and the 

formation of root absorbent hairs. Several strains of PGPR possess the enzyme 1 

aminocyclopropane-1-carboxylate deaminase (ACC deaminase), which limits ethylene 

production in plants by cleaving its precursor molecule (1-aminocyclopropane-1-

carboxylic acid, ACC) into ammonia and alpha keto butyrate (Krishnamoorthy et al., 
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2022). This allows a reduction in the concentration of endogenous ethylene in the plant, 

with a positive effect on plant growth and stress alleviation (Hardoim et al., 2015; 

Vacheron et al., 2013).  

In addition, many PGPRs are capable of forming biofilms by secreting 

exopolysaccharides (EPS), which serve as a buffer between bacteria and environmental 

fluctuations in moisture and temperature. The EPS produced in the rhizosphere form a 

sheath around the roots that help to retain water in the soil and create favorable 

conditions for plant-bacteria interactions (Dar et al., 2021). In addition, some PGPR are 

capable of producing volatile organic compounds (VOCs) that have a stimulating effect 

on plant growth (Ryu et al., 2003). All cited mechanisms are summarized in Figure 3 

and Table 3. 

Considering the beneficial effects of PAMs to plants, the efforts of scientists 

have been directed to the study of the practical application of certain strains in 

agriculture, aiming to increase crop yield. In the last two decades, 1,731 biofertilizer-

related patents have been registered, which confirms the high interest in the use of green 

fertilizers and growth stimulants (Fatimi, 2022). This has led to the development of 

commercial bacterial formulations that have been tested in controlled conditions and 

shown positive effects on plant physiology in the field (Mofokeng et al., 2021). For 

example, the application of EM Bokashi 2-fi and EM-5 Sutociu (which are composed of 

beneficial bacteria and fungi) has a biostimulant and biocontrol effect in common bean 

plants (Phaseolus vulgaris L.) (Mofokeng et al., 2021; Roberti et al., 2015). In the same 

way, Compete Plus (composed of Bacillus spp., Streptomyces griseoviridis and 

Trichoderma harzianum) increased the yield and reduced disease by 20–23% and 20–

32%, respectively in barley culture (Larkin, 2008). Another example of a successfully 

commercialized biostimulant is Soil-Life™ which, thanks to its rich and varied 

composition of Lactobacillus, Actinomycetes, yeast, and fungal strains, improves soil 

quality and crop growth, yield, and quality (Mofokeng et al., 2021).  

Furthermore, inoculation with PGPR has been demonstrated to induce drought 

resistance in neotropical tree seedlings, thus emerging as a biotechnology to be used for 

tree seedling production (Tiepo et al., 2020, 2018). Thus, PGPR inoculation may 

provide an alternative to improve the resistance of these plants to abiotic stresses and 

increase the success of reforestation programs.  

Despite the high potential of biofertilizers, they are still subject to the influence 

of external factors and require a special approach for storage and conservation to 
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prevent their destabilization. Careful selection of strain-specific carriers is needed in the 

preparation of commercial formulations to avoid loss of effectiveness. Nowadays a 

wide variety of carrier materials are available: natural (peat, lignite, coal, clay), 

synthetic (polyacrylamide), organic (charcoal, biochar, composts), or biopolymers 

(starch, sodium alginate) (Fasusi et al., 2021; Le Corre et al., 2010; Moradi Pour et al., 

2022). Recent advances in biotechnology and nanoscience highlight the possibility of 

using microparticles as bacterial carriers, which can be applied to biofertilizers (Kumar 

et al., 2022). It has also been shown that nanomaterials are able to increase the 

biofertilizer potential of PGPR, as well as maintain bacterial viability (Safari et al., 

2020). 

 

Table 3. Role of PGPR in alleviating abiotic stress in different plant species.  

Bacterial species/ Strain Exerted mechanisms Plant species Reference 

Agrobacterium radiobacter 

D14 
Heavy metal uptake 

Poplar (Populus 

deltoides Marshall) 
(Wang et al., 2011) 

Agrobacterium rubi A-18 
N2 fixation, IAA, cytokinin 

and gibberellin production 

Apple (Malus domestica 

Borkh.) 

 (Karakurt and Aslantas, 

2010) 

Azomonas sp.  

Increased protein, proline, 

starch and water contents; 

improved photosynthesis 

and growth; decreased 

oxidative stress; drought 

resistance 

Trema micrantha (L.) Blume 

(neotropical tree) 
(Tiepo et al., 2018) 

    

Azospirillum brasilense  

Ab-V5 

Increased protein, proline, 

starch and water contents; 

improved photosynthesis 

and growth; decreased 

oxidative stress; drought 

resistance 

Trema micrantha (L.) Blume 

(neotropical tree) 
(Tiepo et al., 2018) 

Azospirillum brasilense  

Ab-V5 

Increased protein and starch 

contents; improved 

photosynthesis; decreased 

oxidative stress; drought 

resistance 

Cariniana estrellensis (Raddi) 

Kuntze (neotropical tree) 
(Tiepo et al., 2018) 

Azospirillum brasilense  

Ab-V5 

Induction of antioxidant 

response and drought 

resistance 

Cariniana estrellensis  (Raddi) 

Kuntze and Cecropia 

pachystachya Trécul 

(neotropical trees) 

(Tiepo et al., 2020) 
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Bacillus subtilis BRU16-Sr Siderophore production Alfalfa (Medicago sativa L.) 
 (Tamariz-Angeles et al., 

2021)  

Bacillus subtilis JS VOC production  
Necklace poplar (Populus 

deltoides Marshall) 
 (Jang et al., 2018) 

Bacillus cereus VBE23 

EPS and ACC deaminase 

production; phosphate and 

zinc solubilization 

Maize (Zea mays L.) (Galeano et al., 2021) 

Bacillus methylotrophicus 

PM19 

EPS, IAA and ACC 

deaminase production; salt 

stress resistance 

Wheat (Triticum aestivum L.)  (Amna et al., 2019) 

Bacillus mycoides T8 Phytohormone production Cherry (Prunus cerasus L.)  (Arikan and Pirlak, 2016) 

Bacillus safensis FN13 
EPS and IAA production; 

heavy metal uptake 

Field mustard (Brassica 

campestris L.) 
(Nazli et al., 2020) 

    

Bacillus sp. ZK 

Induction of antioxidant 

response and drought 

resistance 

Cariniana estrellensis (Raddi) 

Kuntze and Cecropia 

pachystachya Trécul 

(neotropical trees) 

(Tiepo et al., 2020) 

Bacillus subtilis OSU-142 

N2 fixation; IAA and 

cytokinin production; 

phosphate solubilization 

Apple (Malus domestica 

Borkh.) 
 (Karlidag et al., 2007) 

Bacillus velezensis D3 
EPS and ACC deaminase 

production 
Maize (Zea mays L.)  (Nadeem et al., 2021) 

Bacillus subtilis Rhiso SF48 ACC deaminase production 
Sunflower (Helianthus 

annuus L.) 

(Brijesh Singh et al., 

2019) 

Burkholderia 

multivorans WS-FJ9 
Phosphate solubilization 

Poplar (Populus euramericana 

Guinier) 
(Li et al., 2013) 

Ensifer meliloti Rm1021 EPS production  Alfalfa (Medicago sativa L.) (Primo et al., 2020) 

Enterobacter turicensis 

RCT5 

EPS production; phosphate 

and potassium solubilization 

Tomato (Lycopersicon 

esculentum Mill.) 
(Aeron et al., 2021) 

Erwinia gerundensis A4 Nutrient acquisition  
Almond (Prunus dulcis (Mill.) 

D.A.Webb) 

(Saldierna Guzmán et al., 

2021) 

Glutamicibacter sp. YD01  

ACC deaminase, IAA 

production, salt stress 

resistance 

Rice (Oryza sativa L.)  (Ji et al., 2020) 

Herbaspirillum sp. YDSY8 ACC deaminase production  
Chinese peony (Paeonia 

lactiflora Pall.) 
 (Yuan et al., 2022) 

Microbacterium 
Heavy metal uptake Rapeseed (Brassica napus L.)  (Ren et al., 2019) 
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oxydans JYC17 

Planomicrobium chinense 

P1 

Phytohormone and HCN 

production 
Wheat (Triticum aestivum L.) (Khan and Bano, 2019) 

Pseudomonas 

frederiksbergensis JW-SD2 
Phosphate solubilization 

Poplar (Populus euramericana 

Guinier) 
 (Zeng et al., 2016)  

Pseudomonas oryzihabitans 

AXSa06 

ACC deaminase, IAA and 

siderophore production; 

phosphate solubilization 

Tomato (Solanum 

lycopersicum L.) 
 (Mellidou et al., 2021) 

Pseudomonas polymyxa FB-

50 

EPS production, salt stress 

resistance 
Acacia abyssinica Benth.  (Getahun et al., 2020) 

Pseudomonas putida RA 
Modulation of stress-related 

plant miRNA  
Chickpea (Cicer arietinum L.)  (Jatan et al., 2019) 

Pseudomonas putida W619-

TCE 
TCE degradation 

Poplar cuttings [Populus 

deltoides x (trichocarpa x 

deltoides) cv. Grimminge]  

(Weyens et al., 2010) 

Pseudomonas sp. SP3 Siderophore production 
Siberian crab apple (Malus 

baccata (L.) Borkh.) 
 (Gao et al., 2022) 

Rhizobium alamii GBV030 EPS production  Rapeseed (Brassica napus L.)  (Tulumello et al., 2021) 

Rhizobium 

favelukesii LPU83 
EPS production  Alfalfa (Medicago sativa L.)  (Castellani et al., 2021) 

Rhizobium phaseoli Mn-6 EPS production  Maize (Zea mays L.)  (Dar et al., 2021) 

Rhodococcus 

qingshengii RL1 

N2 fixation, phytohormone 

production  
Rucola (Eruca sativa L.)  (Kuhl et al., 2021) 

Streptomyces sp. SIIB-Zn-

R8 

Siderophore production, 

heavy metal uptake  

Black alder (Alnus 

glutinosa L.)  
(Złoch et al., 2016) 

Abbreviations: ACC: 1-aminocyclopropane-1-carboxylate; EPS: exopolysaccharides; 

IAA: indole-3-acetic acid; HCN: hydrogen cyanide; TCE: trichloroethylene; VOCs: 

volatile organic compounds 

 

 

4. Encapsulation strategy 

As mentioned above, both PGRs and PAMs are susceptible to premature 

degradation/loss of viability when applied to the plants, which has encouraged the 

development of several types of formulations, including those using the encapsulation 

strategy. Encapsulation indicates the entrapment of molecules or microorganisms by 

chemical, mechanical, or physical methods using different types of matrices (wall 

material), resulting in particles with a wide range of sizes, which is dependent on the 
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technique used. Different wall materials that can be used to produce particles, such as 

natural and synthetic polymers, waxes, gums, fats, and carbohydrates (Rojas-Sánchez et 

al., 2022; Saberi Riseh et al., 2021).  

It is important to evaluate the type of matrix material that will be used for the 

encapsulation and the methodological process, aiming at sustainable agriculture and 

forest restoration practices. Currently, there is a trend to choose methods that apply 

green processes (such as the use of biodegradable materials, biosurfactants, and low-

energy consuming production processes, and the avoidance of hazardous materials), 

which are essential for products aiming at biostimulant effects (Jiménez-Arias et al., 

2020). Biopolymers (e.g., alginate, chitosan, cellulose, zein) have been used for nano- 

and microencapsulation processes due to characteristics such as biodegradability, 

biocompatibility, low toxicity, and promotion of circular economy. These biopolymers 

have many functional groups that can promote the nanoencapsulation of bioactive 

compounds (such as PGRs) or the microencapsulation of microorganisms, mainly by 

electrostatic interaction or the anti-solvent method. 

One of the most commonly used biopolymers is chitosan, which is a 

polysaccharide with many applications due to its chemical, physical, and biological 

properties. Its structure has primary and secondary hydroxyl groups and the presence of 

amine groups (Islam et al., 2017) that allow electrostatic interactions with other 

biopolymers or salts (e.g., alginate and tripolyphosphate), forming nanoparticles by 

ionotropic pre-gelation and ionic gelation (Korpayev et al., 2021; Valderrama N et al., 

2020). Many studies have reported that chitosan per se has plant growth promotion and 

stress resistance induction effects (de Melo et al., 2019; Rv et al., 2018)  

 

4.1. PGR nanoencapsulation 

 

Despite the great potential of PGR applications in agriculture and forest 

restoration, two main challenges need to be overcome: the short shelf-life of these 

compounds and their low stability in the field, which compromise their biological 

activity (Jiménez-Arias et al., 2020). A good example is abscisic acid (ABA), which has 

a half-life of 24 min under sunlight; thus, the use of high doses of this PGR together 

with an anti-photolysis agent is required to improve its activity in the field (Yin et al., 

2020a). To face these challenges, the nanoencapsulation of PGRs appears as an 

effective strategy to offer protection (during storage and after application) against 

premature degradation by processes such as hydrolysis and photolysis, improving the 
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shelf-life of PGR formulations and their biological activity under realistic conditions 

(Falsini et al., 2019a; Jiménez-Arias et al., 2020; Pascoli et al., 2018; Yin et al., 2020a). 

Moreover, nanoencapsulation promotes sustained release of the bioactive molecules 

over time, prolonging their action in plants, in addition to allowing targeted delivery of 

PGRs to plants of interest, with enhanced uptake and/or translocation of the molecules 

in the plants (Figure 4). Although in the last decade there has been an increase in the 

number of studies reporting the nanoencapsulation of PGRs (Table 4), the use of these 

systems for plant protection against stress conditions is still little explored, especially if 

compared to application of metallic nanoparticles. 

 

Figure 4: Nanoencapsulation as a strategy to improve the physicochemical 

stability and biological activity of PGRs. Created with BioRender.com 

Chitosan/tripolyphosphate (TPP) nanoparticles are the most commonly used 

system for the encapsulation of hydrophilic PGRs, such as gibberellic acid, indole-3-

butyric acid, indole-3-acetic acid, salicylic acid, and S-nitrosothiols (Table 4). The 

formation of nanoparticles results from the interaction of the protonated chitosan amino 

group with TPP anion (Korpayev et al., 2021; Anderson Espirito Santo Pereira et al., 

2017; Valderrama N et al., 2020). Another methodology used for the formation of 

chitosan nanoparticles is the ionotropic pre-gelation: there is a pre-gelation process with 

a cation (e.g., Ca
2+

) that interacts with carboxylic groups forming an egg-box structure. 
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For example, the biopolymers alginate or polyglutamic can be used to interact with 

chitosan amine groups by electrostatic interaction, resulting in micro/nanoparticles 

(Pereira et al., 2017). These methodologies follow the precepts of green chemistry, 

since no solvents or surfactants are used for nanoparticle stabilization. Moreover, 

biopolymers are biodegradable, biocompatible, and may induce synergetic effects with 

PGRs on plants (Malerba and Cerana, 2019; Rv et al., 2018).  

In a field study, Pereira et al. (2019) showed that seed priming with chitosan 

nanoparticles improved tomato plant development and yield. It is noteworthy that 

gibberellic acid-loaded chitosan/TPP and alginate/chitosan nanoparticles increased 

tomato production by around 4-fold, to a higher extent than the non-encapsulated PGR. 

However, this system has not yet been tested for induction of plant stress resistance ( 

Pereira et al., 2019). 

In contrast, various reports have demonstrated that the encapsulation of S-

nitrosothiols into chitosan/TPP nanoparticles potentiates the protective effect of nitric 

oxide (NO) in plants submitted to different types of abiotic stresses (Table 4). Despite 

the well-known involvement of NO as a signaling molecule in the induction of stress 

responses, the application of NO donors (as S-nitrosothiols) has been hampered by the 

relative instability of these molecules (Seabra et al., 2014). Nanoencapsulation has 

recently been demonstrated to be an efficient strategy to increase the half-life of S-

nitrosothiols and promote more sustained NO release, enhancing the protective effects 

of NO on stressed plants (Table 4). Studies carried out with crop and tree species 

highlighted the potential applications of NO-releasing chitosan nanoparticles for 

increasing agricultural production and tree seedling survival in a scenario of climate 

change (Seabra et al., 2022).  

Another trend for the development of nanocarriers is the use of lignin. This 

biopolymer has different characteristics according to the extraction method, yielding 

more hydrophobicity or hydrophilicity. The physico-chemical characteristics of lignin 

may also result in UV protection, and antioxidant and antimicrobial activities (Chauhan, 

2020; Pereira et al., 2022). 

Falsini et al. (2019) used the solvent/co-solvent methodology for the 

encapsulation of gibberellic acid into lignin nanoparticles. In this process, an organic 

solvent (acetone) and a high energy input (sonication) are required for the nanoparticle 

formation (Falsini et al., 2019b). The nanoparticles were absorbed by rocket and tomato 

seeds, increasing the germination and root development. Yin et al. (2020) developed 
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lignin nanoparticles for the encapsulation of ABA by the electrostatic adsorption 

method. This system protected the PGR against photolysis and was more efficient than 

the free ABA in inducing drought resistance in rice and Arabidopsis plants (Yin et al., 

2020b).     

Another strategy is the development of stimuli-responsive nanoparticles.  

Mesoporous silica nanoparticles have been developed as carrier systems for ABA and 

salicylic acid (Sun et al., 2018; Yi et al., 2015). This system involved many process 

steps for functionalization of the nanoparticle surface with decanethiol groups, that 

work as a gate for the PGR release in the presence of glutathione. Stressed plants 

usually have overproduction of glutathione, triggering the release of the PGRs involved 

in the induction of stress resistance (Sun et al., 2018; Yi et al., 2015).  

In the study performed by Sun et al. (2018), the ability of ABA-loaded silica 

nanoparticles to aid drought resistance and reduction in water loss was evaluated in 

Arabidopsis thaliana plants. After 14 days of drought stress, plants treated with 

nanoencapsulated ABA showed better resistance to water deficit, and an increased 

number of flowering seedlings and seedling greening rates when compared to plants 

treated with non-encapsulated ABA. In addition, prolonged expression of the ABA 

inducible marker gene AtGALK2 was observed when plants were treated with 

nanoencapsulated ABA (Sun et al., 2018).  

Kumaraswamy et al. (2019) functionalized/coated chitosan nanoparticles with 

salicylic acid. The results demonstrated that the nanoparticles improved plant resistance 

to abiotic stress and showed antifungal activity against Fusarium verticillioides¸ that 

causes a disease responsible for 40-100% of yield loss in maize.  Moreover, the 

nanoformulation improved the germination and production of maize plants  and 

increased the antioxidant activity and induced lignin deposition, avoiding further 

infection by microorganisms (Kumaraswamy et al., 2019).  

Recently, the priming technology has been considered as a promising strategy to 

increase plant resistance to abiotic and biotic stress. In addition, application of 

nanocarriers as a smart delivery system could increase the efficiency of the priming 

agent and reduce overall chemical usage (Ioannou et al., 2020; Wang et al., 2016). For 

instance, Gohari et al. (2022) reported that seedling priming treatment with melatonin-

coated chitosan nanoparticles on spearmint (Mentha spicata L.) under salinity stress not 

only increased the plant defense system against salinity stress (by increasing proline 

content, enzymatic antioxidant activities, and essential oil content) but also decreased 
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the effective concentration of melatonin compared to solo melatonin treatment (Gohari 

et al., 2022).  

 

 

Table 4: Nanoencapsulated plant growth regulators (PGRs) and their biological effects 

in plants. 

Type of nanoparticle PGR Methodology Biological effects Reference 

Chitosan/ tripolyphosphate and 

chitosan/alginate 
Gibberellic acid  

Ionotropic 

pre-gelation 

and ionic 

gelation 

method 

(+) Seedling 

development, leaf 

area and 

photosynthetic 

pigments in common 

bean seedlings 

(Phaseolus vulgaris 

L.)  

(Pereira et al., 

2017) 

Chitosan/polyglutamic Gibberellic acid 
Ionotropic 

pre-gelation 

(+) Development and 

vigor of common 

bean seedlings 

(Phaseolus vulgaris 

L.)  

(Pereira et al., 

2017) 

Chitosan/ tripolyphosphate and 

chitosan/alginate 
Gibberellic acid 

Ionotropic 

pre-gelation 

and ionic 

gelation 

method 

(+) Plant 

development, yield 

and fruit weight in 

tomato plants 

(Solanum 

lycopersicum L.)  

(Pereira et al., 

2019) 

Alginate/chitosan 
Indole-3-acetic 

acid 

Ionotropic 

pre-gelation 

(+) Growth and 

chlorophyll content 

of tomato plants 

(Solanum 

lycopersicum L.) 

(Andrade Ayala et 

al., 2020) 

Chitosan/tripolyphosphate Salicylic acid 
Ionic 

gelation  

(+) Protection 

against fungal 

infection, antioxidant 

enzyme activity and 

yield of maize plants 

(Zea mays L.) 

(Kumaraswamy et 

al., 2019) 

Chitosan/tripolyphosphate 

S-nitroso-

mercaptosuccinic 

acid (NO donor) 

Ionic 

gelation 

(+) Protection of 

maize plants (Zea 

mays L.) against salt 

stress 

(Oliveira et al., 

2016) 

Chitosan/tripolyphosphate S-nitroso-

mercaptosuccinic 

Ionic 

gelation 

(+) Growth of 

Heliocarpus 

popayanensis Kunth 

(Lopes-Oliveira et 

al., 2019) 
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acid (NO donor) seedlings under full 

sun 

Chitosan/tripolyphosphate 

S-

nitrosoglutathione 

(NO donor) 

Ionic 

gelation 

(+) Protection of 

sugarcane plants 

(Saccharum spp.) 

against water deficit 

(Silveira et al., 

2019) 

Chitosan/tripolyphosphate 

S-nitroso-

mercaptosuccinic 

acid (NO donor) 

Ionic 

gelation 

(+) Protection of 

Heliocarpus 

popayanensis Kunth 

seedlings against 

water deficit 

(do Carmo et al., 

2021) 

Chitosan/tripolyphosphate 

S-

nitrosoglutathione, 

S-nitroso-N-

acetylcysteine, S-

nitroso-

mercaptosuccinic 

acid (NO donors) 

Ionic 

gelation 
(+) Recovery of 

sugarcane plants 

(Saccharum spp.) 

after water deficit 

(Silveira et al., 

2021) 

Chitosan/tripolyphosphate 

S-nitroso-

mercaptosuccinic 

acid (NO donor) 

Ionic 

gelation 

(+) Protection of 

soybean plants 

(Glycine max (L.) 

Merr.) against high 

copper levels in the 

soil 

(Gomes et al., 

2022) 

Chitosan/tripolyphosphate Methyl jasmonate 
Ionic 

gelation 

(+) Elicitation of 

phenolics and 

flavonoids in rice 

(Oryza sativa L.) cell 

cultures 

(Arya et al., 2022) 

Chitosan and silver 

Indole-3-acetic 

acid andindole-3-

butyric acid  

Ionic 

gelation and 

reduction 

method 

(+) Root 

development of 

apple microcuttings 

(Malus domestica 

Borkh.)  

(Korpayev et al., 

2021) 

Mesoporous silica 

nanoparticles/chitosan 
Melatonin 

Ionic 

gelation  

(+) Photosynthetic 

efficiency and 

antioxidant enzyme 

activities; 

(-) Cadmium 

concentration in rice 

leaves (Oryza sativa 

L.) 

(Chen et al., 2022) 

Zinc 

Indole-3-acetic 

acid and 

indole-3-butyric 

Surface 

coating 

(hydrogen 

(+) Root 

development of pear 

microcuttings (Pyrus 

elaeagrifolia Pall 

(Karakeçili et al., 

2019) 
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acid bonding) and Pyrus communis 

L.) 

Zinc 

Indole-3-acetic 

acid and 

indole-3-butyric 

acid 

Surface 

coating 

(hydrogen 

bonding) 

(+) Root 

development in apple 

micro cuttings 

(Malus domestica 

Borkh.) 

(Alizadeh and 

Dumanoğlu, 2022) 

Silica nanoparticles Abscisic acid 
Not 

mentioned 

(+) Protection of 

Arabidopsis thaliana 

(L.) Heynh. against 

drought stress 

(Sun et al., 2018) 

Silica nanoparticles Salicylic acid 
Not 

mentioned 

(+) Expression of 

defense genes in 

Arabidopsis thaliana 

(L.) Heynh. 

(Yi et al., 2015) 

Lignin Gibberellic acid 

Solvent/co-

solvent 

method 

(+) Development and 

biomass of rucola 

(Eruca vesicaria (L.) 

Cav.) and tomato 

(Solanum 

lycopersicum L.) 

seedlings 

(Falsini et al., 

2019a) 

Alkali 

lignin/cetyltrimethylammonium 

bromide 

Abscisic acid 
Electrostatic 

adsorption 

(+) Protection of 

Arabidopsis thaliana 

(L.) Heynh. plants 

against water deficit 

(-) Germination of 

rice (Oryza sativa L.) 

and Arabidopsis 

thaliana (L.) Heynh. 

seeds 

(Yin et al., 2020a) 

Chitosan/tripolyphosphate Melatonin 
Ionic 

gelation 

(+) 

Morphophysiological 

attributes and 

secondary metabolite 

content in spearmint 

(Mentha spicata L.) 

under salinity stress 

(Gohari et al., 

2022) 

 

 As demonstrated in the table 5, some inorganic nanoparticles, such as zinc and 

silica, have been used to delivery PGR to plants. These nanoparticles offer significant 

advantages over organic nanoparticles, like smaller size, higher stability, controlled 

tunability, higher uptake, trigger release, optical properties and easer trackability in the 

environment (Poon and Patel, 2020).  However, some limitations are also associated 
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with the utilization of these kind of materials. For example, most inorganic systems 

have a lower loading capacity when compared to organic nanoparticles. From an 

environmental point of view, it is still unknown how fast these systems are degraded in 

the environment, which can lead to environmental damage if used on a large scale 

(Bundschuh et al., 2018). Furthermore, little is known about the biomagnification and 

accumulation of these materials in plant tissues and the possible exposure of humans 

and non-target organisms to these nanomaterials via trophic transfer (Lead et al., 2018).  

 

4.2. PAM microencapsulation  

As discussed in this review, PAMs can be very efficient to improve plant health 

and growth under normal and/or stressed conditions, with minimal environmental 

damage. In recent decades, PAMs have been widely studied in the agricultural sector 

and some commercial formulations have been launched on the market. However, this 

approach may not promote the expected benefits in the agricultural sector, since crop 

productivity is highly influenced by the properties of the inoculated PAM. PAM 

efficacy can be affected by its own survival in the soil, environmental factors (such as 

temperature, pH, light, and moisture), the interactions established between the 

inoculated PAM and the indigenous soil microbiota, and the effectiveness of the 

establishment of the plant-PAM interaction (Campos et al., 2014; Rossi et al., 2021; 

Saberi Riseh et al., 2022; Saberi-Riseh et al., 2021). In addition, the involved 

mechanisms of action are very broad when evaluating the PAM diversity, specificity of 

each strain, and interaction with the host organism (Poudel et al., 2021). Taken together, 

these drawbacks hinder the widely and efficient application of PAMs in the agricultural 

and forest restoration sectors.  

In this way, strategies are required that are able to decrease the fast decline of 

the microorganism population by increasing the microorganism survival in both storage 

conditions and after the inoculation process. An approach that has proven to be efficient 

in overcoming the challenges for more efficient application of PAMs in agriculture is 

microencapsulation (Figure 5) (Strobel et al., 2018). In addition to preserving the 

viability of microbial cells during the storage period, microencapsulation can improve 

the survival of PAMs in the soil and provide sustained release of the cells, thus 

achieving long-term effects (Table 5). 
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Figure 5: Advantages of microencapsulation of PAMs for agricultural 

application. Through encapsulation it is possible to increase the shelf-life, improve the 

field viability, and improve the biological activity and resistance to abiotic stress due to 

better plant colonization.  

There are currently liquid (cell suspensions in water, oils, or emulsions) and 

powder (wettable powders, dust, and granules) formulations of PAMs (Saberi-Riseh et 

al., 2021). However, these formulations must be optimized for storage and maintenance 

of microorganism viability in field conditions. In this case, microencapsulation results 

in the formation of a physical barrier, as a shield that protects PAMs against 

environmental factors that could reduce their viability during storage or in the field. The 

capsule wall can be developed with different matrices (gelatin, alginate, chitosan 

xanthan gum, gellan gun, among others) that vary in size and structure, defining the 

microorganism release profile, the wall degradation, and the formulation shelf-life, as 

well as the adherence to the seeds in the case of seed treatments (Bosnea et al., 2014; 

Saberi-Riseh and Moradi-Pour, 2021). Inorganic wall materials, especially metal-based 

ones are not good candidates for PAMs encapsulation, since these materials are 

recognized as antimicrobial agents. In addition, it was also demonstrated that metal 

oxide particles (micro/nanoparticles) of copper and zinc oxide were able to affect 

negatively the soil microbiota as well as accumulate in both monocotyledonous (Zea 

mays) and dicotyledonous (Crocus sativus) plants species (Kim et al., 2013).  It is 
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fundamental that the matrix used for microencapsulation is not toxic for the target 

microorganism, is prone to degradation by soil microbiome, and protects against abiotic 

and biotic factors that could reduce the viability of PAM cells, thus allowing more 

efficient colonization of the plant roots by the target PAM (Hii et al., 2021; Saberi Riseh 

et al., 2022) 

Different methodologies have been used for PAM encapsulation, such as spray-

drying, spray-chilling/cooling, lyophilization, fluidized bed, extrusion, emulsification, 

coacervation, and ionic, inverse, and thermal gelation (Saberi Riseh et al., 2022; 

Schoebitz and López Belchí, 2016; Vejan et al., 2019). Perez et al. (2018) prepared 

macrobeads for the encapsulation of Azospirillum brasilense Az39 and Pseudomonas 

fluorescens ZME4, singly or in combination (10
10

 CFU mL
-1

 for both microorganisms). 

The microorganism viability remained high over time, showing 10
9
 CFU g

-1
 for A. 

brasilense and 10
8
 CFU g

-1
 of P. fluorescens after 12 months (Perez et al., 2018). 

Spray-drying has been used for the microencapsulation of many microorganisms 

(Azaroual et al., 2021; Kawakita et al., 2021a; Saberi-Riseh and Moradi-Pour, 2021). In 

this case, it is necessary to evaluate the condition for drying (inlet and outlet 

temperature, flow, spray rate, and blow) in order to improve microorganism survival 

and powder yield (Azaroual et al., 2021; Kawakita et al., 2021a). Kawakita et al. (2021) 

evaluated two techniques for drying and encapsulating the bacterium Collimonas 

arenae Cal3 into alginate microcapsules, observing that spray-drying improved cell 

viability by 10-fold more than fluidized-bed spray coating (Kawakita et al., 2021a). In 

addition, Strobel et al. (2018) reported that encapsulating Methylobacterium 

radiotolerans by spray-drying using alginate as matrix resulted in no significant loss in 

cell viability after one year of storage. However, the effects of the developed 

formulation on plants were not tested (Kawakita et al., 2021b; Strobel et al., 2018).  

In contrast, Saberi-Riseh et al. (2021) used the spray-drying technique and 

gellan gun and chitosan as matrices for the encapsulation of Streptomyces fulvissimus 

Uts22, aiming at the promotion of plant development and biological control. After the 

spray-drying process, the microorganism showed high survival rates (keeping 10
10

 CFU 

g
-1

), that reduced but still maintained high levels after 60 days of storage (10
8
 CFU g

-1
). 

This bacterial strain produced several compounds (e.g., indole-3-acetic acid, 2,3-

butanediol, N-alkylate and benzylamines), that improved wheat development (Saberi 

Riseh et al., 2021). However, the authors did not test the potential use of this 

formulation for plant stress alleviation.  
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For liquid formulations, bioencapsulation by coacervation has been a trend, 

because of many advantages in comparison to other methodologies, such as the ease of 

the process, the use of biopolymers, low temperature, and no use of organic solvents 

(Silva et al., 2019). Coacervation involves the electrostatic reaction between polymers 

with opposite charge with their consequent neutralization, yielding the polymer rich-

phase named the coacervate complex (Bosnea et al., 2014; Yeo et al., 2005). This 

complex can improve the viability of the microorganisms in liquid medium (Qi et al., 

n.d.). Amiet-Charpentier et al. (1998) used this methodology to encapsulate 

rhizobacteria in gelatin-polyphosphate polymer, followed by a drying process using 

rotary agitator and silica. The authors reported that the microbial cell concentration 

decreased after the process from ∼5×10
9
 CFU g

-1
 oil suspension to ∼10

4
 CFU g

-1
 dry 

particles, suggesting that the microparticle wall worked as an oxygen barrier, 

responsible for the bacteria death (Amiet-Charpentier et al., 1998). 

 

Table 5: Impact of the microencapsulation of plant associative microorganisms (PAMs) 

on their viability. When tested, their biological effects on plants are also shown.  

Type of microparticle Microorganism Methodology Biological effects Reference 

Gellan gun and 

chitosan 

Streptomyces 

fulvissimus Uts22 
Spray-drying 

(+) PAM 

viability, 

biological control 

of 

Gaeumannomyces 

graminis, 

biomass 

accumulation of 

wheat plants  

(Hii et al., 2021) 

Alginate and 

maltodextrin 

N2-fixing bacteria 

(Alphaproteobacteria, 

Betaproteobacteria, 

Gammaproteobacteria, 

and Bacteroidetes) 

Spray-drying (+) PAM viability  
(Campos et al., 

2014) 

Alginate 
Collimonas arenae 

Cal3 

Spray-drying 

and  

fluidized-bed 

spray coating 

(+) PAM viability  
(Kawakita et al., 

2021b) 

Gellan gun and 

chitosan 

Streptomyces 

fulvissimus Uts22 
Spray-drying (+) PAM viability 

(Saberi-Riseh et 

al., 2021) 

Alginate 
Methylobacterium 

Spray-drying (+) PAM viability 
(Strobel et al., 
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radiotolerans 2018) 

Gelatin–

polyphosphate 

polymer 

Pseudomonas 

fluorescens-putida 
Coacervation (+) PAM viability 

(Amiet-

Charpentier et al., 

1998) 

Chitosan 

Azospirillum brasilense 

Az39 and Pseudomonas 

fluorescens ZME4 

Ionic gelation (+) PAM viability 
(Perez et al., 

2018) 

Alginate  Trichoderma harzianum Ionic gelation 

(+) Protection of 

the 

microorganism 

against ultraviolet 

radiation, soil 

microbiome 

(Maruyama et al., 

2020) 

Carboxymethyl 

cellulose and cellulose 

nanocrystals 

Trichoderma harzianum Coagulation (+) PAM viability 
(Brondi et al., 

2022) 

N-

hydroxysuccinimide -

modified poly(γ-

glutamic acid)  

Pseudomonas stutzeri 

NRCB010 

Coating by 

electrostatic 

interaction 

(+) PAM 

viability, 

protection against 

ultraviolet 

radiation, 

development of 

tomato plants 

(Solanum 

lycopersicum L.) 

(Yang et al., 

2021) 

 

As observed for PGR encapsulation, the evaluation of the effects of 

microencapsulated PAMs on plants grown under stress conditions has been little 

explored. Most published works have evaluated the impacts of encapsulation on the 

survival of the microorganism, seeking to increase its viability and survival during 

storage and use in the field (Table 5). In one of the few studies using plants submitted to 

abiotic stress, Wu et al. (2014) evaluated the ability of Klebsiella oxytoca Rs-5 

encapsulated in alginate microparticles to promote growth and the colonization of 

cotton plants grown in saline soil. After 28 days of inoculation, the root colonization 

with bacterial cells was 100-fold higher in plants treated with encapsulated bacteria 

when compared to non-encapsulated plants. Bacterial encapsulation did not improve 

seed germination when compared to non-encapsulated bacteria, but was more effective 

in the induction of physiological responses to salt stress, such as the accumulation of 

proline, soluble sugars, and chlorophyll a and the alleviation of oxidative stress  (Wu et 

al., 2014). Despite these positive results (Wu et al., 2014), further studies are still 
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needed to evaluate the potential of microencapsulated PAMs as a sustainable tool to 

mitigate the effects of abiotic stresses (Campos et al., 2022; do Espirito Santo Pereira et 

al., 2021; Manzoor et al., 2022).  

However, the association between nanoparticles and PGR and microparticles 

and PGPR are poorly studied and not well understood. In addition, it is well known that 

the intrinsic properties of the micro/nanoparticles, the type of material used, their 

concentration and mode of application in the plants, as well as the duration of stress are 

able to change the response to the stressor. It is also important to keep in mind that the 

plant characteristics, species, stage of development, and medium used also affect the 

biological response of the micro/nano-based solutions.  

The use of micro-nanoencapsulation for PGRs or microorganisms has great 

potential aimed at agricultural applications. This system may be developed by a green 

process, respecting and following many Sustainable Development Goals (SDGs), 

resulting in sustainable management for agriculture. Moreover, improving plant 

development and tolerance against biotic and abiotic stress, increases production and 

food safety. At the same time, the application of this system can reduce the amounts of 

pesticides and fertilizers applied in the field, protecting and softening the agricultural 

impact on the environment. 

In order to make the application of micro/nanotechnology in association with 

PGR and PGPR more comprehensive for the development of an agricultural system that 

is resilient to biotic and abiotic stresses, as well as environmentally sustainable, studies 

should focus on understanding the mechanisms of action of these materials, taking into 

consideration i) the different plant species (for agronomic or ecological applications), ii) 

the life-cycle and stage of development of the plant; iii) the type of material used in the 

encapsulation, iv) application method, v) concentration used, vi) type and duration of 

the stressing agent; and vii) studies in relevant environments (greenhouse) and the field. 

Furthermore, it is worth mentioning that, although not much studied, the 

combination of the two approaches presented in this review (PGR and PGPR) are 

promising strategies to be used together in mitigating the effects of climate change on 

plants. 

 

5. Conclusions and looking forward  

 

 As demonstrated in the present review, biostimulant formulations, represented 

here by PGRs and PAMs, have the potential to revolutionize agronomic and ecological 
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approaches, generating beneficial effects on plant resilience to biotic and abiotic 

stresses, survival, and productivity of different types of plants. Although the potential of 

biostimulants is well documented in the literature, and has grown exponentially in 

recent years, the validation and commercialization of biostimulant formulations are still 

at an early stage when compared to synthetic pesticide formulations. In addition, it is 

worth mentioning that the vast majority of published studies are focused on species of 

agricultural interest, while the contribution of PGRs and PAMs for non-fruit trees or 

reforestation has not yet been deeply studied. 

 There are substantial differences in stress management taking into account 

species of agronomic and ecological interest, such as: i) lifespan (agricultural plants 

have a shorter lifespan than tree species); ii) the concentration of the biostimulating 

agent necessary to have the necessary biological effect, which tends to be species-

specific; iii) CO2 storage efficiency, since trees have more wood, and this is where most 

of the carbon is absorbed in terms of plant mass; iv) expected biological response, plants 

of agricultural interest are expected to have increased production even under stress 

situations while plant seedlings of ecological interest are expected to survive stress even 

if it costs them a momentary stop in their growth). In addition, the exploration of local 

biodiversity, through the prospection of microorganisms that are able to survive under 

stress conditions, is a promising strategy for the acclimation of different types of plants 

to climate change. Furthermore, the use of microorganisms from local biodiversity 

reduces the risks to the environment.  

In this context, studies carried out to fate are limited to the analysis of the 

desired biological effect, while studies on how these biostimulants affect/regulate 

cellular metabolism are insufficient. In addition, many studies focus on only one 

specific plant species, which makes the dataset insufficient to assess the real potential of 

the studied agent to become a potential commercial formulation. Moreover, many of the 

studies carried out apply extremely severe stress conditions and for a relatively short 

period of time, which are feasible in controlled environments (laboratory and 

greenhouses) but rarely encountered in environmental conditions. 

 Regarding micro-nanoencapsulation technology, there is no doubt that this is an 

effective tool to overcome the challenges associated with biostimulant formulations. 

Different types of polymeric matrices have demonstrated positive effects both in the 

stabilization of biostimulants and a direct effect on different plants studied, which 

makes these materials promising components of biostimulant formulations. However, it 
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is known that micro and nanoparticulate systems can positively and/or negatively affect 

the metabolism of different types of microorganisms, and concerns about the adverse 

effects of these materials on the environment, ecosystem, food safety, and human health 

have arisen and should be addressed. 

 Future studies involving the complex interactions between plant-microorganism-

delivery systems and the ecosystem must be carefully evaluated, since different factors 

are involved and can affect this process, such as: i) the plant species and environmental 

interactions; ii) the presence or absence of stress; iii) the microorganism and/or PGR 

used; and iv) the physicochemical properties of the encapsulating agent. Taking these 

parameters into account, it will be possible to establish the effectiveness of the systems 

at the molecular level and, consequently, establish an optimal concentration to obtain 

the desired biological effect. In addition, it is important to emphasize that these studies 

must be conducted under field conditions in order to better understand and validate 

previous results obtained in controlled environments. 

 Last but not least, the academic community, regulatory bodies, and industries in 

the sector must join efforts in order to develop guidelines that ensure the development, 

application, and effective environmental tracking of these biostimulants based on micro-

nanotechnology, in order to allow their effective use, without becoming possible agents 

of contamination and/or environmental degradation. In addition, the development of 

education programs to raise awareness of the general population, as well as of the 

farmers who will apply the technology, are fundamental to reduce the uncertainties 

associated with the use of this technology. 

 As shown in this review, PGR nanoencapsulation and plant-associated 

microorganism PAM encapsulation are promising tools to promote different beneficial 

changes at the biochemical, morphological, physiological, and molecular levels in 

plants, and it is possible to assume that commonly used synthetic molecules in 

agriculture are currently not able to promote this broad spectrum of changes. In this 

way, the use of these biostimulants proved to be an alternative with great potential in 

mitigating abiotic stress in plants of agricultural interest, as well as native tree species 

used in reforestation programs. We can also conclude that the field of biostimulant 

formulations based on micro-nanotechnology is highly aligned with the United Nations 

Development Goals and could contribute to accelerating the achievement of these goals.  

 

 

Jo
ur

na
l P

re
-p

ro
of



 34 

Acknowledgements 

The authors are grateful to the São Paulo Research Foundation (FAPESP, grant 

#2017/21004-5), National Council for Scientific and Technological Development 

(CNPq, #311034/2020-9; 308439/2021-0) and Coordenação de Aperfeiçoamento de 

Pessoal de Nível Superior – Capes (Finance Code 001 and 88887.620205/2021-00) and 

Capes-COFECUB (88881.191767/2018-01). This research was funded through the 

2019-2020 BiodivERsA joint call for research proposals, under the BiodivClim ERA-

Net COFUND programme, and with the funding organisations Fundação Araucária de 

Apoio ao Desenvolvimento Científico e Tecnológico do Estado do Paraná, Fundação de 

Amparo à Pesquisa do Estado de São Paulo, Agence Nationale de la Recherche (France) 

and Federal Ministry of Education and Research (Germany). 

 

Ethics declaration  

The authors declare no conflict of interest. 

CRediT roles: EVRC – Conceptualization, editing & review; AESP – 

Conceptualization, writing and figure drawing; IA – Write original draft; GCC – Write 

original draft; GG - Write original draft; CS – Supervision and review; LFF – 

Supervision, review and editing; HCO – Conceptualization and review.  

 

References  

Aeron, A., Dubey  , R.C., Maheshwari, D.K., 2021. Next-generation 

biofertilizers and novel biostimulants: documentation and validation of mechanism of 

endophytic plant growth-promoting rhizobacteria in tomato. Arch. Microbiol. 203, 

3715–3726. https://doi.org/10.1007/s00203-021-02344-0 

Ahmad, A., Blasco, B., Martos, V., 2022. Combating Salinity Through Natural Plant 

Extracts Based Biostimulants: A Review. Front. Plant Sci. 13. 

ALIZADEH, S., DUMANOĞLU, H., 2022. The effects of zinc oxide nanoparticles 

loaded with IAA and IBA on in vitro rooting ofapple microcuttings. Turk. J. Agric. For. 

46, 306–317. https://doi.org/10.55730/1300-011X.3004 

Amiet-Charpentier, C., Benoit, J.P., Gadille, P., Richard, J., 1998. Preparation of 

rhizobacteria-containing polymer microparticles using a complex coacervation method. 

Colloids Surf. Physicochem. Eng. Asp. 144, 179–190. https://doi.org/10.1016/S0927-

7757(98)00511-1 

Amna, Ud Din, B., Sarfraz, S., Xia, Y., Kamran, M.A., Javed, M.T., Sultan, T., Hussain 

Munis, M.F., Chaudhary, H.J., 2019. Mechanistic elucidation of germination potential 

and growth of wheat inoculated with exopolysaccharide and ACC- deaminase 

producing Bacillus strains under induced salinity stress. Ecotoxicol. Environ. Saf. 183, 

109466. https://doi.org/10.1016/j.ecoenv.2019.109466 

Andrade Ayala, M. del C.N., Hernández Castillo, F.D., Laredo Alcala, E.I., Ledezma 

Pérez, A.S., Alvarado Canché, C.N., Romero García, J., Andrade Ayala, M. del C.N., 

Hernández Castillo, F.D., Laredo Alcala, E.I., Ledezma Pérez, A.S., Alvarado Canché, 

Jo
ur

na
l P

re
-p

ro
of



 35 

C.N., Romero García, J., 2020. Biological effect of nanoparticles loaded with microbial 

indoleacetic acid on tomato morphometric parameters. Rev. Mex. Cienc. Agríc. 11, 

507–517. https://doi.org/10.29312/remexca.v11i3.1919 

Ankati, S., Podile, A.R., 2019. Metabolites in the root exudates of groundnut change 

during interaction with plant growth promoting rhizobacteria in a strain-specific 

manner. J. Plant Physiol. 243, 153057. https://doi.org/10.1016/j.jplph.2019.153057 

Arikan, Ş., Pirlak, L., 2016. Effects of Plant Growth Promoting Rhizobacteria (PGPR) 

on Growth, Yield and Fruit Quality of Sour Cherry (Prunus cerasus L.). Erwerbs-

Obstbau 58, 221–226. https://doi.org/10.1007/s10341-016-0278-6 

Arnao, M.B., Hernández-Ruiz, J., 2019. Melatonin: A New Plant Hormone and/or a 

Plant Master Regulator? Trends Plant Sci. 24, 38–48. 

https://doi.org/10.1016/j.tplants.2018.10.010 

Arya, S.S., Rookes, J.E., Cahill, D.M., Lenka, S.K., 2022. Chitosan nanoparticles and 

their combination with methyl jasmonate for the elicitation of phenolics and flavonoids 

in plant cell suspension cultures. Int. J. Biol. Macromol. 214, 632–641. 

https://doi.org/10.1016/j.ijbiomac.2022.06.145 

Athanassiou, C.G., Kavallieratos, N.G., Benelli, G., Losic, D., Usha Rani, P., Desneux, 

N., 2018. Nanoparticles for pest control: current status and future perspectives. J. Pest 

Sci. 91, 1–15. https://doi.org/10.1007/s10340-017-0898-0 

Azaroual, S.E., El Mernissi, N., Zeroual, Y., Bouizgarne, B., Meftah Kadmiri, I., 2021. 

Effect of Bacillus spp. strains on wheat nutrient assimilation and bioformulation by new 

spray drying approach using natural phosphate powder. Dry. Technol. 0, 1–15. 

https://doi.org/10.1080/07373937.2021.1950170 

Banerjee, A., Roychoudhury, A., 2021. Roles of Hydrogen Sulfide in Regulating 

Temperature Stress Response in Plants, in: Aftab, T., Hakeem, K.R. (Eds.), Plant 

Growth Regulators. Springer International Publishing, Cham, pp. 207–215. 

https://doi.org/10.1007/978-3-030-61153-8_10 

Bartolucci, C., Scognamiglio, V., Antonacci, A., Fraceto, L.F., 2022. What makes 

nanotechnologies applied to agriculture green? Nano Today 43, 101389. 

https://doi.org/10.1016/j.nantod.2022.101389 

Bastida, F., Torres, I.F., Moreno, J.L., Baldrian, P., Ondoño, S., Ruiz-Navarro, A., 

Hernández, T., Richnow, H.H., Starke, R., García, C., Jehmlich, N., 2016. The active 

microbial diversity drives ecosystem multifunctionality and is physiologically related to 

carbon availability in Mediterranean semi-arid soils. Mol. Ecol. 25, 4660–4673. 

https://doi.org/10.1111/mec.13783 

Begum, N., Qin, C., Ahanger, M.A., Raza, S., Khan, M.I., Ashraf, M., Ahmed, N., 

Zhang, L., 2019. Role of Arbuscular Mycorrhizal Fungi in Plant Growth Regulation: 

Implications in Abiotic Stress Tolerance. Front. Plant Sci. 10. 

Bhandari, S., Nailwal, T.K., 2020. Role of brassinosteroids in mitigating abiotic stresses 

in plants. Biologia (Bratisl.) 75, 2203–2230. https://doi.org/10.2478/s11756-020-00587-

8 

Bhoi, A., Yadu, B., Chandra, J., Keshavkant, S., 2021. Contribution of strigolactone in 

plant physiology, hormonal interaction and abiotic stresses. Planta 254, 28. 

https://doi.org/10.1007/s00425-021-03678-1 

Blagodatskaya, E., Kuzyakov, Y., 2013. Active microorganisms in soil: Critical review 

of estimation criteria and approaches. Soil Biol. Biochem. 67, 192–211. 

https://doi.org/10.1016/j.soilbio.2013.08.024 

Bosnea, L.A., Moschakis, T., Biliaderis, C.G., 2014. Complex Coacervation as a Novel 

Microencapsulation Technique to Improve Viability of Probiotics Under Different 

Stresses. Food Bioprocess Technol. 7, 2767–2781. https://doi.org/10.1007/s11947-014-

Jo
ur

na
l P

re
-p

ro
of



 36 

1317-7 

Braga, R.M., Dourado, M.N., Araújo, W.L., 2016. Microbial interactions: ecology in a 

molecular perspective. Braz. J. Microbiol. 47, 86–98. 

https://doi.org/10.1016/j.bjm.2016.10.005 

Brijesh Singh, S., Gowtham, H.G., Murali, M., Hariprasad, P., Lakshmeesha, T.R., 

Narasimha Murthy, K., Amruthesh, K.N., Niranjana, S.R., 2019. Plant growth 

promoting ability of ACC deaminase producing rhizobacteria native to Sunflower 

(Helianthus annuus L.). Biocatal. Agric. Biotechnol. 18, 101089. 

https://doi.org/10.1016/j.bcab.2019.101089 

Brondi, M., Florencio, C., Mattoso, L., Ribeiro, C., Farinas, C., 2022. Encapsulation of 

Trichoderma harzianum with nanocellulose/carboxymethyl cellulose nanocomposite. 

Carbohydr. Polym. 295, 119876. https://doi.org/10.1016/j.carbpol.2022.119876 

Bryksová, M., Hybenová, A., Hernándiz, A.E., Novák, O., Pěnčík, A., Spíchal, L., De 

Diego, N., Doležal, K., 2020. Hormopriming to Mitigate Abiotic Stress Effects: A Case 

Study of N9-Substituted Cytokinin Derivatives With a Fluorinated Carbohydrate 

Moiety. Front. Plant Sci. 11, 599228. https://doi.org/10.3389/fpls.2020.599228 

Buis, A., 2019. The Atmosphere: Getting a Handle on Carbon Dioxide [WWW 

Document]. Clim. Change Vital Signs Planet. URL 

https://climate.nasa.gov/news/2915/the-atmosphere-getting-a-handle-on-carbon-dioxide 

(accessed 7.7.22). 

Bundschuh, M., Filser, J., Lüderwald, S., McKee, M.S., Metreveli, G., Schaumann, 

G.E., Schulz, R., Wagner, S., 2018. Nanoparticles in the environment: where do we 

come from, where do we go to? Environ. Sci. Eur. 30, 6. 

https://doi.org/10.1186/s12302-018-0132-6 

Burgess, A.J., Correa Cano, M.E., Parkes, B., 2022. The deployment of intercropping 

and agroforestry as adaptation to climate change. Crop Environ. 1, 145–160. 

https://doi.org/10.1016/j.crope.2022.05.001 

Burr, T.J., 1978. Increased Potato Yields by Treatment of Seedpieces with Specific 

Strains of Pseudomonas fluorescens and P. putida. Phytopathology 68, 1377. 

https://doi.org/10.1094/Phyto-68-1377 

Campos, D.C., Acevedo, F., Morales, E., Aravena, J., Amiard, V., Jorquera, M.A., 

Inostroza, N.G., Rubilar, M., 2014. Microencapsulation by spray drying of nitrogen-

fixing bacteria associated with lupin nodules. World J. Microbiol. Biotechnol. 30, 

2371–2378. https://doi.org/10.1007/s11274-014-1662-8 

Campos, E.V.R., do Espirito Santo  Pereira, A., de Oliveira, J.L., Villarreal, G.P.U., 

Fraceto, L.F., 2022. Nature-Based Nanocarrier System: An Eco-friendly Alternative for 

Improving Crop Resilience to Climate Changes. Anthr. Sci. 

https://doi.org/10.1007/s44177-022-00029-x 

Castellani, L.G., Luchetti, A., Nilsson, J.F., Pérez-Giménez, J., Wegener, C., Schlüter, 

A., Pühler, A., Lagares, A., Brom, S., Pistorio, M., Niehaus, K., Torres Tejerizo, G.A., 

2021. Exopolysaccharide Characterization of Rhizobium favelukesii LPU83 and Its 

Role in the Symbiosis With Alfalfa. Front. Plant Sci. 12. 

Charrier, G., Martin-StPaul, N., Damesin, C., Delpierre, N., Hänninen, H., Torres-Ruiz, 

J.M., Davi, H., 2021. Interaction of drought and frost in tree ecophysiology: rethinking 

the timing of risks. Ann. For. Sci. 78, 40. https://doi.org/10.1007/s13595-021-01052-5 

Chauhan, P.S., 2020. Lignin nanoparticles: Eco-friendly and versatile tool for new era. 

Bioresour. Technol. Rep. 9, 100374. https://doi.org/10.1016/j.biteb.2019.100374 

Chen, D., Shao, Q., Yin, L., Younis, A., Zheng, B., 2019. Polyamine Function in Plants: 

Metabolism, Regulation on Development, and Roles in Abiotic Stress Responses. Front. 

Plant Sci. 9, 1945. https://doi.org/10.3389/fpls.2018.01945 

Jo
ur

na
l P

re
-p

ro
of



 37 

Chen, J., Qin, H., Zhang, B., Mao, W., Lou, L., Shen, C., Mao, J., Lin, Q., 2022. 

Development of melatonin nano-delivery systems to reduce cadmium accumulation in 

rice (Oryza sativa L.) seedlings: Insights from photosynthetic efficiency, antioxidative 

response and gene expression. Environ. Exp. Bot. 196, 104822. 

https://doi.org/10.1016/j.envexpbot.2022.104822 

Chiabai, A., Quiroga, S., Martinez-Juarez, P., Higgins, S., Taylor, T., 2018. The nexus 

between climate change, ecosystem services and human health: Towards a conceptual 

framework. Sci. Total Environ. 635, 1191–1204. 

https://doi.org/10.1016/j.scitotenv.2018.03.323 

Climate ADAPT, 2019. Afforestation and reforestation as adaptation opportunity — 

Climate-ADAPT [WWW Document]. URL https://climate-

adapt.eea.europa.eu/metadata/adaptation-options/afforestation-and-reforestation-as-

adaptation-opportunity (accessed 7.19.22). 

Daisley, B.A., Chernyshova, A.M., Thompson, G.J., Allen-Vercoe, E., 2022. 

Deteriorating microbiomes in agriculture - the unintended effects of pesticides on 

microbial life. Microbiome Res. Rep. https://doi.org/10.20517/mrr.2021.08 

Damalas, C.A., Koutroubas, S.D., 2022. Exogenous application of salicylic acid for 

regulation of sunflower growth under abiotic stress: a systematic review. Biologia 

(Bratisl.) 77, 1685–1697. https://doi.org/10.1007/s11756-022-01020-y 

Dar, A., Zahir, Z.A., Iqbal, M., Mehmood, A., Javed, A., Hussain, A., Bushra, Ahmad, 

M., 2021. Efficacy of rhizobacterial exopolysaccharides in improving plant growth, 

physiology, and soil properties. Environ. Monit. Assess. 193, 515. 

https://doi.org/10.1007/s10661-021-09286-6 

de Melo, A.P.Z., da Rosa, C.G., Sganzerla, W.G., Nunes, M.R., Noronha, C.M., Brisola 

Maciel, M.V. de O., Villetti, M.A., Bertoldi, F.C., Barreto, P.L.M., 2019. Syntesis and 

characterization of zein nanoparticles loaded with essential oil of Ocimum gratissimum 

and Pimenta racemosa. Mater. Res. Express 6, 095084. https://doi.org/10.1088/2053-

1591/ab2fc1 

Dimkpa, C.O., Merten, D., Svatoš, A., Büchel, G., Kothe, E., 2009. Siderophores 

mediate reduced and increased uptake of cadmium by Streptomyces tendae F4 and 

sunflower ( Helianthus annuus ), respectively. J. Appl. Microbiol. 107, 1687–1696. 

https://doi.org/10.1111/j.1365-2672.2009.04355.x 

do Carmo, G.C., Iastrenski, L.F., Debiasi, T.V., da Silva, R.C., Gomes, D.G., Pelegrino, 

M.T., Bianchini, E., Stolf-Moreira, R., Pimenta, J.A., Seabra, A.B., Oliveira, H.C., 

2021. Nanoencapsulation improves the protective effects of a nitric oxide donor on 

drought-stressed Heliocarpus popayanensis seedlings. Ecotoxicol. Environ. Saf. 225, 

112713. https://doi.org/10.1016/j.ecoenv.2021.112713 

do Espirito Santo Pereira, A., Caixeta Oliveira, H., Fernandes Fraceto, L., Santaella, C., 

2021. Nanotechnology Potential in Seed Priming for Sustainable Agriculture. 

Nanomaterials 11, 267. https://doi.org/10.3390/nano11020267 

Dolui, D., Hasanuzzaman, M., Saha, I., Ghosh, A., Adak, M.K., 2022. Amelioration of 

sodium and arsenic toxicity in Salvinia natans L. with 2,4-D priming through 

physiological responses. Environ. Sci. Pollut. Res. 29, 9232–9247. 

https://doi.org/10.1007/s11356-021-16246-7 

Dong, C., Xu, N., Ding, C., Gu, H., Zhang, W., Li, X., 2016. Suitable gibberellic acid 

treatment for double-purpose rice (Oryza sativa L.) varieties at different harvest times. 

Field Crops Res. 193, 178–185. https://doi.org/10.1016/j.fcr.2016.04.038 

EL Sabagh, A., Islam, M.S., Hossain, A., Iqbal, M.A., Mubeen, M., Waleed, M., 

Reginato, M., Battaglia, M., Ahmed, S., Rehman, A., Arif, M., Athar, H.-U.-R., 

Ratnasekera, D., Danish, S., Raza, M.A., Rajendran, K., Mushtaq, M., Skalicky, M., 

Jo
ur

na
l P

re
-p

ro
of



 38 

Brestic, M., Soufan, W., Fahad, S., Pandey, S., Kamran, M., Datta, R., Abdelhamid, 

M.T., 2022. Phytohormones as Growth Regulators During Abiotic Stress Tolerance in 

Plants. Front. Agron. 4, 765068. https://doi.org/10.3389/fagro.2022.765068 

Espeland, E.K., Kettenring, K.M., 2018. Strategic plant choices can alleviate climate 

change impacts: A review. J. Environ. Manage. 222, 316–324. 

https://doi.org/10.1016/j.jenvman.2018.05.042 

Falsini, S., Clemente, I., Papini, A., Tani, C., Schiff, S., Salvatici, M.C., Petruccelli, R., 

Benelli, C., Giordano, C., Gonnelli, C., Ristori, S., 2019a. When Sustainable 

Nanochemistry Meets Agriculture: Lignin Nanocapsules for Bioactive Compound 

Delivery to Plantlets. ACS Sustain. Chem. Eng. 7, 19935–19942. 

https://doi.org/10.1021/acssuschemeng.9b05462 

Falsini, S., Clemente, I., Papini, A., Tani, C., Schiff, S., Salvatici, M.C., Petruccelli, R., 

Benelli, C., Giordano, C., Gonnelli, C., Ristori, S., 2019b. When Sustainable 

Nanochemistry Meets Agriculture: Lignin Nanocapsules for Bioactive Compound 

Delivery to Plantlets. ACS Sustain. Chem. Eng. 7, 19935–19942. 

https://doi.org/10.1021/acssuschemeng.9b05462 

FAO, 2015. The impact of natural hazards and disasters on agriculture and food and 

nutrition security – a call for action to build resilient livelihoods. 

Fargione, J., Haase, D.L., Burney, O.T., Kildisheva, O.A., Edge, G., Cook-Patton, S.C., 

Chapman, T., Rempel, A., Hurteau, M.D., Davis, K.T., Dobrowski, S., Enebak, S., De 

La Torre, R., Bhuta, A.A.R., Cubbage, F., Kittler, B., Zhang, D., Guldin, R.W., 2021. 

Challenges to the Reforestation Pipeline in the United States. Front. For. Glob. Change 

4, 629198. https://doi.org/10.3389/ffgc.2021.629198 

Fasusi, O.A., Cruz, C., Babalola, O.O., 2021. Agricultural Sustainability: Microbial 

Biofertilizers in Rhizosphere Management. Agriculture 11, 163. 

https://doi.org/10.3390/agriculture11020163 

Fatimi, A., 2022. Seaweed-based Biofertilizers: A Patent Analysis. Recent Pat. 

Biotechnol. 16, 144–154. https://doi.org/10.2174/1872208316666220128105056 

Feng, H., Fu, R., Hou, X., Lv, Y., Zhang, N., Liu, Y., Xu, Z., Miao, Y., Krell, T., Shen, 

Q., Zhang, R., 2021. Chemotaxis of Beneficial Rhizobacteria to Root Exudates: The 

First Step towards Root–Microbe Rhizosphere Interactions. Int. J. Mol. Sci. 22, 6655. 

https://doi.org/10.3390/ijms22136655 

Fierer, N., 2017. Embracing the unknown: disentangling the complexities of the soil 

microbiome. Nat. Rev. Microbiol. 15, 579–590. 

https://doi.org/10.1038/nrmicro.2017.87 

Fraceto, L.F., Grillo, R., de Medeiros, G.A., Scognamiglio, V., Rea, G., Bartolucci, C., 

2016. Nanotechnology in Agriculture: Which Innovation Potential Does It Have? Front. 

Environ. Sci. 4. https://doi.org/10.3389/fenvs.2016.00020 

French, E., Kaplan, I., Iyer-Pascuzzi, A., Nakatsu, C.H., Enders, L., 2021. Emerging 

strategies for precision microbiome management in diverse agroecosystems. Nat. Plants 

7, 256–267. https://doi.org/10.1038/s41477-020-00830-9 

Galeano, R.M.S., de Russo Godoy, F.M., Duré, L.M.M., Fernandes-Júnior, P.I., 

Baldani, J.I., Paggi, G.M., Zanoelo, F.F., Brasil, M.S., 2021. Potential of Bacterial 

Strains Isolated from Ironstone Outcrops Bromeliads to Promote Plant Growth Under 

Drought Conditions. Curr. Microbiol. 78, 2741–2752. https://doi.org/10.1007/s00284-

021-02540-7 

Gao, B., Chai, X., Huang, Y., Wang, X., Han, Z., Xu, X., Wu, T., Zhang, X., Wang, Y., 

2022. Siderophore production in pseudomonas SP. strain SP3 enhances iron acquisition 

in apple rootstock. J. Appl. Microbiol. jam.15591. https://doi.org/10.1111/jam.15591 

George, E.F., Hall, M.A., Klerk, G.-J.D., 2007. Plant Growth Regulators I: 

Jo
ur

na
l P

re
-p

ro
of



 39 

Introduction; Auxins, their Analogues and Inhibitors, in: George, E.F., Hall, M.A., 

Klerk, G.-J.D. (Eds.), Plant Propagation by Tissue Culture. Springer Netherlands, 

Dordrecht, pp. 175–204. https://doi.org/10.1007/978-1-4020-5005-3_5 

Getahun, A., Muleta, D., Assefa, F., Kiros, S., 2020. Plant Growth-Promoting 

Rhizobacteria Isolated from Degraded Habitat Enhance Drought Tolerance of Acacia 

(Acacia abyssinica Hochst. ex Benth.) Seedlings. Int. J. Microbiol. 2020, 1–13. 

https://doi.org/10.1155/2020/8897998 

Gohari, G., Farhadi, H., Panahirad, S., Zareei, E., Labib, P., Jafari, H., Mahdavinia, G., 

Hassanpouraghdam, M.B., Ioannou, A., Kulak, M., Fotopoulos, V., 2022. Mitigation of 

salinity impact in spearmint plants through the application of engineered chitosan-

melatonin nanoparticles. Int. J. Biol. Macromol. S0141813022024175. 

https://doi.org/10.1016/j.ijbiomac.2022.10.175 

Gomes, D.G., Debiasi, T.V., Pelegrino, M.T., Pereira, R.M., Ondrasek, G., Batista, 

B.L., Seabra, A.B., Oliveira, H.C., 2022. Soil Treatment with Nitric Oxide-Releasing 

Chitosan Nanoparticles Protects the Root System and Promotes the Growth of Soybean 

Plants under Copper Stress. Plants 11, 3245. https://doi.org/10.3390/plants11233245 

Halifu, S., Deng, X., Song, X., Song, R., 2019. Effects of Two Trichoderma Strains on 

Plant Growth, Rhizosphere Soil Nutrients, and Fungal Community of Pinus sylvestris 

var. mongolica Annual Seedlings. Forests 10, 758. https://doi.org/10.3390/f10090758 

Hardoim, P.R., van Overbeek, L.S., Berg, G., Pirttilä, A.M., Compant, S., Campisano, 

A., Döring, M., Sessitsch, A., 2015. The Hidden World within Plants: Ecological and 

Evolutionary Considerations for Defining Functioning of Microbial Endophytes. 

Microbiol. Mol. Biol. Rev. 79, 293–320. https://doi.org/10.1128/MMBR.00050-14 

Hii, Y.S., Law, M.C., Chan, Y.S., 2021. Experimental and numerical study of the 

impinging aerosols method for the micro-encapsulation of phosphate solubilising 

microorganisms (PSMs). Biochem. Eng. J. 174, 108118. 

https://doi.org/10.1016/j.bej.2021.108118 

Howie, W.J., Echandi, E., 1983. Rhizobacteria: Influence of cultivar and soil type on 

plant growth and yield of potato. Soil Biol. Biochem. 15, 127–132. 

https://doi.org/10.1016/0038-0717(83)90091-3 

Huang, D., Huo, J., Liao, W., 2021. Hydrogen sulfide: Roles in plant abiotic stress 

response and crosstalk with other signals. Plant Sci. 302, 110733. 

https://doi.org/10.1016/j.plantsci.2020.110733 

Ioannou, A., Gohari, G., Papaphilippou, P., Panahirad, S., Akbari, A., Dadpour, M.R., 

Krasia-Christoforou, T., Fotopoulos, V., 2020. Advanced nanomaterials in agriculture 

under a changing climate: The way to the future? Environ. Exp. Bot. 176, 104048. 

https://doi.org/10.1016/j.envexpbot.2020.104048 

IPCC, 2021. AR6 Climate Change 2022: Mitigation of Climate Change — IPCC. URL 

https://www.ipcc.ch/report/sixth-assessment-report-working-group-3/ (accessed 

10.15.22). 

Iqbal, N., Sehar, Z., Fatma, M., Umar, S., Sofo, A., Khan, N.A., 2022. Nitric Oxide and 

Abscisic Acid Mediate Heat Stress Tolerance through Regulation of Osmolytes and 

Antioxidants to Protect Photosynthesis and Growth in Wheat Plants. Antioxidants 11, 

372. https://doi.org/10.3390/antiox11020372 

Islam, S., Bhuiyan, M.A.R., Islam, M.N., 2017. Chitin and Chitosan: Structure, 

Properties and Applications in Biomedical Engineering. J. Polym. Environ. 25, 854–

866. https://doi.org/10.1007/s10924-016-0865-5 

Jang, H.-Y., Koo, J.-H., Lee, S.-M., Park, B.-H., 2018. Atopic dermatitis-like skin 

lesions are suppressed in fat-1 transgenic mice through the inhibition of 

inflammasomes. Exp. Mol. Med. 50, 1–9. https://doi.org/10.1038/s12276-018-0104-3 

Jo
ur

na
l P

re
-p

ro
of



 40 

Jatan, R., Chauhan, P.S., Lata, C., 2019. Pseudomonas putida modulates the expression 

of miRNAs and their target genes in response to drought and salt stresses in chickpea 

(Cicer arietinum L.). Genomics 111, 509–519. 

https://doi.org/10.1016/j.ygeno.2018.01.007 

Ji, J., Yuan, D., Jin, C., Wang, G., Li, X., Guan, C., 2020. Enhancement of growth and 

salt tolerance of rice seedlings (Oryza sativa L.) by regulating ethylene production with 

a novel halotolerant PGPR strain Glutamicibacter sp. YD01 containing ACC deaminase 

activity. Acta Physiol. Plant. 42, 42. https://doi.org/10.1007/s11738-020-3034-3 

Jiménez-Arias, D., Morales-Sierra, S., Borges, A.A., Díaz Díaz, D., 2020. Biostimulant 

Nanoencapsulation: The New Keystone To Fight Hunger. J. Agric. Food Chem. 68, 

7083–7085. https://doi.org/10.1021/acs.jafc.0c02872 

Kado, C.I., 2014. Historical account on gaining insights on the mechanism of crown 

gall tumorigenesis induced by Agrobacterium tumefaciens. Front. Microbiol. 5. 

Kalayu, G., 2019. Phosphate Solubilizing Microorganisms: Promising Approach as 

Biofertilizers. Int. J. Agron. 2019, 1–7. https://doi.org/10.1155/2019/4917256 

Karakeçili, A., Korpayev, S., Dumanoğlu, H., Alizadeh, S., 2019. Synthesis of indole-3-

acetic acid and indole-3-butyric acid loaded zinc oxide nanoparticles: Effects on 

rhizogenesis. J. Biotechnol. 303, 8–15. https://doi.org/10.1016/j.jbiotec.2019.07.004 

Karakurt, H., Aslantas, R., 2010. EFFECTS OF SOME PLANT GROWTH 

PROMOTING RHIZOBACTERIA (PGPR) STRAINS ON PLANT GROWTH AND 

LEAF NUTRIENT CONTENT OF APPLE. Journal of Fruit and Ornamental Plant 

Research 18, 101–110. 

Karlidag, H., Esitken, A., Turan, M., Sahin, F., 2007. Effects of root inoculation of 

plant growth promoting rhizobacteria (PGPR) on yield, growth and nutrient element 

contents of leaves of apple. Sci. Hortic. 114, 16–20. 

https://doi.org/10.1016/j.scienta.2007.04.013 

Kawakita, R., Leveau, J.H.J., Jeoh, T., 2021a. Optimizing viability and yield and 

improving stability of Gram-negative, non-spore forming plant-beneficial bacteria 

encapsulated by spray-drying. Bioprocess Biosyst. Eng. 44, 2289–2301. 

https://doi.org/10.1007/s00449-021-02604-9 

Kawakita, R., Leveau, J.H.J., Jeoh, T., 2021b. Comparing Fluidized Bed Spray-Coating 

and Spray-Drying Encapsulation of Non-Spore-Forming Gram-Negative Bacteria. Ind. 

Biotechnol. 17, 283–289. https://doi.org/10.1089/ind.2021.0019 

Kazan, K., 2015. Diverse roles of jasmonates and ethylene in abiotic stress tolerance. 

Trends Plant Sci. 20, 219–229. https://doi.org/10.1016/j.tplants.2015.02.001 

Khajuria, A., Sharma, N., Bhardwaj, R., Ohri, P., 2018. Emerging Role of Polyamines 

in Plant Stress Tolerance. Curr. Protein Pept. Sci. 19, 1114–1123. 

https://doi.org/10.2174/1389203719666180718124211 

Khan, M.I.R., Fatma, M., Per, T.S., Anjum, N.A., Khan, N.A., 2015. Salicylic acid-

induced abiotic stress tolerance and underlying mechanisms in plants. Front. Plant Sci. 

6. https://doi.org/10.3389/fpls.2015.00462 

Khan, M.I.R., Jalil, S.U., Chopra, P., Chhillar, H., Ferrante, A., Khan, N.A., Ansari, 

M.I., 2021. Role of GABA in plant growth, development and senescence. Plant Gene 

26, 100283. https://doi.org/10.1016/j.plgene.2021.100283 

Khan, N., Bano, A., 2019. Exopolysaccharide producing rhizobacteria and their impact 

on growth and drought tolerance of wheat grown under rainfed conditions. PLOS ONE 

14, e0222302. https://doi.org/10.1371/journal.pone.0222302 

Khatoon, Z., Huang, S., Rafique, M., Fakhar, A., Kamran, M.A., Santoyo, G., 2020. 

Unlocking the potential of plant growth-promoting rhizobacteria on soil health and the 

sustainability of agricultural systems. J. Environ. Manage. 273, 111118. 

Jo
ur

na
l P

re
-p

ro
of



 41 

https://doi.org/10.1016/j.jenvman.2020.111118 

Kim, S., Sin, H., Lee, S., Lee, I., 2013. Influence of Metal Oxide Particles on Soil 

Enzyme Activity and Bioaccumulation of Two Plants. J. Microbiol. Biotechnol. 23, 

1279–1286. https://doi.org/10.4014/jmb.1304.04084 

Kloepper, J.W., Schroth, M.N., 1978. Plant growth promoting rhizobacteria on radishes, 

in: Proceedings of the 4th International Conference on Plant Pathogenic Bacteria. 

Angers, pp. 879–882. 

Kloepper, J.W., Schroth, M.N., Miller, T.D., 1980. Effects of rhizo-sphere colonization 

by plant growth-promoting rhizobacteria on potato plant development and yield. 

Phytopathology 70, 1078–1082. 

Korpayev, S., Karakeçili, A., Dumanoğlu, H., Ibrahim Ahmed Osman, S., 2021. 

Chitosan and silver nanoparticles are attractive auxin carriers: A comparative study on 

the adventitious rooting of microcuttings in apple rootstocks. Biotechnol. J. 16, 

2100046. https://doi.org/10.1002/biot.202100046 

Kosakivska, I.V., Vedenicheva, N.P., Babenko, L.M., Voytenko, L.V., Romanenko, 

K.O., Vasyuk, V.A., 2022. Exogenous phytohormones in the regulation of growth and 

development of cereals under abiotic stresses. Mol. Biol. Rep. 49, 617–628. 

https://doi.org/10.1007/s11033-021-06802-2 

Krishnamoorthy, R., Roy Choudhury, A., Walitang, D.I., Anandham, R., Senthilkumar, 

M., Sa, T., 2022. Salt Stress Tolerance-Promoting Proteins and Metabolites under Plant-

Bacteria-Salt Stress Tripartite Interactions. Appl. Sci. 12, 3126. 

https://doi.org/10.3390/app12063126 

Kuhl, T., Chowdhury, S.P., Uhl, J., Rothballer, M., 2021. Genome-Based 

Characterization of Plant-Associated Rhodococcus qingshengii RL1 Reveals Stress 

Tolerance and Plant–Microbe Interaction Traits. Front. Microbiol. 12. 

Kumar, S., Diksha, Sindhu, S.S., Kumar, R., 2022. Biofertilizers: An ecofriendly 

technology for nutrient recycling and environmental sustainability. Curr. Res. Microb. 

Sci. 3, 100094. https://doi.org/10.1016/j.crmicr.2021.100094 

Kumaraswamy, R.V., Kumari, S., Choudhary, R.C., Sharma, S.S., Pal, A., Raliya, R., 

Biswas, P., Saharan, V., 2019. Salicylic acid functionalized chitosan nanoparticle: A 

sustainable biostimulant for plant. Int. J. Biol. Macromol. 123, 59–69. 

https://doi.org/10.1016/j.ijbiomac.2018.10.202 

Larkin, R.P., 2008. Relative effects of biological amendments and crop rotations on soil 

microbial communities and soilborne diseases of potato. Soil Biol. Biochem. 40, 1341–

1351. https://doi.org/10.1016/j.soilbio.2007.03.005 

Le Corre, D., Bras, J., Dufresne, A., 2010. Starch Nanoparticles: A Review. 

Biomacromolecules 11, 1139–1153. https://doi.org/10.1021/bm901428y 

Lead, J.R., Batley, G.E., Alvarez, P.J.J., Croteau, M.-N., Handy, R.D., McLaughlin, 

M.J., Judy, J.D., Schirmer, K., 2018. Nanomaterials in the environment: Behavior, fate, 

bioavailability, and effects-An updated review: Nanomaterials in the environment. 

Environ. Toxicol. Chem. 37, 2029–2063. https://doi.org/10.1002/etc.4147 

Lephatsi, M., Nephali, L., Meyer, V., Piater, L.A., Buthelezi, N., Dubery, I.A., 

Opperman, H., Brand, M., Huyser, J., Tugizimana, F., 2022. Molecular mechanisms 

associated with microbial biostimulant-mediated growth enhancement, priming and 

drought stress tolerance in maize plants. Sci. Rep. 12, 10450. 

https://doi.org/10.1038/s41598-022-14570-7 

Li, D., He, T., Saleem, M., He, G., 2022. Metalloprotein-Specific or Critical Amino 

Acid Residues: Perspectives on Plant-Precise Detoxification and Recognition 

Mechanisms under Cadmium Stress. Int. J. Mol. Sci. 23, 1734. 

https://doi.org/10.3390/ijms23031734 

Jo
ur

na
l P

re
-p

ro
of



 42 

Li, G.-X., Wu, X.-Q., Ye, J.-R., 2013. Biosafety and colonization of Burkholderia 

multivorans WS-FJ9 and its growth-promoting effects on poplars. Appl. Microbiol. 

Biotechnol. 97, 10489–10498. https://doi.org/10.1007/s00253-013-5276-0 

Li, N., Euring, D., Cha, J.Y., Lin, Z., Lu, M., Huang, L.-J., Kim, W.Y., 2021. Plant 

Hormone-Mediated Regulation of Heat Tolerance in Response to Global Climate 

Change. Front. Plant Sci. 11, 627969. https://doi.org/10.3389/fpls.2020.627969 

Li, Z.-G., Xiang, R.-H., Wang, J.-Q., 2021. Hydrogen Sulfide–Phytohormone 

Interaction in Plants Under Physiological and Stress Conditions. J. Plant Growth Regul. 

40, 2476–2484. https://doi.org/10.1007/s00344-021-10350-1 

Lindermayr, C., Durner, J., 2018. Nitric oxide sensor proteins with revolutionary 

potential. J. Exp. Bot. 69, 3507–3510. https://doi.org/10.1093/jxb/ery193 

Lopes-Oliveira, P.J., Gomes, D.G., Pelegrino, M.T., Bianchini, E., Pimenta, J.A., Stolf-

Moreira, R., Seabra, A.B., Oliveira, H.C., 2019. Effects of nitric oxide-releasing 

nanoparticles on neotropical tree seedlings submitted to acclimation under full sun in 

the nursery. Sci. Rep. 9, 17371. https://doi.org/10.1038/s41598-019-54030-3 

Lüthi, D., Le Floch, M., Bereiter, B., Blunier, T., Barnola, J.-M., Siegenthaler, U., 

Raynaud, D., Jouzel, J., Fischer, H., Kawamura, K., Stocker, T.F., 2008. High-

resolution carbon dioxide concentration record 650,000–800,000 years before present. 

Nature 453, 379–382. https://doi.org/10.1038/nature06949 

Malerba, M., Cerana, R., 2019. Recent Applications of Chitin- and Chitosan-Based 

Polymers in Plants. Polymers 11, 839. https://doi.org/10.3390/polym11050839 

Manzoor, N., Ali, L., Ahmed, T., Noman, M., Adrees, M., Shahid, M.S., Ogunyemi, 

S.O., Radwan, K.S.A., Wang, G., Zaki, H.E.M., 2022. Recent Advancements and 

Development in Nano-Enabled Agriculture for Improving Abiotic Stress Tolerance in 

Plants. Front. Plant Sci. 13, 951752. https://doi.org/10.3389/fpls.2022.951752 

Maruyama, C.R., Bilesky-José, N., de Lima, R., Fraceto, L.F., 2020. Encapsulation of 

Trichoderma harzianum Preserves Enzymatic Activity and Enhances the Potential for 

Biological Control. Front. Bioeng. Biotechnol. 8. 

Mellidou, I., Ainalidou, A., Papadopoulou, A., Leontidou, K., Genitsaris, S., 

Karagiannis, E., Van de Poel, B., Karamanoli, K., 2021. Comparative Transcriptomics 

and Metabolomics Reveal an Intricate Priming Mechanism Involved in PGPR-Mediated 

Salt Tolerance in Tomato. Front. Plant Sci. 12. 

Mofokeng, M.M., Araya, H.T., Araya, N.A., Makgato, M.J., Mokgehle, S.N., 

Masemola, M.C., Mudau, F.N., du Plooy, C.P., Amoo, S.O., 2021. Integrating 

biostimulants in agrosystem to promote soil health and plant growth, in: Biostimulants 

for Crops from Seed Germination to Plant Development. Elsevier, pp. 87–108. 

https://doi.org/10.1016/B978-0-12-823048-0.00004-6 

Moradi Pour, M., Saberi Riseh, R., Skorik, Y.A., 2022. Sodium Alginate–Gelatin 

Nanoformulations for Encapsulation of Bacillus velezensis and Their Use for Biological 

Control of Pistachio Gummosis. Materials 15, 2114. 

https://doi.org/10.3390/ma15062114 

Mostofa, M.G., Li, W., Nguyen, K.H., Fujita, M., Tran, L.-S.P., 2018. Strigolactones in 

plant adaptation to abiotic stresses: An emerging avenue of plant research: 

Strigolactones in abiotic stress adaptation. Plant Cell Environ. 41, 2227–2243. 

https://doi.org/10.1111/pce.13364 

Nadeem, S.M., Ahmad, M., Tufail, M.A., Asghar, H.N., Nazli, F., Zahir, Z.A., 2021. 

Appraising the potential of EPS ‐producing rhizobacteria with ACC ‐deaminase activity 

to improve growth and physiology of maize under drought stress. Physiol. Plant. 172, 

463–476. https://doi.org/10.1111/ppl.13212 

Nazli, F., Jamil, M., Hussain, A., Hussain, T., 2020. Exopolysaccharides and indole-3-

Jo
ur

na
l P

re
-p

ro
of



 43 

acetic acid producing Bacillus safensis strain FN13 potential candidate for 

phytostabilization of heavy metals. Environ. Monit. Assess. 192, 738. 

https://doi.org/10.1007/s10661-020-08715-2 

Nephali, L., Piater, L.A., Dubery, I.A., Patterson, V., Huyser, J., Burgess, K., 

Tugizimana, F., 2020. Biostimulants for Plant Growth and Mitigation of Abiotic 

Stresses: A Metabolomics Perspective. Metabolites 10, 505. 

https://doi.org/10.3390/metabo10120505 

Newton, A.C., Fitt, B.D.L., Atkins, S.D., Walters, D.R., Daniell, T.J., 2010. 

Pathogenesis, parasitism and mutualism in the trophic space of microbe–plant 

interactions. Trends Microbiol. 18, 365–373. https://doi.org/10.1016/j.tim.2010.06.002 

NOAA, N.C. for E.I., State of the Climate, 2021. Annual 2020 Global Climate Report | 

National Centers for Environmental Information (NCEI). 

Nowicka, B., Ciura, J., Szymańska, R., Kruk, J., 2018. Improving photosynthesis, plant 

productivity and abiotic stress tolerance – current trends and future perspectives. J. 

Plant Physiol. 231, 415–433. https://doi.org/10.1016/j.jplph.2018.10.022 

Oliveira, H.C., Gomes, B.C.R., Pelegrino, M.T., Seabra, A.B., 2016. Nitric oxide-

releasing chitosan nanoparticles alleviate the effects of salt stress in maize plants. Nitric 

Oxide 61, 10–19. https://doi.org/10.1016/j.niox.2016.09.010 

O’Neill, B.C., Oppenheimer, M., Warren, R., Hallegatte, S., Kopp, R.E., Pörtner, H.O., 

Scholes, R., Birkmann, J., Foden, W., Licker, R., Mach, K.J., Marbaix, P., Mastrandrea, 

M.D., Price, J., Takahashi, K., van Ypersele, J.-P., Yohe, G., 2017. IPCC reasons for 

concern regarding climate change risks. Nat. Clim. Change 7, 28–37. 

https://doi.org/10.1038/nclimate3179 

Ordaz-Ortiz, J.J., Foukaraki, S., Terry, L.A., 2015. Assessing temporal flux of plant 

hormones in stored processing potatoes using high definition accurate mass 

spectrometry. Hortic. Res. 2, 15002. https://doi.org/10.1038/hortres.2015.2 

Pascoli, M., Lopes-Oliveira, P.J., Fraceto, L.F., Seabra, A.B., Oliveira, H.C., 2018. 

State of the art of polymeric nanoparticles as carrier systems with agricultural 

applications: a minireview. Energy Ecol. Environ. 3, 137–148. 

https://doi.org/10.1007/s40974-018-0090-2 

Pereira, A. do E.S., Luiz de Oliveira, J., Maira Savassa, S., Barbara Rogério, C., Araujo 

de Medeiros, G., Fraceto, L.F., 2022. Lignin nanoparticles: New insights for a 

sustainable agriculture. J. Clean. Prod. 345, 131145. 

https://doi.org/10.1016/j.jclepro.2022.131145 

Pereira, A. do E.S., Oliveira, H.C., Fraceto, L.F., 2019a. Polymeric nanoparticles as an 

alternative for application of gibberellic acid in sustainable agriculture: a field study. 

Sci. Rep. 9, 7135. https://doi.org/10.1038/s41598-019-43494-y 

Pereira, A. do E.S., Oliveira, H.C., Fraceto, L.F., 2019b. Polymeric nanoparticles as an 

alternative for application of gibberellic acid in sustainable agriculture: a field study. 

Sci. Rep. 9, 7135. https://doi.org/10.1038/s41598-019-43494-y 

Pereira, A. E. S., Sandoval-Herrera, I.E., Zavala-Betancourt, S.A., Oliveira, H.C., 

Ledezma-Pérez, A.S., Romero, J., Fraceto, L.F., 2017. γ-Polyglutamic acid/chitosan 

nanoparticles for the plant growth regulator gibberellic acid: Characterization and 

evaluation of biological activity. Carbohydr. Polym. 157, 1862–1873. 

https://doi.org/10.1016/j.carbpol.2016.11.073 

Pereira, Anderson Espirito Santo, Silva, P.M., Oliveira, J.L., Oliveira, H.C., Fraceto, 

L.F., 2017. Chitosan nanoparticles as carrier systems for the plant growth hormone 

gibberellic acid. Colloids Surf. B Biointerfaces 150, 141–152. 

https://doi.org/10.1016/j.colsurfb.2016.11.027 

Pereira, A.E.S., Sousa, B.T., Iglesias, M.J., Alvarez, V.A., Casalongué, C.A., Oliveira, 

Jo
ur

na
l P

re
-p

ro
of



 44 

H.C., Fraceto, L.F., 2019. Potential Use of Polymeric Particles for the Regulation of 

Plant Growth, in: Gutiérrez, T.J. (Ed.), Polymers for Agri-Food Applications. Springer 

International Publishing, Cham, pp. 45–66. https://doi.org/10.1007/978-3-030-19416-

1_4 

Perez, J.J., Francois, N.J., Maroniche, G.A., Borrajo, M.P., Pereyra, M.A., Creus, C.M., 

2018. A novel, green, low-cost chitosan-starch hydrogel as potential delivery system for 

plant growth-promoting bacteria. Carbohydr. Polym. 202, 409–417. 

https://doi.org/10.1016/j.carbpol.2018.07.084 

Poon, C., Patel, A.A., 2020. Organic and inorganic nanoparticle vaccines for prevention 

of infectious diseases. Nano Express 1, 012001. https://doi.org/10.1088/2632-

959X/ab8075 

Poór, P., Nawaz, K., Gupta, R., Ashfaque, F., Khan, M.I.R., 2022. Ethylene 

involvement in the regulation of heat stress tolerance in plants. Plant Cell Rep. 41, 675–

698. https://doi.org/10.1007/s00299-021-02675-8 

Popkin, G., 2019. How much can forests fight climate change? Nature 565, 280–282. 

https://doi.org/10.1038/d41586-019-00122-z 

Poudel, M., Mendes, R., Costa, L.A.S., Bueno, C.G., Meng, Y., Folimonova, S.Y., 

Garrett, K.A., Martins, S.J., 2021. The Role of Plant-Associated Bacteria, Fungi, and 

Viruses in Drought Stress Mitigation. Front. Microbiol. 12. 

Primo, E.D., Cossovich, S., Nievas, F., Bogino, P., Humm, E.A., Hirsch, A.M., 

Giordano, W., 2020. Exopolysaccharide production in Ensifer meliloti laboratory and 

native strains and their effects on alfalfa inoculation. Arch. Microbiol. 202, 391–398. 

https://doi.org/10.1007/s00203-019-01756-3 

Pugnaire, F.I., Morillo, J.A., Peñuelas, J., Reich, P.B., Bardgett, R.D., Gaxiola, A., 

Wardle, D.A., van der Putten, W.H., 2019. Climate change effects on plant-soil 

feedbacks and consequences for biodiversity and functioning of terrestrial ecosystems. 

Sci. Adv. 5, eaaz1834. https://doi.org/10.1126/sciadv.aaz1834 

Qi, X., Lan, Y., Ohm, J.-B., Chen, B., Rao, J., n.d. The viability of complex coacervates 

encapsulated probiotics during simulated sequential gastrointestinal digestion as 

affected by wall materials and drying methods 38. 

Rademacher, W., 2015. Plant Growth Regulators: Backgrounds and Uses in Plant 

Production. J. Plant Growth Regul. 34, 845–872. https://doi.org/10.1007/s00344-015-

9541-6 

Rajkumar, M., Ae, N., Prasad, M.N.V., Freitas, H., 2010. Potential of siderophore-

producing bacteria for improving heavy metal phytoextraction. Trends Biotechnol. 28, 

142–149. https://doi.org/10.1016/j.tibtech.2009.12.002 

Rajora, N., Vats, S., Raturi, G., Thakral, V., Kaur, S., Rachappanavar, V., Kumar, M., 

Kesarwani, A.K., Sonah, H., Sharma, T.R., Deshmukh, R., 2022. Seed priming with 

melatonin: A promising approach to combat abiotic stress in plants. Plant Stress 4, 

100071. https://doi.org/10.1016/j.stress.2022.100071 

Raza, A., Charagh, S., Zahid, Z., Mubarik, M.S., Javed, R., Siddiqui, M.H., 

Hasanuzzaman, M., 2021. Jasmonic acid: a key frontier in conferring abiotic stress 

tolerance in plants. Plant Cell Rep. 40, 1513–1541. https://doi.org/10.1007/s00299-020-

02614-z 

Rehaman, A., Mishra, A.K., Ferdose, A., Per, T.S., Hanief, M., Jan, A.T., Asgher, M., 

2021. Melatonin in Plant Defense against Abiotic Stress. Forests 12, 1404. 

https://doi.org/10.3390/f12101404 

Rehman, R.S., Ali, M., Ali Zafar, S., Hussain, M., Pasha, A., Saqib Naveed, M., 

Ahmad, M., Waseem, M., 2022. Abscisic Acid Mediated Abiotic Stress Tolerance in 

Plants. Asian J. Res. Crop Sci. 1–17. https://doi.org/10.9734/ajrcs/2022/v7i130128 

Jo
ur

na
l P

re
-p

ro
of



 45 

Ren, H., He, Y., Liang, J., Cheng, Z., Zhang, M., Zhu, Y., Hong, C., Qin, J., Xu, X., 

Wang, J., 2019. Role of Liposome Size, Surface Charge, and PEGylation on 

Rheumatoid Arthritis Targeting Therapy. ACS Appl. Mater. Interfaces 11, 20304–

20315. https://doi.org/10.1021/acsami.8b22693 

Rezaei-Chiyaneh, E., Seyyedi, S.M., Ebrahimian, E., Moghaddam, S.S., Damalas, C.A., 

2018. Exogenous application of gamma-aminobutyric acid (GABA) alleviates the effect 

of water deficit stress in black cumin ( Nigella sativa L.). Ind. Crops Prod. 112, 741–

748. https://doi.org/10.1016/j.indcrop.2017.12.067 

Roberti, R., Bergonzoni, F., Finestrelli, A., Leonardi, P., 2015. Biocontrol of 

Rhizoctonia solani disease and biostimulant effect by microbial products on bean plants. 

Micol. Ital. 49-61 Pages. https://doi.org/10.6092/ISSN.2465-311X/5742 

Rojas-Sánchez, B., Guzmán-Guzmán, P., Morales-Cedeño, L.R., Orozco-Mosqueda, 

Ma. del C., Saucedo-Martínez, B.C., Sánchez-Yáñez, J.M., Fadiji, A.E., Babalola, O.O., 

Glick, B.R., Santoyo, G., 2022. Bioencapsulation of Microbial Inoculants: Mechanisms, 

Formulation Types and Application Techniques. Appl. Biosci. 1, 198–220. 

https://doi.org/10.3390/applbiosci1020013 

Rossi, Y.E., Vanden Braber, N.L., Díaz Vergara, L.I., Montenegro, M.A., 2021. 

Bioactive Ingredients Obtained from Agro-industrial Byproducts: Recent Advances and 

Innovation in Micro- and Nanoencapsulation. J. Agric. Food Chem. 69, 15066–15075. 

https://doi.org/10.1021/acs.jafc.1c05447 

Rostami, S., Azhdarpoor, A., 2019. The application of plant growth regulators to 

improve phytoremediation of contaminated soils: A review. Chemosphere 220, 818–

827. https://doi.org/10.1016/j.chemosphere.2018.12.203 

Rouphael, Y., Colla, G., 2020. Editorial: Biostimulants in Agriculture. Front. Plant Sci. 

11, 40. https://doi.org/10.3389/fpls.2020.00040 

Rv, K., S, K., Rc, C., A, P., R, R., P, B., V, S., 2018. Engineered chitosan based 

nanomaterials: Bioactivities, mechanisms and perspectives in plant protection and 

growth. Int. J. Biol. Macromol. 113. https://doi.org/10.1016/j.ijbiomac.2018.02.130 

Ryu, C.-M., Farag, M.A., Hu, C.-H., Reddy, M.S., Wei, H.-X., Paré, P.W., Kloepper, 

J.W., 2003. Bacterial volatiles promote growth in Arabidopsis. Proc. Natl. Acad. Sci. 

100, 4927–4932. https://doi.org/10.1073/pnas.0730845100 

Sabagh, A.E., Mbarki, S., Hossain, A., Iqbal, M.A., Islam, M.S., Raza, A., Llanes, A., 

Reginato, M., Rahman, M.A., Mahboob, W., Singhal, R.K., Kumari, A., Rajendran, K., 

Wasaya, A., Javed, T., Shabbir, R., Rahim, J., Barutçular, C., Habib Ur Rahman, M., 

Raza, M.A., Ratnasekera, D., Konuskan l, Ö., Hossain, M.A., Meena, V.S., Ahmed, S., 

Ahmad, Z., Mubeen, M., Singh, K., Skalicky, M., Brestic, M., Sytar, O., Karademir, E., 

Karademir, C., Erman, M., Farooq, M., 2021. Potential Role of Plant Growth 

Regulators in Administering Crucial Processes Against Abiotic Stresses. Front. Agron. 

0. https://doi.org/10.3389/fagro.2021.648694 

Saberi Riseh, R., Skorik, Y.A., Thakur, V.K., Moradi Pour, M., Tamanadar, E., 

Noghabi, S.S., 2021. Encapsulation of Plant Biocontrol Bacteria with Alginate as a 

Main Polymer Material. Int. J. Mol. Sci. 22, 11165. 

https://doi.org/10.3390/ijms222011165 

Saberi Riseh, R., Tamanadar, E., Hajabdollahi, N., Vatankhah, M., Thakur, V.K., 

Skorik, Y.A., 2022. Chitosan microencapsulation of rhizobacteria for biological control 

of plant pests and diseases: Recent advances and applications. Rhizosphere 23, 100565. 

https://doi.org/10.1016/j.rhisph.2022.100565 

Saberi-Riseh, R., Moradi-Pour, M., 2021. A novel encapsulation of Streptomyces 

fulvissimus Uts22 by spray drying and its biocontrol efficiency against 

Gaeumannomyces graminis, the causal agent of take-all disease in wheat. Pest Manag. 

Jo
ur

na
l P

re
-p

ro
of



 46 

Sci. 77, 4357–4364. https://doi.org/10.1002/ps.6469 

Saberi-Riseh, R., Moradi-Pour, M., Mohammadinejad, R., Thakur, V.K., 2021. 

Biopolymers for Biological Control of Plant Pathogens: Advances in 

Microencapsulation of Beneficial Microorganisms. Polymers 13, 1938. 

https://doi.org/10.3390/polym13121938 

Safari, M., Motamedi, E., Kari Dolatabad, H., Modarres Sanavy, S.A.M., 2020. Nano-

carriers effects on the viability and efficiency of Pseudomonas strains as phosphate 

solubilizing bacteria. Heliyon 6, e05076. https://doi.org/10.1016/j.heliyon.2020.e05076 

Saldierna Guzmán, J.P., Reyes-Prieto, M., Hart, S.C., 2021. Characterization of Erwinia 

gerundensis A4, an Almond-Derived Plant Growth-Promoting Endophyte. Front. 

Microbiol. 12, 687971. https://doi.org/10.3389/fmicb.2021.687971 

Sati, D., Pande, V., Pandey, S.C., Samant, M., 2022. Recent Advances in PGPR and 

Molecular Mechanisms Involved in Drought Stress Resistance. J. Soil Sci. Plant Nutr. 

https://doi.org/10.1007/s42729-021-00724-5 

Schoebitz, M., López Belchí, M.D., 2016. Encapsulation Techniques for Plant Growth-

Promoting Rhizobacteria, in: Arora, N.K., Mehnaz, S., Balestrini, R. (Eds.), 

Bioformulations: For Sustainable Agriculture. Springer India, New Delhi, pp. 251–265. 

https://doi.org/10.1007/978-81-322-2779-3_14 

Scott-Fordsmand, J.J., Fraceto, L.F., Amorim, M.J.B., 2022. Nano-pesticides: the 

lunch-box principle—deadly goodies (semio-chemical functionalised nanoparticles that 

deliver pesticide only to target species). J. Nanobiotechnology 20, 13. 

https://doi.org/10.1186/s12951-021-01216-5 

Seabra, A.B., Justo, G.Z., Haddad, P.S., 2015. State of the art, challenges and 

perspectives in the design of nitric oxide-releasing polymeric nanomaterials for 

biomedical applications. Biotechnol. Adv. 33, 1370–1379. 

https://doi.org/10.1016/j.biotechadv.2015.01.005 

Seabra, A.B., Rai, M., Durán, N., 2014. Nano carriers for nitric oxide delivery and its 

potential applications in plant physiological process: A mini review. J. Plant Biochem. 

Biotechnol. 23, 1–10. https://doi.org/10.1007/s13562-013-0204-z 

Seabra, A.B., Silveira, N.M., Ribeiro, R.V., Pieretti, J.C., Barroso, J.B., Corpas, F.J., 

Palma, J.M., Hancock, J.T., Petřivalský, M., Gupta, K.J., Wendehenne, D., Loake, G.J., 

Durner, J., Lindermayr, C., Molnár, Á., Kolbert, Z., Oliveira, H.C., 2022. Nitric oxide‐

releasing nanomaterials: from basic research to potential biotechnological applications 

in agriculture. New Phytol. 234, 1119–1125. https://doi.org/10.1111/nph.18073 

Shelp, B.J., Aghdam, M.S., Flaherty, E.J., 2021. γ-Aminobutyrate (GABA) Regulated 

Plant Defense: Mechanisms and Opportunities. Plants 10, 1939. 

https://doi.org/10.3390/plants10091939 

Siddiqi, K.S., Husen, A., 2021. Plant response to silver nanoparticles: a critical review. 

Crit. Rev. Biotechnol. 1–18. https://doi.org/10.1080/07388551.2021.1975091 

Silva, T.M. da, Barin, J.S., Lopes, E.J., Cichoski, A.J., Flores, E.M. de M., Silva, C. de 

B. da, Menezes, C.R. de, 2019. Development, characterization and viability study of 

probiotic microcapsules produced by complex coacervation followed by freeze-drying. 

Ciênc. Rural 49. https://doi.org/10.1590/0103-8478cr20180775 

Silveira, N.M., Prataviera, P.J.C., Pieretti, J.C., Seabra, A.B., Almeida, R.L., Machado, 

E.C., Ribeiro, R.V., 2021. Chitosan-encapsulated nitric oxide donors enhance 

physiological recovery of sugarcane plants after water deficit. Environ. Exp. Bot. 190, 

104593. https://doi.org/10.1016/j.envexpbot.2021.104593 

Silveira, N.M., Seabra, A.B., Marcos, F.C.C., Pelegrino, M.T., Machado, E.C., Ribeiro, 

R.V., 2019. Encapsulation of S-nitrosoglutathione into chitosan nanoparticles improves 

drought tolerance of sugarcane plants. Nitric Oxide 84, 38–44. 

Jo
ur

na
l P

re
-p

ro
of



 47 

https://doi.org/10.1016/j.niox.2019.01.004 

Singhal, R.K., Jatav, H.S., Aftab, T., Pandey, S., Mishra, U.N., Chauhan, J., Chand, S., 

Indu, Saha, D., Dadarwal, B.K., Chandra, K., Khan, M.A., Rajput, V.D., Minkina, T., 

Narayana, E.S., Sharma, M.K., Ahmed, S., 2021. Roles of Nitric Oxide in Conferring 

Multiple Abiotic Stress Tolerance in Plants and Crosstalk with Other Plant Growth 

Regulators. J. Plant Growth Regul. 40, 2303–2328. https://doi.org/10.1007/s00344-021-

10446-8 

Small, C.C., Degenhardt, D., 2018. Plant growth regulators for enhancing revegetation 

success in reclamation: A review. Ecol. Eng. 118, 43–51. 

https://doi.org/10.1016/j.ecoleng.2018.04.010 

Sood, M., Kapoor, D., Kumar, V., Sheteiwy, M.S., Ramakrishnan, M., Landi, M., 

Araniti, F., Sharma, A., 2020. Trichoderma: The ―Secrets‖ of a Multitalented Biocontrol 

Agent. Plants 9, 762. https://doi.org/10.3390/plants9060762 

Spormann, S., Soares, C., Teixeira, J., Fidalgo, F., 2021. Polyamines as key regulatory 

players in plants under metal stress—A way for an enhanced tolerance. Ann. Appl. Biol. 

178, 209–226. https://doi.org/10.1111/aab.12660 

Strobel, S.A., Allen, K., Roberts, C., Jimenez, D., Scher, H.B., Jeoh, T., 2018. 

Industrially-Scalable Microencapsulation of Plant Beneficial Bacteria in Dry Cross-

Linked Alginate Matrix. Ind. Biotechnol. 14, 138–147. 

https://doi.org/10.1089/ind.2017.0032 

Sun, D., Hussain, H.I., Yi, Z., Rookes, J.E., Kong, L., Cahill, D.M., 2018. Delivery of 

Abscisic Acid to Plants Using Glutathione Responsive Mesoporous Silica 

Nanoparticles. J. Nanosci. Nanotechnol. 18, 1615–1625. 

https://doi.org/10.1166/jnn.2018.14262 

Suslow, T.V., Schroth, M.N., 1982. Rhizobacteria on sugar beets: effects of seed 

application and root colonization on yield. Phytopathology 72, 199–206. 

Szczałba, M., Kopta, T., Gąstoł, M., Sękara, A., 2019. Comprehensive insight into 

arbuscular mycorrhizal fungi, Trichoderma spp. and plant multilevel interactions with 

emphasis on biostimulation of horticultural crops. J. Appl. Microbiol. 127, 630–647. 

https://doi.org/10.1111/jam.14247 

Tamariz-Angeles, C., Huamán, G.D., Palacios-Robles, E., Olivera-Gonzales, P., 

Castañeda-Barreto, A., 2021. Characterization of siderophore-producing 

microorganisms associated to plants from high-Andean heavy metal polluted soil from 

Callejón de Huaylas (Ancash, Perú). Microbiol. Res. 250, 126811. 

https://doi.org/10.1016/j.micres.2021.126811 

Tiepo, A.N., Constantino, L.V., Madeira, T.B., Gonçalves, L.S.A., Pimenta, J.A., 

Bianchini, E., de Oliveira, A.L.M., Oliveira, H.C., Stolf-Moreira, R., 2020. Plant 

growth-promoting bacteria improve leaf antioxidant metabolism of drought-stressed 

Neotropical trees. Planta 251, 83. https://doi.org/10.1007/s00425-020-03373-7 

Tiepo, A.N., Hertel, M.F., Rocha, S.S., Calzavara, A.K., De Oliveira, A.L.M., Pimenta, 

J.A., Oliveira, H.C., Bianchini, E., Stolf-Moreira, R., 2018. Enhanced drought tolerance 

in seedlings of Neotropical tree species inoculated with plant growth-promoting 

bacteria. Plant Physiol. Biochem. 130, 277–288. 

https://doi.org/10.1016/j.plaphy.2018.07.021 

Tulumello, J., Chabert, N., Rodriguez, J., Long, J., Nalin, R., Achouak, W., Heulin, T., 

2021. Rhizobium alamii improves water stress tolerance in a non-legume. Sci. Total 

Environ. 797, 148895. https://doi.org/10.1016/j.scitotenv.2021.148895 

Vacheron, J., Desbrosses, G., Bouffaud, M.-L., Touraine, B., Moënne-Loccoz, Y., 

Muller, D., Legendre, L., Wisniewski-Dyé, F., Prigent-Combaret, C., 2013. Plant 

growth-promoting rhizobacteria and root system functioning. Front. Plant Sci. 4. 

Jo
ur

na
l P

re
-p

ro
of



 48 

https://doi.org/10.3389/fpls.2013.00356 

Valderrama N, A., Jacinto H, C., Lay, J., Flores E, Y., Zavaleta C, D., Delfín, A.R., 

2020. Factorial design for preparing chitosan nanoparticles and its use for loading and 

controlled release of indole-3-acetic acid with effect on hydroponic lettuce crops. 

Biocatal. Agric. Biotechnol. 26, 101640. https://doi.org/10.1016/j.bcab.2020.101640 

Vassilev, N., Vassileva, M., Martos, V., Garcia del Moral, L.F., Kowalska, J., 

Tylkowski, B., Malusá, E., 2020. Formulation of Microbial Inoculants by Encapsulation 

in Natural Polysaccharides: Focus on Beneficial Properties of Carrier Additives and 

Derivatives. Front. Plant Sci. 11, 270. https://doi.org/10.3389/fpls.2020.00270 

Vejan, P., Khadiran, T., Abdullah, R., Ismail, S., Dadrasnia, A., 2019. Encapsulation of 

plant growth promoting Rhizobacteria—prospects and potential in agricultural sector: a 

review. J. Plant Nutr. 42, 2600–2623. https://doi.org/10.1080/01904167.2019.1659330 

Wang, J., Song, L., Gong, X., Xu, J., Li, M., 2020. Functions of Jasmonic Acid in Plant 

Regulation and Response to Abiotic Stress. Int. J. Mol. Sci. 21, 1446. 

https://doi.org/10.3390/ijms21041446 

Wang, P., Lombi, E., Zhao, F.-J., Kopittke, P.M., 2016. Nanotechnology: A New 

Opportunity in Plant Sciences. Trends Plant Sci. 21, 699–712. 

https://doi.org/10.1016/j.tplants.2016.04.005 

Wang, Q., Xiong, D., Zhao, P., Yu, X., Tu, B., Wang, G., 2011. Effect of applying an 

arsenic-resistant and plant growth-promoting rhizobacterium to enhance soil arsenic 

phytoremediation by Populus deltoides LH05-17: PGPR enhancement of As 

phytoremediation. J. Appl. Microbiol. 111, 1065–1074. https://doi.org/10.1111/j.1365-

2672.2011.05142.x 

Wani, A.B., Chadar, H., Wani, A.H., Singh, S., Upadhyay, N., 2017. Salicylic acid to 

decrease plant stress. Environ. Chem. Lett. 15, 101–123. 

https://doi.org/10.1007/s10311-016-0584-0 

Weyens, N., Truyens, S., Dupae, J., Newman, L., Taghavi, S., van der Lelie, D., 

Carleer, R., Vangronsveld, J., 2010. Potential of the TCE-degrading endophyte 

Pseudomonas putida W619-TCE to improve plant growth and reduce TCE 

phytotoxicity and evapotranspiration in poplar cuttings. Environ. Pollut. 158, 2915–

2919. https://doi.org/10.1016/j.envpol.2010.06.004 

Wu, Z., Peng, Y., Guo, L., Li, C., 2014. Root colonization of encapsulated Klebsiella 

oxytoca Rs-5 on cotton plants and its promoting growth performance under salinity 

stress. Eur. J. Soil Biol. 60, 81–87. https://doi.org/10.1016/j.ejsobi.2013.11.008 

Yang, K., Wang, Q., Wang, Y., Li, S., Gu, Y., Gao, N., Zhang, F., Lei, P., Wang, R., 

Xu, H., 2021. Poly(γ-glutamic acid) Nanocoating To Enhance the Viability of 

Pseudomonas stutzeri NRCB010 through Cell Surface Engineering. ACS Appl. Mater. 

Interfaces 13, 39957–39966. https://doi.org/10.1021/acsami.1c12538 

Yeo, Y., Bellas, E., Firestone, W., Langer, R., Kohane, D.S., 2005. Complex 

Coacervates for Thermally Sensitive Controlled Release of Flavor Compounds. J. 

Agric. Food Chem. 53, 7518–7525. https://doi.org/10.1021/jf0507947 

Yi, Z., Hussain, H.I., Feng, C., Sun, D., She, F., Rookes, J.E., Cahill, D.M., Kong, L., 

2015. Functionalized Mesoporous Silica Nanoparticles with Redox-Responsive Short-

Chain Gatekeepers for Agrochemical Delivery. ACS Appl. Mater. Interfaces 7, 9937–

9946. https://doi.org/10.1021/acsami.5b02131 

Yin, J., Wang, H., Yang, Z., Wang, J., Wang, Z., Duan, L., Li, Z., Tan, W., 2020a. 

Engineering Lignin Nanomicroparticles for the Antiphotolysis and Controlled Release 

of the Plant Growth Regulator Abscisic Acid. J. Agric. Food Chem. 68, 7360–7368. 

https://doi.org/10.1021/acs.jafc.0c02835 

Yin, J., Wang, H., Yang, Z., Wang, J., Wang, Z., Duan, L., Li, Z., Tan, W., 2020b. 

Jo
ur

na
l P

re
-p

ro
of



 49 

Engineering Lignin Nanomicroparticles for the Antiphotolysis and Controlled Release 

of the Plant Growth Regulator Abscisic Acid. J. Agric. Food Chem. 68, 7360–7368. 

https://doi.org/10.1021/acs.jafc.0c02835 

Yuan, Y., Zu, M., Sun, L., Zuo, J., Tao, J., 2022. Isolation and Screening of 1-

aminocyclopropane-1-carboxylic acid (ACC) deaminase producing PGPR from Paeonia 

lactiflora rhizosphere and enhancement of plant growth. Sci. Hortic. 297, 110956. 

https://doi.org/10.1016/j.scienta.2022.110956 

Zeng, P., Sun, F., Liu, Y., Wang, Y., Li, G., Che, Y., 2021. Mapping future droughts 

under global warming across China: A combined multi-timescale meteorological 

drought index and SOM-Kmeans approach. Weather Clim. Extrem. 31, 100304. 

https://doi.org/10.1016/j.wace.2021.100304 

Zeng, Q., Wu, X., Wen, X., 2016. Identification and characterization of the rhizosphere 

phosphate-solubilizing bacterium Pseudomonas frederiksbergensis JW-SD2, and its 

plant growth-promoting effects on poplar seedlings. Ann. Microbiol. 66, 1343–1354. 

https://doi.org/10.1007/s13213-016-1220-8 

Zhang, C., He, Q., Wang, M., Gao, X., Chen, J., Shen, C., 2020. Exogenous indole 

acetic acid alleviates Cd toxicity in tea (Camellia sinensis). Ecotoxicol. Environ. Saf. 

190, 110090. https://doi.org/10.1016/j.ecoenv.2019.110090 

Zhou, M., Zhou, H., Shen, J., Zhang, Z., Gotor, C., Romero, L.C., Yuan, X., Xie, Y., 

2021. H2S action in plant life cycle. Plant Growth Regul. 94, 1–9. 

https://doi.org/10.1007/s10725-021-00693-w 

Zhu, Z.H., Sami, A., Xu, Q.Q., Wu, L.L., Zheng, W.Y., Chen, Z.P., Jin, X.Z., Zhang, 

H., Li, Y., Yu, Y., Zhou, K.J., 2021. Effects of seed priming treatments on the 

germination and development of two rapeseed (Brassica napus L.) varieties under the 

co-influence of low temperature and drought. PLOS ONE 16, e0257236. 

https://doi.org/10.1371/journal.pone.0257236 

Złoch, M., Thiem, D., Gadzała-Kopciuch, R., Hrynkiewicz, K., 2016. Synthesis of 

siderophores by plant-associated metallotolerant bacteria under exposure to Cd 2+. 

Chemosphere 156, 312–325. https://doi.org/10.1016/j.chemosphere.2016.04.130 

 

 

 

Jo
ur

na
l P

re
-p

ro
of



 50 

Declaration of Competing Interest 

☒ The authors declare that they have no known competing financial interests or 

personal relationships that could have appeared to influence the work reported in this 

paper. 

 

Highlights 

 Biostimulants can promote plant resilience to abiotic stress  

 Biostimulants improve plant health with minimal environmental damage 

 Micro/nanoparticles can boost biostimulant application in agriculture 

 Nano-based biostimulants aiming sustainable agriculture 

 Nature-based micro/nanoformulations generate high crop yields  
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