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Abstract
Globally, despite the intense agricultural production, the output is expected to be limited by emerging infectious plant 
diseases and adverse impacts of climate change. The annual increase in agricultural output to sustain the human popu-
lation at the expense of the environment has exacerbated the current climate conditions and threatened food security. 
The demand for sustainable agricultural practice is further augmented with the exclusion of synthetic fertilizers and pes-
ticides. Therefore, the application of plant microbiome engineering and (natural) biostimulants has been at the forefront 
as an environment-friendly approach to enhance crop production and increase crop tolerance to adverse environmental 
conditions. In this article, we explore the application of microbiome engineering and plant biostimulants as a sustainable 
approach to mitigating biotic and abiotic stresses and improving nutrient use efficiency to promote plant growth and 
increase crop yield. The advancement/understanding in plant-biostimulant interaction relies on the current scientific 
research to elucidate the extent of benefits conferred by these biostimulants under adverse conditions.

Keywords Biostimulants · Biotechnology · Climate change · Crop improvement · Microbiome engineering · Sustainable 
food production

1 Introduction

Crop productivity will see a 60–100% increase by 2050 to meet the projected global population of 9.7 billion [1]. However, 
achieving this goal without damaging the agricultural system is challenging. The current agricultural sector and food 
production systems are threatened by various factors, including climate change, land degradation, water availability, 
and, more recently, a pandemic. For example, agricultural arable land has been continuously reduced [2] due to urban 
development and industrialization, while municipal and agricultural water demand is increasing, driven by population 
growth. Therefore, increasing crop productivity on existing agricultural land in a sustainable way is imperative. To achieve 
a better yield, farmers tend to apply chemical fertilizers. Nevertheless, overuse of chemical fertilizers in agro-ecosystem 
may damage soil health and the environment. Furthermore, the use of chemicals raises expectations for increased output 
or production costs, thus reducing farmers’ income.

Climate change has become the most significant issue the world is currently facing. Climate change-induced losses 
to production have triggered public anxiety because they pose food security risks. The effects of climate change have 
been observed in several countries. In the US alone, the combined impact of drought and the increased temperature 
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has caused a total loss of $77.9 billion for the past ten years (2010–2019) in agricultural production [3]. About 30% of 
agricultural losses (~ $29 billion) reported in developing countries were associated with drought from 2005 to 2015 [4]. 
The disruption of food production systems is prevalent in developing countries, whose economies primarily rely on their 
agricultural output. For instance, about 29 million people in the Southern African Development Community countries 
were experienced food insecurity due to the El Niño-induced drought in 2016 that left many people in need of food aid.

Given that the current farmers’ management practices are inadequate to meet global food demand and cope with 
the agricultural vulnerability due to climatic change, significant innovations are imperative to ensure sustainable crop 
production and food security. While many of us hope to see the world produce more foods with limited resources, the 
question is, will this be possible? Can we produce sufficient quality foods for the fast-growing human population in a 
sustainable way?

The yield of grain crops (e.g., rice, wheat, and maize), which provide 2/3 of the intake of human and livestock calories, 
have already reached a “plateau” [5]. Although efforts have been made to increase crop yields by introducing mecha-
nization, using improved crop varieties, and improving crop management practices [6], the rate of yield increment is 
insufficient for the growing population. For example, the crop breeding program is always limited by the very long crop 
duration [7]. Induced mutagenesis has also been used to develop new varieties with improved agronomic characteris-
tics, such as increased stress tolerance potential and bio-fortification [8]. This approach is one of the most efficient tools 
in increasing the genetic variability for desired traits in various food crops. However, since the induced mutagenesis is 
random, many unwanted mutations may occur. Genetic engineering or genome editing approaches are undoubtedly 
an alternative to counter losses in crop yield caused by global climate change. However, their use is strictly restricted or 
not legally permitted in several countries [9].

With regard to plant protection, damages caused by pests and diseases have adversely affected crop productivity. 
Consequently, chemical pesticides have become vital as crop protection measures. Herbicides have accounted for about 
45% of all pesticides used in agriculture [10]. The increasing use of pesticides has raised concerns about potentially harm-
ful effects on natural ecosystems and human health. However, the apparent improvement in crop yield due to chemical 
pesticides has dissuaded farmers from abandoning the chemical pesticides regime [11, 12]. Despite its application ben-
efits, the persistence of pesticide residues in soils has led to a “call for action” to reduce pesticide usage. Hence, finding 
sustainable methods to improve crop productivity and stress tolerance to environmental stress factors while reducing 
the use of pesticides is indispensable.

Do we have a solution to improve crop productivity sustainably? Of course, we do. With the advent of modern bio-
technologies, it is now possible to tackle these complex problems in a sustainable way. The application of beneficial 
microorganisms could be a valuable alternative to achieve this objective. Several soil microorganisms that possess plant 
growth promotion have been reported. These microorganisms could improve crop productivity by enhancing nutrient 
uptake, nutrient cycling, nitrogen fixation, phytohormone production, and resistance against abiotic and biotic stresses 
[13]. Therefore, identifying and studying these beneficial microorganisms would help develop microbial formulations or 
consortia for improving crop productivity through low-cost sustainable biotechnology. Here, we provide an overview 
of microbiome engineering and plant biostimulants (PBs) and discuss how microbiome engineering and biostimulants 
can mitigate environmental stress and improve declining crop production.

2  Plant microbiome engineering

Growing recognition and appreciation of microbial diversity and function has encouraged rapid advances in microbiome 
research. Microbiomes are critical in the food production system due to their potential benefits in improving environ-
mental health and protecting crops from pathogen attacks [14]. The root microbiome (microbial communities present 
in plant roots and the rhizosphere) is the primary determinant for these beneficial effects. The root microbiomes can be 
engineered by soil conditioning (to improve the microbiome diversity, for example, the use of legumes to enrich native 
diazotrophic microorganisms) or substrates / non-microbial biostimulants (including new organic soil amendments and 
root exudates to attract the beneficial microbiota). Alternatively, inoculating microbial strains into a preexisting microbial 
to modify the structure of microbial communities could also be used to achieve such goals. However, how do plants har-
ness the beneficial functions provided by the microbial community and, at the same time, combat microbial pathogens?
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2.1  How do host plants recruit their microbiome?

Plants can modify the soil environment for their growth and other plants. These so-called plant-soil feedbacks have been 
practised in agriculture, where the sequence of crops is rotated to improve soil conditions for crop yield and ensure 
environmental sustainability [15]. Soil microbiota is known to be involved in these plant-soil feedbacks. For instance, the 
accumulation of beneficial soil microorganisms, such as nitrogen-fixing bacteria, can enhance plant growth. However, 
while many studies have shown the beneficial effects of a few soil microorganisms on plant performance, the molecular 
basis of plant–microbe interactions remains to be uncovered.

2.1.1  Plant‑to‑microbe signals

Plants secrete various molecules from roots into the rhizosphere to support microbial activity or magnetize the diversity 
of soil microbiota. This secretion process is known as root exudation. Root exudates mainly consist of primary (sugars, 
amino acids, and organic acids) and secondary metabolites (flavonoids, glucosinolates and terpenes). Besides serving 
as the energy sources for microbial growth, root exudates can also modulate changes in the microbial communities 
by acting as signaling molecules [16]. These exudates allow plants to recruit specific microbial communities in their 
rhizosphere. This mutual communication determines the coexistence and performance of plants in agricultural systems. 
Root exudation is genetically regulated and can be influenced qualitatively and quantitatively by the plants’ nutritional 
status, age, and growth stage [17]. For example, Chaparro et al. [18] reported that sugars were the most exuded com-
pounds in the early developmental stage of Arabidopsis, whereas amino acids and phenolic compounds in older plants 
of 28–31 days were highly accumulated.

Previous studies demonstrated that plants could recruit a distinct microbiota from the surrounding soil microbiome 
and induct them as plant endophytes [19, 20]. However, the composition of endophytes is influenced by the plant spe-
cies, genotype, and growth-stage [21]. Different plants might have distinct endophytes that might influence the plant 
tolerance to environmental stresses or nutrient-poor soils. In general, many endophytes exhibit plant growth-promoting 
effects than the rhizosphere inhabitants.

2.1.2  Microbe‑to‑plant signals

Many soil microorganisms are capable of synthesizing volatile organic compounds (VOCs). Microbial VOCs are microbe-
to-plant signal molecules, having small molecular masses (on average 300 Da) and low boiling points [22]. VOCs pro-
duced by microorganisms can regulate the plant physiological and metabolic processes to promote plant growth and 
improve stress tolerance. The function of microbial VOCs in promoting plant growth was first reported by Ryu et al. [23]. 
The authors showed that VOCs emitted by Bacillus subtilis GB03 increased the total leaf area in Arabidopsis thaliana and 
confers salt tolerance by downregulating HKT1 expression in roots, thus decreasing  Na+ accumulation. Since then, many 
studies have been carried out to determine the plant response to microbial VOCs. For example, tetrahydrofuran-3-ol, 
2-heptanone and 2-ethyl-1-hexanol emitted by Bacillus sp. stimulate growth on A. thaliana and tomato [24] and dime-
thyl disulphide emitted by Pseudomonas stutzeri increases growth on tomato [25]. These findings demonstrated that 
microbial VOCs could be alternative strategies for improving crop yields with reduced synthetic fertilizer inputs, thus 
contributing to global food security. However, despite the emerging evidence suggesting that microbial VOCs could be 
an eco-friendly solution in agriculture, there is still lacking studies in applying VOCs in agricultural systems. Furthermore, 
the mode of action modulated by microbial VOCs on the plant performance has yet to be clarified.

Phytohormones are essential for plant growth and development and adaptation to environmental stresses. They are 
also involved in belowground interaction between roots, soil, and the microbiome. Phytohormones can be grouped 
into auxins, cytokinins, abscisic acid, gibberellins, salicylic acid, jasmonic acid, ethylene, strigolactone, and brassinolide, 
based on their chemistry and mode of action [26]. These phytohormones play significant roles in regulating root activ-
ity, microorganisms or their interaction with each other or with soil. For example, many plant growth-promoting rhizo-
bacteria (PGPR) produce indole-3-acetic acid (IAA) that could influence root growth and architecture [27]. However, its 
effects are dependent on the endogenous IAA level in plants [28]. Besides involving in the belowground, the secreted 
microbial phytohormonal signals could enter the xylem channel via the plant roots and finally exert their functions on 
aboveground organs [29]. These phytohormones usually interplay with each other in coordination or an antagonistic 
manner in the root-soil continuum [30]. Figure 1 shows an overview of the plant’s perception of external stimuli and 
defence mechanisms in response to abiotic and biotic stresses.
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2.2  Microbiome engineering approaches

Transferring one or more microbial species to plants that lack them might be the way to reduce plant disease suscep-
tibility, increase nutrient availability, improve abiotic stress tolerance, and ultimately increase crop yields [31]. This 
is because microbial species may help fix atmospheric nitrogen, solubilize phosphate, produce phytohormones or 
enzymes that can modulate plant growth and development, and induce resistance systems against pathogens [32].

There are two approaches to engineer the plant microbiome: direct inoculation of exogenous beneficial micro-
organisms and re-inoculation of ex-situ enriched indigenous beneficial microorganisms. Direct inoculation of exog-
enous microorganisms with antagonistic activities against phytopathogens is the most common strategy to enhance 
the crop microbiome [31]. Even though inoculating exogenous microorganisms may not directly promote plant 
growth, they could benefit the plants by recruiting other microbial species known for their plant growth-promoting 
abilities [14]. For example, the inoculation of Streptomyces rochei IT20 had resulted in a higher α-diversity of the 
rhizospheric bacterial community and a relatively high abundance of other prolific plant growth-promoting Act-
inobacteria [33]. Another strategy for altering the crop ecosystems is to selectively enrich the indigenous beneficial 
microbial populations and re-introduce them back to the microbial community [14]. One of such examples has been 
reported by Awla et al. [34]. The authors found that the enriched indigenous Streptomyces sp. UPMRS4 can prime the 
rice crops against Pyricularia oryzae, reducing blast disease severity by 67.9%. Similarly, Wu et al. [35] demonstrated 
that the enriched indigenous Pseudomonas mosselii BS011 could effectively prevent rice blast disease caused by 
Magnaporthe oryzae.

2.3  Microbiome engineering in enhancing nutrient use efficiency

Synthetic fertilizers are widely applied to agricultural systems to increase crop yield. However, synthetic fertilizers 
readily absorbed by the plants are susceptible to leaching and require frequent applications. For example, Fukamachi 

Fig. 1  An overview of the plant’s perception of external stimuli and defence mechanisms in response to abiotic and biotic stresses. Arrows 
indicate promotion; blunt-ended lines indicate inhibition. ABA: abscisic acid;  Ca2+: calcium ion; high-affinity  K+ transporter 1: HKT1; MAPK: 
mitogen‐activated protein kinase; PGPR: plant growth-promoting rhizobacteria; PRRs: Pattern recognition receptors; ROS: reactive oxygen 
species
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et al. [36] reported that less than 0.1% of chemical pesticides reach their biological targets, which means the remain-
ing amount is leached into surrounding soil and water. Although some fertilizers consist of natural organic matter, 
such as composted organic waste, which is not prone to leaching, they are not readily absorbed by the plants [37]. 
Nitrogen fertilizers, a vital nitrogen supplement in our crop production systems, could directly or indirectly con-
taminate the environment through eutrophication and toxic deposition in groundwater if ineffective excessive use. 
About 50% of added nitrogen could be recovered by cropping systems [38], whereas another 50% remains in the 
soil as organic complexes or escapes through volatilization, leaching and runoff [39]. Hence, sustainable alternatives 
should be explored to enhance nitrogen use efficiency and reduce the fertilizer inputs to some extent.

Microbial biofertilizers relying on the stable cooperation of the enriched hydrolytic producers with host plants could 
mineralize, solubilize, or mobilize nutrients from organic matter while modulating the microbial community through 
competitive nutrient exclusion [40, 41]. Hence, their application has attracted much attention from scholars and practi-
tioners. The phytomicrobiome, perhaps not all, could reduce the nitrogen supplement applications by fixing atmospheric 
nitrogen through legume-rhizobium interaction or assisting the nitrogen fixers through their secretions [42]. There are 
two nitrogen fixers based on their association developed with plants: the symbionts and the free-living nitrogen fixers. 
Several symbiotic nitrogen fixers have been identified, including Allorhizobium, Azoarcus, Azorhizobium, Bradyrhizobium, 
Burkholderia, Frankia, Mesorhizobium, Rhizobium, and Sinorhizobium [43]. For free-living nitrogen fixers, the more notable 
ones are Azoarcus, Azospirillum, Azotobacter, Gluconacetobacter, and Herbaspirillum [44]. The application of beneficial 
phytomicrobiome on food crops has been extensively investigated. For instance, Yang et al. [45] found that soil applica-
tion of microbial biofertilizer significantly increased wheat production while reducing the amount of chemical fertilizer 
required and enhancing the soil phosphorus and potassium availability. Erdemci [46] demonstrated that wheat seeds 
pre-coated with microorganisms showed improved growth and yield. Nonetheless, although the exogenous microbial 
inoculations had increased soil nutrients up to 90 days, the beneficial impact of microbial biofertilizers may decrease 
over time [47].

2.4  Microbiome engineering in improving abiotic stress tolerance

Abiotic stresses, such as drought, extreme temperature, and salinity, severely decrease the yield of food crops worldwide. 
When plants are exposed to abiotic stress, their internal metabolisms are disrupted, causing the imbalance between 
reactive oxygen species (ROS) production and scavenging systems [48]. The accumulation of excessive ROS can cause 
oxidative stress that leads to cell death and senescence. To survive, plants undergo a series of morphological, physiologi-
cal, biochemical, cellular, and molecular changes [49]. Advances in omics and molecular technologies have identified 
signaling and regulatory pathways and characteristics of mechanisms underlying plant stress responses, providing valu-
able data in the information pool for crop improvement.

Implementing a sustainable strategy to enhance crop tolerance against abiotic stresses is of great importance to 
increase global food production. Several studies have shown that microbiome engineering could reduce plant oxidative 
stress by producing microbial 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase to modulate plant ethylene stress 
hormone [20, 50]. Plants synthesize ethylene via the actions of ACC synthase to produce ACC, an ethylene precursor. 
However, a high level of ethylene may inhibit their root elongation. Soil microbiota that produces ACC deaminase can 
degrade plant-produced ACC, resulting in reduced ethylene levels in the plants (Fig. 1). In this context, bacteria may act 
as a biological agent to control ethylene levels. For instance, ACC deaminase-producing rhizobacteria improved drought 
stress in pulse crops [51] and velvet beans [52]. Another study showed that microorganisms isolated from roots of grape-
vine and olive plants growing under severe drought conditions could improve the growth of another host species [53]. 
This promotion might be due to the more extensive root system stimulated by the bacteria that increased plant water 
uptake ability. This strategy holds promising benefits to save time, effort and costs. Yoolong et al. [54] demonstrated 
that Oryza sativa cv. KDML105 roots inoculated with the ACC deaminase-producing Streptomyces venezuelae ATCC 10712 
prior to salt stress showed increased salt tolerance than the uninoculated rice.

Phytomicrobiome has demonstrated the capability to mediate host osmotic adjustment, including altering the com-
position of amino acids and sugars and facilitating the production of proline, polyhydric alcohols, glycine betaines, and 
osmolytes [55]. The microbial osmolytes work synergistically with those produced by plants to maintain plant health. 
Inoculation of osmotic-stressed crops with PGPR strains has been shown to increase glycine betaine content than those 
without inoculation. For instance, Gou et al. [56] found that maize inoculated with Klebsiella variicola F2, Raoultella 
planticola YL2, and Pseudomonas fluorescens YX2 produced a higher accumulation of glycine betaine and choline than 
control, resulting in improved water relations and plant growth under drought conditions. Another study by Kanwal et al. 
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[57] showed that applying a combination of PGPR, compost, and mineral fertilizer increased soluble sugar and proline 
contents, which helped maintain membrane stability and water potential under stressful conditions. Taken together, 
inoculating beneficial microorganisms, especially those containing ACC deaminase, in farmland could help crops con-
tend with abiotic stress and its associated detrimental effects on plants, thus increasing current agricultural outcomes.

2.5  Microbiome engineering to improve biotic stress tolerance

Biotic stress caused by bacteria, fungi, viruses, and nematodes poses immense global challenges to crop production. 
Most farmers rely on chemical pesticides or fungicides to control crop diseases. While these chemical agents effectively 
protect against crop diseases, their potential adverse effects on the soil ecosystem and the environment may not be 
reversible. Increasing evidence indicates that microbiome engineering possesses a great potential to combat phytopatho-
gens. They are safe for humans and the environment and easily degraded in soil. These engineered microbiomes are 
applied to plants to suppress the growth of the pathogenic population [58], as shown in several major crops, such as 
rice, wheat, and corn. For instance, Saikia et al. [59] demonstrated that exogenous microbial inoculations either in soil or 
as endophytes could combat Xanthomonas blight in rice. Recent studies suggest that plants respond to biotic stress by 
altering their root exudation chemistry to attract health-promoting microbiomes. For example, 89 primary metabolites in 
cucumber roots infected with pathogenic Fusarium oxysporum were differentially changed compared to roots colonized 
by beneficial Bacillus amyloliquefaciens [60]. Besides primary metabolites, secondary root metabolites are also equally 
important since they are often induced during pathogen attacks. For instance, Xu et al. [61] reported that strigolactone 
was highly accumulated in parasitic nematodes-infested tomato roots.

The effectiveness of PGPR strains as single strains or as a consortium in pathogen biocontrol has been evaluated. It is 
believed that consortia are more effective at controlling biotic stress than single inoculants [62], although some studies 
indicate the contrary. In a consortium, microbial species may exhibit synergistic interactions and confer benefits to each 
other [63]. Some strains may produce secondary metabolites, such as exopolysaccharides, to render the non-producing 
strains resistant to stress or degrade substrates into forms that other consortium members can use. This probably could 
explain why ineffective strains are more effective in a consortium. Santhanam et al. [64] reported that Bacillus megaterium 
B55 and Pseudomonas azotoformans A70, with insignificant effects on mortality reduction in sudden wilt pathogens-
infected tobacco, performed better in a consortium with other five bacteria. On the other hand, some PGPR may be 
more efficient as single strains [62]. Hence, further research is required to draw a conclusion. These findings suggest that 
microbiome engineering could be potentially complement existing biotic stress management practices in agriculture, 
such as crop rotation, breeding, and biotechnology.

2.6  Limitations and concerns

Deploying microorganisms to increase crop productivity is an attractive approach. Nevertheless, the outcome of the 
response is not always encouraging due to several limitations. For instance, the signals used by plants to recruit ben-
eficial microbiota can be hijacked by parasitic organisms. One such example has been discussed, where pathogenic 
nematodes can exploit the exudation of arbuscular mycorrhizal fungi (AMF)-recruiting strigolactones to locate their host 
[65]. Moreover, the effectiveness of exogenously applying microorganisms in establishing a beneficial environment to 
both entities is dependent on whether these exogenous microorganisms can survive in the competition with the indig-
enous microorganisms [66]. Fortunately, their persistence can be enhanced by inoculating crops with consortia instead 
of single strains. While this approach increases the survival and activity of the inoculated microbiota, the interactions 
of these pioneer exogenous microorganisms with the microclimate (temperature and humidity), surface structure (pH, 
water, and nutrient availability), host plants (exudates and defense mechanisms), and the indigenous microorganisms 
(exudates and competition) should also be taken into considerations [19, 66, 67].

The composition of the synthetic microbiomes can be tailored for specific traits, but currently, only culturable microbial 
taxa can be incorporated as part of the synthetic microbiome [68]. The current limitation of isolating novel indigenous 
microorganisms is confounded by the fact that most natural microbiomes remain uncultivated [69]. Alternatively, altera-
tion of soil microbial community can be achieved by introducing genetically modified microorganisms that have been 
designed to be resilient in adverse conditions while possessing plant growth-promoting traits or introducing desired 
traits into the targeted microbial community in situ via horizontal gene transfer [70]. Nonetheless, introducing geneti-
cally modified microorganisms or exogenous genes into the open environment requires stringent national biosafety 
regulations.
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3  Plant biostimulants

PBs have been considered promising and environmental-friendly innovation agronomic tools, as shown by the increase 
of scientific publications (see bibliometric analysis in Sect. 3.5) and the constant expansion of their market [71]. Therefore, 
they are among the hot topics in agriculture and have been extensively reviewed [72–75]. In this section, we report recent 
literature data concerning PBs application and achievements to advance crop production and quality.

3.1  Definitions and their regulations

The definition of PBs has been rigorously debated over the last decade. Over the past few years, several types of PBs 
have been defined by different authors based on the composition of the products, source material, and mode of 
action. However, the efficacy of PBs is not due to a single compound, making it complicated to understand which 
compounds are the most active and what their mode of action is. Therefore, the European Commission noted the 
need to repeal the existing Fertilizers Regulations and expand the scope to other organic products, including PBs.

Specifically, PBs are any substances or microorganisms applied to plants to facilitate the uptake of nutrients, 
enhance environmental stress tolerance, and expand crop quality traits along with a good yield [76]. They were 
first defined by Zhang, Schmidt [77] as “materials that, in minute quantities, promote plant growth”. Here, the term 
“in minute quantities” differentiates the PBs from nutrients, soil improvers, and pesticides applied in larger quanti-
ties. Before adopting Regulation (EU) No 2019/1009 [78], PBs were defined by what they are not to differentiate PBs 
from fertilizers and pesticides. The PBs were redefined in the Fertilizing Products Regulation (FPR) as “EU fertilizing 
products stimulating plant nutrition processes independently of the product’s nutrient content with the sole aim of improv-
ing one or more of the following characteristics of the plant or the plant rhizosphere: nutrient use efficiency, tolerance 
to abiotic stress, quality traits, availability of confined nutrients in soil or rhizosphere” [78]. The new definition clarifies 
the categorization of PB products. While removing them from the Plant Protection Products Regulation, PBs remain 
in the scope of Regulation (EC) 1907/2006 [short for the Registration, Evaluation, Authorisation, and Restriction of 
Chemicals (REACH)] [79]. These new regulations aim to improve internal market operations for fertilizer products in 
the European Union, boost investment and promote effective and safe fertilizers [80].

3.2  Source of plant biostimulants

As previously mentioned, PBs can be formulated with diverse microorganisms or naturally occurring bioactive com-
pounds. They do not provide nutrients to plants and do not target pests and pathogens, but they encourage nutrient 
uptakes or help foster plant growth and development. PBs have been classified based on their mode of action [81], 
contents [82], or a combination of both [83]. However, under the FPR, PBs are classified into two categories: microbial 
PBs and non-microbial PBs.

3.2.1  Microbial plant biostimulants

The availability of high-quality agricultural lands has decreased over the past several decades and is likely to con-
tinue to do so as climate change progresses. This indicates that crop yields will need to be maintained under more 
stressful conditions despite production on a smaller land area. Microbial PBs have been widely used to enhance crop 
yield under low-input conditions and mitigate the impacts of climate change on crops [84]. They contain free-living 
beneficial bacteria and/or fungi listed in the Component Material Categories, number 7 [75, 85]. Many bacteria and 
fungi have been explored for their potential to be applied as biostimulants. Of these, Rhizobium and rhizospheric 
PGPR are the major reported group [86]. To date, more than 20 commercially available microbial PBs are derived from 
PGPR. Besides PGPR, AMF have also been used to enhance plant performance. AMF are early symbiotic partners of 
many plant species. More than 80% of land plant species could form symbiotic associations with AMF [87]. Similar to 
PGPR, some AMF inoculants have been commercialized by companies using either single or mixtures of AMF species, 
mostly are Funneliformis mosseae and Rhizoglomus irregulare [88].
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3.2.2  Non‑microbial plant biostimulants

Non-microbial PBs consist of bioactive substances, including humic substances, protein hydrolysates, nitrogen-containing 
compounds, seaweed extracts, chitosan, biopolymers, and inorganic compounds. They comprise more than 33% of the 
biostimulant market worldwide [89]. Of these, seaweed extracts are the most commonly used [90]. Seaweeds are highly 
nutritious. They are rich in proteins, enzymes, and polysaccharides. The application of seaweed extracts in agricultural 
farms has been reported during the first century [91]. Currently, seaweed extracts have been applied to plants to miti-
gate abiotic stress, enhance nutrition efficiency and improve root growth and microbial activity of the root zone [74]. 
Seaweeds can be categorized into three groups based on their pigmentation: (i) Phaeophyta (brown), (ii) Rhodophyta 
(red), and (iii) Chlorophyta (green) [92]. Commercially available seaweed extracts are mostly from brown seaweeds, such 
as Ascophyllum, Fucus, and Laminaria [93]. This is probably due to their wide range of beneficial organic and mineral 
components, such as laminarin, fucoidan and alginates, mannitol plant hormones, and minerals (Fe, I, K, Mg, and S) [94].

Humic and fulvic acids are organic molecules generated from the biological or chemical transformation of plant and 
animal wastes and chemical reactions. The physiological changes in roots and shoots, thanks to the exogenous applica-
tion of humic substances, allow crops to better assimilate and distribute nutrients and thus, improve their growth and 
stress tolerance. Humic substances are commonly applied through soil drenching, while some are applied through foliar 
application. The beneficial effects of humic substances include (i) improving soil structure, (ii) improving the availability 
of phosphorus, (iii) neutralizing soil pH, (iv) inducing lateral root growth, and (v) stimulating nitrate assimilation in crops 
[95]. However, how do humic substances influence plant physiology is still unknown. This is due to the complexity of 
these substances and different plant responses altered by their application.

Protein hydrolysates are also commonly used as PBs in agriculture to help crops cope with environmental stresses. This 
class of PBs contains a mixture of free amino acids, oligo- and polypeptides derived from plant sources and animal wastes. 
They are mainly applied as a foliar spray and, in some cases, as a substrate drench or seed treatment. Protein hydrolysates 
have been shown to exhibit biostimulatory activity by (i) inducing several key enzymes involved in nitrogen assimila-
tion and carbon metabolism and (ii) increasing antioxidant enzyme activity and secondary metabolite production [96].

3.3  Application of plant biostimulants

PB formulation could be applied directly to the soil, incorporated with compost, or combined with fertilizers and micro-
nutrients either alone or combined with other types of PBs to synergize the positive effects on plants [97]. PBs, such 
as seaweed and other plant extracts, are often used in the form of foliar applications, whereas PBs containing humic 
substances are often applied directly onto the soil. The best time to apply PBs is in the morning since plant stomata are 
open and the assimilation rate is at its peak [98]. Some examples of PB application on food crops are listed in Table 1.

3.3.1  Plant biostimulants for crop growth and improvement

The stimulation effects of PBs on seed germination, plant growth, and crop productivity have been reported. Ertani et al. 
[125] evaluated the capacity of seaweed extracts to stimulate the growth of maize. Among the six seaweed extracts, Asco-
phyllum nodosum extract was the most efficient in promoting root growth, likely due to its elevated indole-3-acetic acid 
content [125]. Foliar or soil application of organic acid-based (citric acid, gluconic acid, and humic acid) and potassium-
rich PBs on submerged rice have enhanced nutrient use efficiency and photosynthetic pigment contents [103]. Kundu 
et al. [103] found that foliar spraying of organic potassium humate together with soil application of inorganic potassium 
sulfate had produced the highest rice straw (22.4 g/kg soil) and grain yield (5.6 g/kg soil). Billard et al. [126] found that the 
increase in nutrient acquisition might be due to the upregulation of the transporter genes. Besides enhancing nutrient 
use efficiency, seaweed extract treatments also increased the plant biomass and bioactive molecules, such as phenolics 
and flavonoids [127]. These enhanced phenolics and flavonoids might be due to the upregulation of glutathione reduc-
tase and ascorbate peroxidase [127].

In potatoes, Ekin [101] found that the application of PBs containing humic acid and PGPR (B. megaterium and B. subtilis) 
increased the plant height (71.7%), the number of tubers per plant (15.2%), and the tuber weight (118.8%) as well as 
promoted industrial-grade tuber yield (294.4%) compared to untreated control. In addition, PBs promote stomatal con-
ductance and stomatal density, which are correlated with positive regulation of EPFL9 [128], enhancing internal carbon 
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dioxide concentration, thereby improving plant photosynthesis, and leading to yield increment [107]. For example, 
chitosan biostimulants have been shown to increase the height, root length and biomass in rice [102]. These findings 
suggest that PBs are a promising biotechnology tool to improve plant growth, yield, and quality in field conditions [101].

3.3.2  Plant biostimulants in mitigating abiotic stresses

Plants are subjected to various abiotic stresses. The detrimental effects of these stresses are responsible for 70% of the 
yield gap dictated by climate changes [129]. Therefore, to increase crop productivity, the utilization of PBs in agronomic 
production systems has been suggested as one of the promising drivers toward further yield stability. PBs protect plants 
against abiotic stresses through activating a cascade of signaling activity, increasing enzymatic and non-enzymatic anti-
oxidant activities, reducing the level of lipid peroxidation and electrolyte leakage, and enhancing water use efficiency, 
nutrient use efficiency, and photosynthesis activity [110, 114]. Several key genes involved in antioxidant metabolism (CAT 
, SOD, POD, APX, GPX, GR, CHS, CSD1, and DHAR), biosynthesis and signaling of abscisic acid (NCED), aquaporin (PIP1 and 
PIP2), osmoprotectant (P5CS1), and secondary metabolite biosynthesis (PAL) showed differential expression patterns [130].

3.3.2.1 Drought stress Drought stress poses a severe threat to food security by affecting crop yields and product qual-
ity. In this regard, PBs have been applied in agriculture to increase crop tolerance to drought stress. For example, foliar 
application of commercial seaweed extracts (Crop Plus) to the drought-stressed Sakha108 rice cultivar produced higher 
leaf area index, chlorophyll content, and biomass compared to cytokinin and abscisic acid. The Crop Plus-treated rice 
showed 29% increment of dry matter production, 47% of the number of tiller/m2, 43% number of panicle/m2, 15% num-
ber of filled grain, 50–64% of panicle weight/g, 15–18% of 1000-grain weight/g, and 33% of grain yield t/ha [109] when 
compared to non-treated plants. In drought-stressed tomato plants, the application of AMF biostimulants increased 14% 
root dry weight and 18% shoot dry weight compared to untreated tomato plants [105]. When analyzing the biochemical 
changes, Duc et al. [106] found that several antioxidant enzyme activities (catalase (CAT), superoxide dismutases (SOD), 
and peroxidase (POD)) in AMF-treated tomato plants were higher than untreated plants. However, the hydrogen peroxi-
dase content and lipid peroxidation of AMF-treated tomato plants were significantly reduced. Similar studies have also 
been reported in various food crops, such as rice [131], wheat [132], tomato [133], maize [108], and finger millet [100].

3.3.2.2 Heat stress Heat stress is projected to increase in frequency in many regions as global temperatures rise. A recent 
study demonstrated that AMF biostimulants could modulate the oxidative stress caused by heat stress [106]. The authors 
reported that ROS production in heat-stressed tomatoes was reduced after the AMF treatment due to the enhanced 
antioxidant enzyme activities [106]. Another study showed that the foliar application of two commercially available 
seaweed PBs (Boosten and Megafol) alleviated the heat stress effect in tomato plants [112]. In terms of the root system, 
the authors found that Boosten produced a higher root length (41%) and root diameter (89.8%) than Megafol [112]. In 
aboveground tissues, Boosten increased the photosynthesis rate by 81.7% and chlorophyll content by 30.5% compared 
to non-treated tomato plants [112], suggesting that the foliar application of seaweed extracts could potentially enhance 
crop tolerance to heat stress.

3.3.2.3 Salinity stress The accumulation of high levels of salts in the soil causes salinity stress, affecting plant growth 
and yield. Similar to drought stress, salinity stress results in oxidative damage, but the application of PBs on plants could 
reverse this effect. For example, maize seeds primed with microbial PBs containing Bacillus sp. MGW9 increased the stress 
tolerance of the maize plants grown in saline-alkali soil [134]. When analyzing two contrasting (salt susceptible and tol-
erant) rice cultivars under salinity stress conditions, Khan et al. [116] found that the natural biostimulant panchagavya 
significantly enhanced biochemical and physiological characteristics in both cultivars. Both rice cultivars showed dif-
ferential expression patterns for several salinity-responsive genes, including ATG1, ATG3, ATG4, ATG6, ATG7, ATG8, ATG9, 
BI-1, MAPK-1, WRKY53, CAT-1, SOD, and GPX [116]. Another study on rice observed an increase in the number of grains 
per spike (23.4%), grain yield (g/1000 seeds) (10%), grain protein (2%), and straw yield (g/plant) (9%) [107]. In wheat, Zou 
et al. [135] found that applying crude polysaccharides from brown seaweed enhanced the salinity tolerance of wheat 
seedlings. They indicated that the beneficial effects might be due to (i) decreased cell membrane lipid peroxidation, (ii) 
increased chlorophyll content and antioxidant enzyme activities, and (iii) a better efflux and compartmentation of intra-
cellular ions. Other studies on applying PBs to reduce the deleterious effects of salinity stress have also been reported in 
several food crops, such as rice [136], maize [134], lettuce [137], cucumber [114], and tomato [90].
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3.3.3  Plant biostimulants in mitigating biotic stresses

Besides abiotic stress factors, biotic stress caused by phytopathogens also influences crop productivity. In nature, plants 
are frequently exposed to biotic stress, which causes physiological, biochemical, and molecular changes involving physi-
ological damages that could reduce their productivity. Consequently, plants have developed an advanced defense system 
to combat biotic stress. These include physical barriers, such as waxes and thick cuticles, to prevent pathogens from set-
tling into the plant, the release of chemical compounds, pathogen-associated molecular patterns-triggered immunity, 
and plant resistance (R) proteins [138].

The application of PBs in agriculture encourages the healthy growth of crops and increases their productivity by sup-
pressing pathogens and pests (Table 1). For example, the symptom of early blight disease caused by Alternaria solani 
[120] and tomato chlorotic dwarf viroid disease [139] in tomato plants was significantly reduced after pre-treated with 
sodium alginate or λ-carrageenan (an elicitor of commercial seaweed extracts) biopolymer. The λ-carrageenan has also 
been shown to confer up to 70% protection against Septoria tritici blotch disease by inducing salicylic acid- and jasmonic 
acid-dependent signaling pathways in wheat [123]. Rice seeds pre-treated with chitosan PBs showed enhanced tolerance 
against bacterial leaf blight (Xanthomonas oryzae pv. Oryzae) with a 39.9% disease index [102]. The authors found that the 
antioxidant enzyme activities of the pre-treated rice seeds increased about 2.5- and threefold for POD and polyphenol 
oxidase, respectively [102]. de Oliveira Filho et al. [140] evaluated the cottonseed-derived protein lysates PBs on their 
ability to inhibit strains of Colletotrichum gloeosporioides and Staphylococcus aureus under in vitro conditions. They found 
that the heat-pretreated hydrolysates inhibited 73.9% C. gloeosporioides and 32.4% S. aureus [140]. Similar studies on 
applying different PBs on other crops, such as maize [141] and tomato [121], have also been reported.

The growth inhibition of pathogens by PBs occurs through the antibiosis action of VOCs, bacteriocin, and siderophore. 
Microbial PBs, such as PGPR, produce numerous antibiotics and VOCs with antagonistic activities. These compounds are 
effective agents against phytopathogens. For instance, B. subtilis (PGPR) emitted VOCs, particularly acetoin, that triggered 
induced systemic resistance (ISR) and reduced Arabidopsis plant’s susceptibility to Pseudomonas syringae [142]. Further 
analysis showed that resistance to P. syringae occurs via an NPR1-dependent mechanism and involves salicylic acid and 
ethylene but not jasmonic acid [142]. Bacteriocins, an antimicrobial peptide produced by PGPR, can eliminate competitor 
strains or inhibit related bacterial species. The direct application of bacteriocins has effectively reduced bacterial spot 
disease symptoms on tomato fruits [143].

Some PBs can alter bacterial membrane permeability and inhibit biofilm formation, leading to cell death and reduced 
infection rates. For example, chitosan PBs at 500 mg/ml concentration inhibited 98% of Escherichia coli, Klebsiella pneu-
moniae, Pseudomonas aeruginosa, and S. aureus [144]. It is believed that chitosan disrupts bacterial cell membranes by 
increasing the permeability of the outer and inner membranes and causing membrane damage [145]. The exogenous 
application of chitooligosaccharides (a natural derivative of chitosan) on rice increased plant cell wall integrity and lignin 
formation, which prevents the entrance of the bacterial pathogen X. oryzae pv. Oryzae [146].

3.4  Biostimulant market

The market of PBs is increasing every year and is predicted to reach USD 5.6 billion in 2026, with a compound annual 
growth rate of 12.1% [147]. The growth of the market is attributed to the increasing impact of climate change, soil degra-
dation, and abiotic stresses to crop production and the increase of organic farming due to the shift of the consumption 
pattern of consumers from non-organic to organic. Currently, fruits and vegetables account for the largest market share 
in the biostimulants market [147]. Other main crops on which biostimulants are applied include barley, wheat, rice, and 
oilseed rape. The main factors driving the increasing growth of the biostimulant market are perhaps because of (i) the 
increasing awareness of the need for sustainable alternatives to synthetic chemicals, (ii) the availability of PBs addressing 
specific agronomic needs, (iii) the increasing frequency of environmental stresses and (iv) changing of agricultural and 
environmental policies. Regarding the first aspect, PBs are generally recognized as a sustainable alternative to current 
agricultural practices [97]. Their low toxicity and the fact that they do not accumulate over the long term have made 
PBs an environmentally friendly option [73]. In terms of application methods (foliar spray, soil drench, and seed prim-
ing), foliar spray occupies a higher share of the global market than soil drench and seed priming [148]. However, seed 
pre-treatment with PBs occupies a higher share of revenues. Given that PBs have great potential to replace chemical 
pesticides, the industry has generally welcomed PB development opportunities.
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3.5  Bibliometric analysis

While the industry is a key player in promoting PBs, PBs have also received attention from the scientific community. Cur-
rently, more than 1,990 scientific papers focused on “biostimulants” or “biostimulant” have been published in the last 
ten years (2011–2021) (www. scopus. com). We compiled a list of relevant publications with the co-occurrence of terms in 
the title and abstract from six literature sources, including journal articles and conference proceedings. Once collected, 
bibliographic maps and networks were generated using the software VOSviewer, version 1.6.17 [149]. Our bibliographic 
search covered all biostimulant(s) articles published during 2011–2021. The eligibility criteria were set as follows: the 
terms repeated at least five times were selected, singular and plural forms were standardized to singular forms to avoid 
redundancies, and full names and abbreviations were standardized to full name. The maps and networks for the analysis 
are presented in Fig. 2. Based on these premises, 50 terms were used and clustered according to the strength of asso-
ciation between them. Four clusters were generated and integrated into a network overlay visualization map (Fig. 2).

The results show that “growth” and “yield” are the main terms. The terms “chlorophyll”, “biomass”, “photosynthesis”, and 
“carotenoid” are strongly related to plant growth, indicating that these are crucial traits in plant growth. “PGPR” are the 
main PBs used for research concerning plant growth. “Seaweed extract” and “PGPR” are the PBs investigated concerning 
drought stress. Among abiotic stresses, “drought stress” is the main term, although “salinity” and “oxidative stress” were 
displayed. “Tomato” and “maize” are the main crop.

Fig. 2  Bibliographic maps and networks are based on the literature cited with the term “biostimulants”. The size of the circles and font rep-
resents the frequency of term occurrence. The larger circles mean the greater the frequency. The lines are the linkage among terms. Their 
thickness represents the relative link strength, whereby the thicker lines have stronger relationships among terms

http://www.scopus.com
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3.6  Limitations and concerns

The application of PBs in agriculture has reduced the dependency on chemical fertilizers and pesticides [97]. Despite its 
potential, the use of PBs in agriculture has encountered several limitations and challenges. These include the complexity 
of plant physiological effects on PBs, the effectiveness of PB formulation in enhancing crop growth and stress tolerance, 
and the uncertainty of the current regulations. In addition, the composition and content of active substances used in PBs 
can be affected by many factors, such as agricultural land types, growing conditions, season, and species [150]. These 
have raised questions about: What are the molecular mechanisms underlying the biostimulatory action of PBs? What is 
the effective method, frequency, and time of PB application, and to what extent the crops applied may show beneficial 
effects? How long do the PBs effects persist? Indeed, this knowledge gap has impeded farming communities and indus-
tries from fully utilizing PBs in agronomic practices. Moreover, the existing laws on PBs are vague due to the unclear 
categorization of PBs. Different countries and states may have different categories or terminologies for PBs. Furthermore, 
in the absence of proper and clearer laws and regulations, the registration process of PBs becomes complicated and 
potentially creates a barrier to PB development. This may affect the manufacturers in positioning PBs on markets [82]. 
Hence, the involvement of farmers, the scientific community, stakeholders, and regulatory bodies are indispensable to 
realizing PBs for sustainable food production.

4  Conclusion and future prospects

Climate change has intensified the environmental stress on crops and increased the outbreak of plant diseases. Finding 
more sustainable and environmentally friendly alternatives to enhance crop yield and food quality and, at the same time, 
reduce the use of chemical fertilizers and pesticides is one of the most urgent tasks today. One promising and practical 
strategy is to harness beneficial plant–microbe relationships as a means to restore the plant ecosystem and increase crop 
productivity and stress tolerance (Fig. 3). The promotive effect of microbial consortia and PBs to mitigate the deleterious 
impacts of stresses on crop growth and yield have been reported for many years. Much evidence has demonstrated that 
a healthy crop microbiome and timely applications of PBs can restore soil health and productivity under low-nutrient 
input conditions and thus contribute to sustainable food production systems. However, microbial consortia and PBs are 
rarely included as part of commercial agricultural practices. The hindrance to adopting microbial consortia and PBs might 
be due to the insufficient baseline empirical data to model the risks and benefits of sustainable farming across multiple 
crop systems. Additionally, the farmers’ hesitance to adopt the practice might be because of their lack of knowledge on 
the practical application of microbial consortia and PBs. The farmers’ perspective against adopting microbial consortia 
and PBs is that using these products could increase cultivation costs.

Another major challenge for incorporating microbial consortia and PBs in crop improvement programs is the strin-
gent regulatory frameworks and extensive risk assessment procedures on crop microbiomes. This might be because of 
the peculiarity of microbial consortia and PBs regarding their mode of action and the intended effects. Hence, a better 
understanding of the molecular and biochemical mechanisms of soil microbiomes and PBs with their host crops are 
required to fully exploit their benefits in crop improvement programs. This requires an intensive effort and interdiscipli-
nary collaboration in microbial inoculant and PB development to bridge the gaps between research and practice and 
ultimately facilitate the diffusion of these bioproducts into the agricultural sector. In addition, continued investments in 
PBs research and product development are also a crucial driver of discovery in this realm.
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