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Abstract

:

There are many reasons for the increase in hydroponics/soil-free systems in agriculture, and these systems have now advanced to the form of vertical farming. The sustainable use of space, the reduction in water use compared to soil-based agriculture, the lack of pesticides, the ability to control nutrient inputs, and the implementation of user-friendly technology for environmental control and harvesting are all factors that have made the global market for vertical farming predicted to reach more than USD 10.02 billion by 2027. By comparison, soil-based agriculture consumes 20 times more water, and some agricultural practices promote soil deterioration and cause environmental pollution. Plant growth-promoting microorganisms (PGPMs) have been used extensively in traditional agriculture to enhance plant growth, environmental stress tolerance, and the efficacy of phytoremediation in soil-based farming. Due to the controlled atmosphere in hydroponics and vertical farms, there is strong potential to maximize the use of PGPMs. Here, we review the leveraging of plant growth-promoting microorganism mechanisms in hydroponics and vertical farming. We recommend a synchronized PGPM treatment using a biostimulant extract added to the hydroponic medium while also pre-treating seeds or seedlings with a microbial suspension for aquaponic and aeroponic systems.
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1. Introduction


The role of plant growth-promoting microorganisms (PGPMs) has been extensively studied in soil-based systems. PGPMs, including plant growth-promoting bacteria (PGPB), arbuscular mycorrhizal fungi (AMF), and rhizobia, increase the production of biomass in plants through synthesizing hormones, fixing nitrogen, and solubilizing phosphate and potassium [1]. Their positive functions include increasing the growth and subsequent metabolic pathways in poor soil with low nutrient levels, and increasing plant tolerance and the phytoremediation ability in polluted soil [2,3,4,5]. Some microorganisms play an additional role as metagenome signatures for some plant species, such as different date palm and millet cultivars [3,6,7,8].



There are multiple physiological mechanisms involved in the growth and development, phytoremediation ability, and tolerance enhancement processes of PGPMs. The interactions between plants and microbes form mutually beneficial relationships where the microbes play a critical role in the plants’ adaptation to a toxic environment and stimulate the growth of the plants, thus augmenting phytoremediation or abiotic stress tolerance [9]. For example, plants support hydrocarbon-degrading microorganisms through their rhizosphere effects; these are helpful for phytoremediation in the root zone [10]. Additionally, the reduction of pollutants in the soil and the ability of PGPMs to increase plant tolerance are based on harboring genes for the mineralization of various inorganic and organic compounds to produce non-toxic products [11].



Currently, the necessity for soil maintenance, the cost of fertilizer and pesticides, and climate challenges have led to an increase in the use of innovative agricultural solutions such as hydroponics and vertical farming [12,13]. Vertical farming is the urban agricultural form of hydroponics [12,13] and offers solutions to reduce land and water use, increase crop yield, and eliminate the use of pesticides and soil fertilizers [14,15]. Thus, vertical farming is considered an improvement in quality and a revolutionary solution for climate change issues [16,17]. However, vertical farming has a limited capacity for crops, as evidenced by the leveraging of this technology to grow specific plants such as microgreens (e.g., arugula, radishes, and bok choy—6%), leafy greens (e.g., lettuce—57%), flowers—10%, tomatoes—16%, and herbs—11% [14,17].



Considering that plant growth-promoting microorganisms (PGPMs) have been known for decades to enhance plant health and increase productivity [1,2,3,4,5,6,7,8,9,10,11], the questions are “what is the added value for PGPM incorporation in vertical farming or hydroponics?” and “what is the best mode of use considering a soil-free system?”



Here, we review the literature to date regarding the benefits of the mechanisms of plant growth-promoting microorganisms (PGPMs), as well as highlight the plant–microbial interaction utilization in different types of hydroponics and vertical farming systems (Figure 1).




2. The Role of PGPMs in Growth and Productivity


Microorganisms are ubiquitous in nature and they can interact with any other organisms, hence they can have both negative and positive influences, although they are most beneficial and symbiotic with plants [18]. Plants associated with microbial diversity are a product of ecological and evolutionary events [18,19]. Plants and microbes are intimately related to one another and cannot be considered separate components of the ecosystem, hence they are described as eco-holobionts. Microorganisms form a complex community with plants to attain a better environment [20]. Plants communicate with microorganisms via cell growth phases, where the roots contribute to the rhizospheric environment via the lysis of root cells, polysaccharides, and volatile organic carbon that activates the symbiotic interaction with PGPMs [21,22]. Thus, plants communicate with microorganisms during their growth period through their root exudates and secretion of the various signaling molecules that stimulate and promote the survival of the microorganisms, increasing the degradation and transformation of organic pollutants [23].



Among the ubiquitous microorganisms in nature, there are plant growth-promoting microorganisms (PGPMs). These PGPMs are a specialized group of microorganisms associated with the roots that promote the growth of plants and protect plants from abiotic stress and pathogens. Several studies have observed that PGPMs enhance the metabolic response in plants in a species-specific manner [4,24,25]. The soil microorganisms of plant roots are divided into three sections—the rhizosphere, rhizoplane, and endosphere [21,26]—which usually influence an area of several centimeters around the plant’s roots with density ranges from 108 to 1011 colony-forming units (CFUs) per gram of root [26]. A study conducted on samples of the rhizosphere of the Khalas date palm showed that the majority of the identified sequences (86%) belonged to bacteria [6,7,8]. Another study analyzed the rhizosphere of two cultivars of the Khalas date palm and found that the rhizosphere of the Sukkari and Khalas cultivars possessed 62% and 86% bacteria, respectively [6,7,8]. Microbes stimulate and protect plants, while plants in turn provide nutrients to microbes; this relationship is not only for survival purposes, but also for prominent benefits such as phytoremediation. The biomass and nutrient uptake of Sorghum plants increased after inoculation with PGPMs alone or in combination with mycorrhiza in a soil-based medium [27]. Additionally, Banana Berangan seedlings showed an increase in chlorophyll content, biomass, and the growth of shoots and roots following inoculation with Bacillus sphaericus and Azospirillum sp. [28,29]. Some studies have applied PGPMs to seeds or seedlings or used microbial siderophores in the hydroponics medium. For instance, the application of Gluconacetobacter diazotrophicus and Azospirillum brasilense siderophores in hydroponic mediums increased the nutritional value of strawberries by increasing the iron content [30]. Furthermore, the application of PGPMs (Calothrix sp., Anabaena cylindrica, Chryseobacterium balustinum, Pseudomonas simiae, and Pseudomonas fluorescens) to seedlings increased the phytohormones and growth indicators in the shoots and roots of Triticum aestivum after 17 days of treatment [31].




3. The Role of PGPMs in Plant Detoxification


The interaction of plants with microorganisms augments the process of phytoremediation, as well as paves the way for multiple cleaning options, such as multiple elemental remediation [31,32]. Plants interact with microbes to survive in hostile environments such as saline or heavy metal-enriched soil [33]. The resistance properties of the plants or the stimulating activity of the microbial rhizosphere develop and emerge during the growth of the plants in the contaminated regions [34]. The insertion of specific strains of microbes in seeds has been performed to colonize the roots so that the microbes remain on the root systems [35]. Microbes can affect the process of phytoremediation via multiple mechanisms. Microbial-mediated degradation of organic pollutants and the uptake of heavy metals occurs through bioaugmentation and biostimulation. Biostimulation is defined as the stimulation of microorganisms residing in the contaminated soil by incorporating nutrients such as N and P, as well as electron donors for the degradation of harmful compounds [27,29]. Diverse molecules secreted by plants owing to microbe interactions serve as chelating agents that increase the phytoavailability of the organic pollutants; hence, such microbes play a vital role in the phytoremediation process [33]. The utilization of plants for the management of soil contaminated with radionuclides (waste from nuclear power reactors, sewage sludge, and waste from power plants) and heavy metals is a more suitable modality for bioremediation, and the interaction between plants [36] and microbes ensures the more effective remediation of organic pollutants [37]. The addition of genetically engineered or natural microbes into contaminated soil to degrade toxic compounds is known as bioaugmentation [29]. The combination of Brassica napus and bioaugmentation by actinobacteria is more effective in transforming hexavalent chromium into trivalent chromium after the addition of organic matter into the soil [38]. Monti et al. [39] demonstrated that Pseudomonas fluorescens-mediated bioaugmentation is able to degrade 2,4-DNT (dinitrotoluene), thus decreasing the toxicity for Arabidopsis thaliana. Additional studies have shown that composite soil, consisting mainly of active microorganisms and organic matter, acts as a biostimulator and degrades organic pollutants (OPs) of special concern, including polycyclic aromatic hydrocarbons (PAHs), pesticides, and petroleum [40]. Poor soil rhizospheres enriched with various kinds of microbial activity were shown to enhance the availability of elements, especially base elements [2,3,4]. Fungi are also beneficial for the process of phytoremediation either in direct or indirect interactions with pollutants. Fungi reside between the air–water interface and phytoremediation mediated by fungi has benefits over bacteria as they need a water phase for their activity [41]. Other studies have observed that mycorrhizal fungi affect the bioavailability of metals via alteration of the biochemical properties of the soil and the components of root exudates [42,43]. Arbuscular mycorrhizal fungi (AMF) can enhance the surface area for absorption in plant roots [44] resulting in enhanced metal, nutrient, and water uptake. Dhawi et al. [45] found that inoculation with both endomycorrhiza and plant growth-promoting bacteria (PGPB) enhanced plant biomass as well as the yield of sugar in foxtail millet.



Vamerali et al. [46] found that phytohormones released by AMF can encourage phytoremediation as well as promote the growth of plants.



A study conducted on Zn-contaminated soil showed that the addition of AMF enhanced the productivity of Trifolium pratense (red clover plant) and the accumulation of Zn in the roots [47]. In addition to the role of fungi in the removal of heavy metals, they also help in the removal of organic pollutants such as atrazine, 2,4-dichlorophenol, polychlorinated biphenyls (PCBs), 2,4,6-trinitrotoluene, and polycyclic aromatic hydrocarbons (PAHs), which can be removed by ectomycorrhizal fungi (ECM) [48]. Several microbes possess the remarkable ability to transform organic pollutants into less toxic compounds; these include Pseudomonas aeruginosa, Cupriavidus metallidurans, Pseudomonas putida, Aspergillus fumigatus, Aspergillus versicolor, Aspergillus tereus, Candida utilis, Penicillum chrysogenum, Saccharomyces cerevisiae, Rhodotorula mucilaginosa, and Phanerochaete chrysosporium [49].



Numerous previous studies have shown that PGPMs increase the solubility of metals by releasing protons and organic anions [50]. Another study revealed that PGPB enhance the root biomass and uptake of elements in Sorghum plants either alone or in combination with mycorrhiza [2,51]. PGPMs are able to enhance the efficacy of the process of phytoremediation by increasing the tolerance of plants to metals and pathogens, releasing siderophores and enhancing the biomass, the growth of plants, and the uptake and translocation of heavy metals [25]. PGPMs promote the growth of plants through the secretion of phytohormones such as ethylene, cytokinins, and gibberellic, abscisic, salicylic, and jasmonic acids [52,53,54]. PGPMs also affect the post-embryonic development of roots [55].



Braud et al. [56] observed that the inoculation of maize plants with bacteria that produced siderophores increased the bioavailability and uptake of Pb and Cr, thus enhancing the ability for phytoremediation in the maize. PGPMs enhance the growth of plants by reducing the ethylene production through secretion of ACC (1-aminocyclopropane-1-carboxylic acid) deaminase enzymes [57]. Previous studies have reported that Pseudomonas, Serratia, and Bacillus enhance the growth of plants via secretion of ACC deaminase enzymes [58,59,60]. Additionally, PGPMs promote the growth of lateral roots and root hairs through the secretion of bacterial auxin [61], enhancing the process of phytoremediation. The most prevalent microbes employed for increasing the growth of plants and physiological activities include Enterobacter, Pseudomonas, Arthrobacter, Flavobacterium, Beijerinkia, Glucanoacetobacterium, Erwinia, Klebsiella, Serratia, and Bacillus [62].



Xerophile microorganisms such as Bacillus, with 27 strains isolated from rhizospheric soils in Tunisia, showed inhibitory potentials against Gram-positive and Gram-negative test bacteria [63]. In another study, 116 cultured bacteria isolated from the rhizospheres and endospheres of four native desert plants, Tribulus terrestris, Zygophyllum simplex, Panicum turgidum, and Euphorbia granulata, showed biochemical properties related to nutrient acquisition, hormone production, and salinity tolerance [64].




4. The Role of PGPMs in Abiotic Stress Tolerance


Abiotic stress factors such as extreme temperature, drought, and hypersalinity have a negative impact on plant growth that causes the reduced production of crops worldwide. Hypersalinity and drought are the prevalent causes of low crop yields [65]. Plant and microbe interactions are useful to circumvent hostile conditions such as drought, hypersalinity, and extreme temperature in abiotically stressed plants. Phytohormones play a crucial role in modulating the morphology of roots. Several studies have reported that the microbes associated with plants have the capability to modulate the growth of roots [49]. ACC deaminase activity is a characteristic feature of both rhizospheric and endophytic bacteria, and is useful for plants experiencing abiotic stress conditions [66]. The ACC deaminase activity of microbes associated with plants uses the precursor ethylene as a source of nitrogen, thus reducing the ethylene level and resulting in the promotion of root growth [67]. Proline is another substance formed by plants that plays an important role in the stabilization of free-radical scavenging, the adjustment of osmosis, and sub-cellular structures. PGPMs play an essential role in the stress tolerance associated with proline induction. Rai et al. [68] and Ait Barka et al. [69] observed that the synthesis of proline is enhanced in plants after inoculation with Burkholderia bacteria.



4.1. Tolerance to a Drought Environment


Drought has a multi-dimensional stress impact that affects the biochemical, physiological, morphological, and molecular characteristics of plants, and lowers the productivity and growth of plants, resulting in the loss of crop yields. It has been reported to reduce national cereal production by 9–10% [70]. Microbes associated with plants mitigate the effects of drought by enhancing water circulation in the plant, secreting exopolysaccharides, and stimulating resistance genes and the synthesis of proline, indole acetic acid (IAA), and aminocyclopropane-1-carboxylic (ACC) deaminase [71]. Different plants tolerate drought conditions through different mechanisms, which are associated with different microorganisms such as endophytic fungi, mycorrhizal fungi, and PGPMs [68]. In drought environments, specific adaptations of roots have shown an increase in various roots having smaller diameters and deeper root systems [72]. Shoot growth is normally inhibited in drought conditions [73]; however, Vardharajula et al. [74] revealed that shoot growth increased in drought conditions after inoculation with Bacillus species. Osmotic adjustment is another mechanism through which plants tolerate drought conditions [75]. Proline is an important osmolyte that accumulates in plants during drought conditions [75]. The expression of several enzymes including SOD (superoxide dismutase), CAT (catalase), GR (glutathione reductase), POX (peroxidase), and APX (ascorbate peroxidase) was found to increase under drought conditions as the drought induced the formation of reactive oxygen species (ROS) in plants. An increase in scavenging systems during drought conditions has been associated with certain enzymes in plants [75]. PGPMs might respond to stress by regulating phytohormones and antioxidants, and increase plant survival by triggering several genes associated with growth and development. In a previous study, sorghum roots planted in heavy metal-impacted soil inoculated with PGPMs showed the increased expression of two protein groups. The first group, including Sulfatase, FGGY_C, and Phosphodiesterase, was associated with DNA regulation. The second group was associated with stress tolerance proteins such as HSP70. At the same time, sorghum roots expressed bacterial transcriptional regulators, thus indicating a phytomicrobial-mutable interaction and benefit [22].




4.2. Tolerance to Extreme Temperatures


The majority of biological reactions depend upon an optimal temperature. Hence, an alteration in temperature (either too cold or too hot) affects biological reactions, culminating in alterations in the physiological, biochemical, and morphological traits of plants. Grover et al. [71] reported that several bacteria help plants to tolerate extreme temperatures. One study showed that Cuvularia species (endophytic fungi) were thermo-tolerant to high temperatures from 50–65 °C [76]; however, the plants were not able to tolerate a temperature of more than 38 °C when the fungi and plants grew separately. Another study reported that the NBRI0987 strain of Pseudomonas species increased plant biomass under a high temperature. In the same study, bacteria mediated the tolerance to colder temperatures, which was significantly correlated with induced systemic resistance (ISR) [68].




4.3. Tolerance to a Hypersaline Environment


Hypersalinity has detrimental effects on agriculture as it affects plant productivity and plant growth. Bui et al. [77] showed that salinity affects about 6% of the global land mass, especially in semi-arid and arid regions. A study conducted by Bashan et al. [78] found that PGPMs improve the capacity of plants to tolerate saline conditions. The development of seeds under saline conditions can be supported by exopolysaccharides produced by plants associated with bacteria, as well as by nitrogen-fixing bacteria [79]. Bacteria promote the germination of seeds and support plant growth through the secretion of phytohormones, especially IAA and GA [80]. Bacteria also increase the flow of potassium ions from the roots to the shoots to ameliorate the effects of sodium toxicity under saline conditions [68]. Grover et al. [71] showed that the development and growth of lettuce, peppers, tomatoes, and beans grown in saline conditions are supported by PGPMs. Another study reported the increased secretion of exopolysaccharides in wheat seedlings that stimulated plant growth and restricted the uptake of sodium ions after inoculation with bacteria [81]. Sen et al. [82] showed that the Pseudomonas species increase root colonization during rice germination by secreting exopolysaccharides.





5. Possibilities of Using PGPMs in Hydroponics and Vertical Farming


Most modern hydroponic systems are categorized into seven main types (wicking systems, ebb and flow (flood and drain), drip irrigation, nutrient film technique (NFT), deep water cultures, aeroponics, and aquaponics) based on the application of nutrient solutions and the plant root system [83]. While a soil system supports the plants’ growth environment via PGPM colonization, and other lower-order animals, such as earthworms, that help in nutrient cycling [84], a hydroponic system provides a controlled and optimum environment to extract higher antioxidant contents in comparison to a soil-based system [85]. Vertical farming systems are compiled by stacking traditional hydroponic, aqua-ponic, or aeroponic horizontal layers one over the other to achieve a vertical structure [86]. The vertical farming system can be controlled in a greenhouse or by an installed system. There are many challenges in vertical farming systems or hydroponics. Pathogens can easily spread throughout an entire crop due to the proximity of the plants and the re-circulated nutrient solution [87]. Another challenge is the addition of nutrients. Some challenges that might be mitigated using PGPMs are pathogen control and nutrition enhancement [28,88,89]. However, various studies have shown that the inoculation of plants with a bacterial consortium has a stronger impact on plant growth, while also helping to reduce abiotic and biotic stress [4,5,6,90]. For example, the use of Paenibacillus polymyxa and Bacillus megaterium in combination with Rhizobium was shown to increase the biomass of Phaseolus vulgaris plants compared to inoculation with Rhizobium alone [91]. Moreover, legume inoculation with Rhizobium and Pseudomonas improved the concentration of N, K, and Na, as well as biomass and yield [92]. The nodulation, nitrogen fixation, and nutrient uptake increased in Glycine max post-inoculation with a consortium of Bradyrhizobium and Streptomyces griseoflavus [93]. The ability of hydroponics or vertical farming to include PGPMs was evident in the study by Wiggins et al. [94], where the use of several substrates with a reduced amount of fertilizer showed promising results in the productivity of lettuce varieties. Hydroponics or vertical farming PGPMs should follow the selection criteria reported by Vejan et al. [95], e.g., effective root system colonization, stability under changes in environmental conditions, and high competitiveness with substrate microorganisms to address issues associated with soil-free systems. PGPMs can reduce salinity stress [96], which will reduce the cost of water treatment and subsequent system sterilization [97,98]. Selecting anti-pathogen microorganisms might boost plant resistance [63]. Thus, the introduction of PGPMs to vertical or hydroponics systems might take several forms, e.g., inoculating seeds or seedlings prior to sowing [99,100] or adding siderophores or microbial osmolytes to nutrient solutions or substrates [101]. Physical sterilization methods also need to be considered, such as UV light in the case of adding PGPM substrates to hydroponic systems [102] to avoid contamination. Several cases have been reported using PGPMs in a soil-free medium, as shown in Table 1. These studies show that seedling inoculation with a microbial suspension increased plant growth, and consequently, the total biomass in plants such as Banana Berangan, Triticum aestivum, tomato, and Glycine max (L.) Merr. [28,31,103,104]. In addition, using biostimulant extracts or siderophores added to the medium in a soil-free system had a positive impact on plants such as lettuce and strawberries [30,105]. Therefore, defining the mode of PGPM application according to different soil-free systems is crucial to maximizing their positive impact. Moreover, the use of PGPM in a soil-free system can improve recycled water quality by breaking down organic matter, reducing the buildup of harmful substances, and helping to balance the pH levels. This results in a more efficient use of recycled water, as the water can be reused multiple times without the need for frequent changes or replacements. In addition, PGPM can also help to mitigate the negative effects of water-borne pathogens that may be present in recycled water. This is particularly important in closed-loop systems where water is recirculated multiple times. The presence of PGPM can help to maintain water quality and ensure the health of the plants. Overall, the use of PGPM in a soil-free system can provide numerous benefits and make vertical farming or hydroponic systems more sustainable and efficient methods of agriculture. In Table 2, we suggest the PGPM application mode according to the susceptibility of the plant root system to pathogens and increased humidity. In addition, pre-treatment or inoculation of the seeds or seedlings with a microbial suspension is recommended for all soil-free systems, except drip-irrigation systems.




6. Conclusions


Soil-free systems such as hydroponics and vertical farming support plant growth by providing a controlled and optimum environment to extract higher antioxidant contents in comparison to soil-based systems. In soil-free systems, such as vertical farming and hydroponics, the challenges related to nutrient availability might be resolved by PGPMs. Therefore, we propose that using PGPMs in aeroponics and aquaponics systems before transferring seeds or seedlings to the soil-free system might increase plant growth by improving the production of plant hormones and the utilization of elements. However, we suggest the use of a PGPM bio-stimulant extract in hydroponic systems.
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Figure 1. The types of plants used and the economic and environmental feasibility of growth-promoting microorganisms in hydroponics and vertical farming. 
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Table 1. Previous studies on plant growth-promoting microorganisms’ (PGPMs) mode of application in a soil-free system, plant types used, and their influence.
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	Plant
	Mode of PGPM Application
	Type of PGPM
	Influence
	References





	Banana Berangan’ (Musa spp. dessert type)
	Seedling inoculation with microbial suspension
	Bacillus sphaericus and azospirillum
	Increase in root formation, leaf area, chlorophyll content, and consequently, total biomass
	[28]



	Strawberries
	Siderophores added to hydroponic medium
	Gluconacetobacter diazotrophicus and azospirillum brasilense
	Increased the nutrition of iron
	[30]



	Triticum aestivum
	Seedling inoculation with microbial suspension
	Calothrix sp., anabaena cylindrica, chryseobacterium balustinum, pseudomonas simiae, and pseudomonas fluorescen
	Increased the growth, plant height, dry shoot mass, total nutrients, and the ability to produce indole acetic acid
	[31]



	Lettuce
	Biostimulant extract added to hydroponic medium
	Bacillus spp.
	Minimized salt stress
	[96]



	Tomato
	Seedling inoculation with microbial suspension
	Penicillium brevicompactum, penicillium solitum strain 1, pseudomonas fluorescens subgroup g strain 2, pseudomonas marginalis, pseudomonas putida subgroup b strain 1, pseudomonas syringae strain 1, and trichoderma atroviride
	Plant growth and development in the absence of pathogens (antagonistic activity against Pythium ultimum)
	[103]



	Glycine max (L.) Merr.
	Seedling inoculation with microbial suspension
	Bacteria, yeasts, mycorrhiza, and

Trichoderma
	Higher density of smaller stomata, thicker palisade parenchyma, larger intercellular spaces in the mesophyll; increased photosynthetic traits, growth and seed production
	[104]



	Lettuce (Salanova® Lactuca sativa and Salanova® Red Crisp).
	Bio-stimulant extract added to hydroponic medium
	Phycocyanin-rich spirulina extract
	Reduced time from seed to harvest by 6 days, increased yield by 12.5%, and improved antioxidant flavonoid levels
	[105]
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Table 2. Types of hydroponic systems and suggested mode of PGPM application.
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	Hydroponic Types
	Definition
	Suggested Mode of PGPM Application





	Wicking System
	Small-scale production plants (small plants, e.g., herbs and leafy greens)
	Pre-treatment seedling inoculation with microbial suspension



	Ebb and Flow (Flood and Drain)
	Seedling cultivation in commercial settings
	Pre-treatment seedling inoculation with microbial suspension



	Drip Irrigation
	Commercial production for larger fruiting crops such as tomatoes, cucumbers, peppers, and strawberries
	Synchronize treatment: Bio-stimulant extract added to hydroponic medium



	Nutrient Film Technique
	In commercial use for smaller leafy crops such as lettuce
	Pre-treatment seedling inoculation with microbial suspension



	Deep Water Culture
	In commercial settings deep water culture systems are used for small leafy plants such as lettuce or herbs
	Pre-treatment seedling inoculation with microbial suspension



	Aeroponics
	Commercial growers to produce small leafy plants and potato mini-tubers
	Pre-treatment seedling inoculation with microbial suspension



	Aquaponics
	Growing fish and plants in the same system
	Pre-treatment seedling inoculation with microbial suspension
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