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Improvements to the world’s food supply chain are needed to ensure sufficient food is produced to meet increasing

population demands. Growing food in soilless hydroponic systems constitutes a promising strategy, as this method

utilizes significantly less water than conventional agriculture, can be situated in urban areas, and can be stacked

vertically to increase yields per acre. One method to increase hydroponic plant yields involves adding plant growth-

promoting bacteria (PGPB) into these systems. PGPB are organisms that can significantly increase crop yields via

a wide range of mechanisms, including stress reduction, increases in nutrient uptake, plant hormone modulation,

and biocontrol.

hydroponics  plant growth-promoting bacteria  plant stress  plant growth  ACC deaminase

siderophores  food production  cannabis  space

1. Introduction

Between 1900 and 2022, the human population has quadrupled to approximately 8 billion people, with current

projections expecting 10 billion inhabitants by 2050. Our existing food production systems are insufficient to meet

this population increase, as it is estimated that over 800 million people already suffer from hunger worldwide, while

3.5 billion suffer from deficiencies of at least one essential nutrient . As income growth continues in low- and

middle-income countries, there will be increasing demand on the food production system, and this will be in

addition to the food required to meet the needs of 2 billion additional people . Thus, it is estimated that to meet

global food requirements, agricultural production needs to increase by at least 0.5% each year by 2050 .

The first major problem in respect to increasing food production is that ~50% of all the world’s habitable land is

already used for agriculture . Of the remaining portion, 37% is forests, 11% is shrubs and grasslands, 1% is

freshwater coverage, and 1% is urban areas. Historically, one of the major ways that humans have increased food

production is by expanding the amount of agricultural land. One thousand years ago agricultural land made up only

4% of all habitable land, in comparison to 50% today . Without an increase in productivity this would mean that

50–100% of the remaining habitable land would need to be converted into agricultural land to feed the human

population, an idea that is completely unsustainable from a climate change or ecological standpoint.

The second major problem is that the quality of current agricultural land quality is on the decline. Over 50% of

current agricultural land is moderately or severely impacted by soil degradation processes including erosion,
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acidification, compaction, salinization, and contamination . Soil erosion is considered the largest contributing

factor to soil degradation, accounting for a loss of 75 billion tons of fertile soil each year . This means that each

year, without agricultural expansion and its associated environmental costs, there is less available or productive

land to produce the food our population requires.

The third major problem is that, due to climate change, the productivity of our current crops is on the decline. It is

predicted that rising global temperatures and erratic weather conditions will lead to major decreases in staple crop

production including maize (20–45%), wheat (5–50%), and rice (20–30%) . Additionally, up to 30% of annual

agricultural production could be lost due to increasing phytopathogen and pest pressure as temperatures continue

to rise .

The fourth major problem is freshwater availability. Globally over 50% of the world relies on groundwater for their

daily needs, and over 35% of agricultural irrigation uses groundwater as its source . Unsustainable agricultural

use combined with droughts has led to a decline in groundwater in many geographic areas . In 2010 it was

estimated that over 80% of people live in areas that have a high likelihood of water security threats . As such,

reducing agricultural usage is essential to ensure adequate fresh water supplies to meet the demands of the

growing human population.

While overcoming these food production challenges may seem like an impossible task, controlled environment

agriculture (CEA) systems are proving a promising solution. CEA is the process of growing crops in a manner that

gives the farmer partial to full control over the environmental variables that affect plant growth. Low tech systems

such as row covers, low tunnels, high tunnels, and net covers are often referred to as “protected agriculture” .

These systems provide less control over environmental systems in comparison to their “high tech” counterparts.

High tech-controlled environment systems include greenhouses and indoor farms .

While the earliest recorded cases of greenhouse use stretch back to 14 CE during the Roman period, commercial-

scale use did not begin until the 20th century in the Netherlands . During World War II the Netherlands’

greenhouses sustained extensive damage, and during reconstruction after the war engineers in the Venlo region

developed the tall, glass, multi-span greenhouse that is often seen today. Significant efforts were made post war to

ensure food security in the Netherlands, including the construction of many Venlo style greenhouses for vegetable

production . Since the initial introduction of commercial CEA production in the Netherlands, greenhouse use has

expanded across the globe . Significant improvements in glazing materials, lighting sources, and growing

systems have greatly increased the yield potential of greenhouse production in comparison to field agriculture. One

significant advancement was the introduction of hydroponic crop production.

Hydroponics is the method of growing plants in soilless systems where the nutrients for growth are provided via a

water based nutrient solution. In comparison to soil-based systems hydroponic systems offer significantly higher

yields (~14× higher kg/fresh weight/m  in vertically farmed lettuce)  and faster growth times as nutrients are

more readily available to the plant and root growth is not hindered by mechanical interference from the soil .

Hydroponic and aquaponic systems can also be installed in areas where the soil or climate is unsuitable for
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traditional agricultural and aquaculture production . This can help increase food production in areas where the

soil has become contaminated, acidified, and/or salinized. Additionally, when combined with a greenhouse

structure, hydroponic systems offer year-round local production of fresh fruits and vegetables in colder climates .

Furthermore, hydroponic systems have been shown to use less fertilizer than soil-based production and up to 90%

less water .

While the advantages of hydroponics offer significant promise with regard to feeding the growing global population,

there are still hurdles that must be overcome for this technology to overtake conventional soil-based farming. First,

greenhouses have a high initial setup cost due to the materials required (namely steel and glass or plastic

depending on the glazing selected) . Second, hydroponic systems are far more complicated to operate than

conventional growing equipment given the number of environmental variables under the growers’ control. Third, the

margin for error is much lower and system failures or electrical outages can cause serious impacts on plant health

. Finally, pathogens can easily spread throughout an entire crop due to the proximity of plants and recirculated

nutrient solution .

While hydroponic greenhouse growers have been able to optimize most environmental factors such as lighting,

CO , heating, and fertilizers, to date the plant microbiome has largely been ignored. Plant growth promoting

bacteria (PGPB) offer significant benefits to plants in soil-based systems . This includes helping the plant uptake

nutrients, promoting growth, stress regulation, and pathogen prevention. However, many plant growth-promoting

microbes found in soil cannot make the transition to hydroponic environments . Nevertheless, PGPB offers a

unique solution to several of the largest problems in hydroponic production by preventing pathogen outbreaks,

improving the plants’ response to environmental stress, and increasing crop yield per m  all of which reduces the

payback period of the initial capital investment.

2. Hydroponic Systems

The earliest known records of plants grown in a hydroponic like system come from descriptions of the Hanging

Gardens of Babylon built along the Euphrates River circa 600 BCE, in what is now Iraq. However, widespread

commercial use of these systems did not begin until the late 1900’s when hydroponic growing systems gained

popularity with greenhouse vegetable growers in Europe and North America . In the 1700’s researchers began

experimenting with growing plants in what would become known throughout the research community as “water

culture”. In water culture studies researchers had the ability to control specifically what nutrients were available to

the plants through the addition of chemicals to the water in the system. As such, this technique was used in many

of the studies that determined the nutritional requirements of plants .

Throughout the 19th and early 20th century water culture was used solely for the purposes of academic research.

However, this changed in 1929 when Dr. William Frederick Gericke from the University of California published a

paper outlining the potential for growing commercial crops in water culture . In Gericke’s study, a water reservoir

was created using bituminous roofing paper, topped with wire mesh, burlap, and sand (which was used as a

growing media for the plants; Figure 1). The reservoir was then filled with water supplemented with “the elements
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required for growth of plants in water” . Gericke used this system to grow numerous types of plants, including

those intended for commercial food production. Gericke states in his 1929 paper that the “results obtained warrant

serious consideration of this method for production of certain crops grown on an intensive scale”, and the field of

hydroponic crop production was born.

Figure 1. The original hydroponic system built by Gericke in 1929. A roll of bituminous roofing paper (36 ft × 3 ft)

was folded up on every edge 6 inches to form a trough (A). On top of the trough a layer of wire netting was

attached (B), and a layer of burlap (C) was added on top of the wire. A one-inch layer of sand (D) was added on

top as a substrate for the plants to grow in. The trough was filled with nutrient solution (E), and a variety of crops

were planted in the system.

While most modern hydroponic systems have come a long way from that reservoir made with roofing paper, the

core principles of the technique remain the same. In 1938 Gericke defined hydroponics as the “art and science of

crop production in liquid culture media” . The term hydroponics was suggested by Dr. William Setchell from the

University of California to separate the previous research focused water culture technique and the new commercial

focused growing technique . The term itself is a combination of the words, “hydro” (meaning water) and “ponos”

(meaning labor) .

Most modern hydroponic systems can be categorized into seven main types. These systems are primarily

differentiated by how the nutrient solution is applied to the root system of the plant.

3. Plant Growth-Promoting Bacteria

Although there are a wealth of hydroponic system options available for growers to select from, further

advancements are needed to improve profitability via increases to crop yields. Hydroponic greenhouses need large

capital investment to build, and require significant electricity and labour inputs to operate . Fertilizers have

significantly increased in cost in part due to increased global trade instability and supply disruptions. Indeed, prices
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increased 78.6% year-over-year in 2021 . Moreover, there are several types of crops that are rarely profitable to

grow hydroponically, including corn, potatoes, and large root vegetables (e.g., onion, carrots, and rutabaga).

Solutions are needed that strengthen local food production and expand the range of viable hydroponic crops for

growers to select from. Decades of research in soil suggest that microbial inoculants comprised of plant growth

promoting bacteria constitute an exciting solution.

The interaction between soil bacteria and plants may be beneficial, harmful, or neutral for the plant. Beneficial plant

growth-promoting bacteria (PGPB) facilitate plant growth by several different mechanisms. They are typically found

in the soil along with bacteria that are deleterious to plant growth (phytopathogens) and bacteria that do not have

any discernible effect on plant growth and development (commensal bacteria) (Figure 2A).

Figure 2. (A) Overview of some of the components of soil bacteria and their localization. (B) Overview of the major

mechanisms used by PGPB. VOC refers to volatile organic compounds.

The soil contains a wide range of living entities including various microorganisms (bacteria, fungi, algae, and

protozoa), nematodes, and earthworms with ~95% of these organisms being bacteria . The number of bacteria

that typically exist around the roots of plants is about 10- to 1000-fold greater than the number that are found in the

bulk soil, with the highest concentration of bacteria being found immediately around the roots of plants in the

rhizosphere . The preponderance of microorganisms in the immediate vicinity of plant roots is a direct

consequence of the fact that plants commonly exude a significant fraction of their photosynthetically fixed carbon

through their roots . Different plants produce varying amounts and compositions of root exudates; root

exudates are also affected by plant age and nutrition as well as the presence of environmental stressors. Root

exudates provide bacteria with carbon substrates that drive microbial metabolic processes. Each plant species
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(and subspecies) exudes specific small molecules so that plants “attract those microorganisms that are beneficial

to plants and exclude those that are potentially pathogenic” . Thus, the chemical composition of the root

exudates of a particular plant species shapes the microbial community within the rhizosphere of that plant.

Many of the PGPB from the plant rhizosphere bind directly to the surface of the plant roots (i.e., they are found in

the rhizoplane) (Figure 2A). Some PGPB can colonize the interior surfaces of the plant (i.e., they are found in the

plant’s endosphere) without harming the plant. Other PGPB bind to the surface of plant leaves and stems (i.e., they

are in the phyllosphere). Except for the determinants used by PGPB to localize rhizospherically, endophytically, or

phyllospherically, all these bacteria utilize similar, if not identical, mechanisms for facilitating plant growth and

development .

4. Plant Growth Promoting Bacteria Research in
Hydroponics

4.1. The Hydroponic Microbiome

The Dutch botanist and microbiologist Lourens Bass-Becking once said, “Everything is everywhere, the

environment selects”. Given that a hydroponic system is distinct from a soil environment surrounding the

rhizosphere, it stands to reason that the same plant variety may have different rhizospheric microbial communities

depending on whether it is growing in soil or a soilless environment. Hydroponic systems have different levels of

moisture, oxygen , and nutrients  than soil. Oxygen exchange is highly dependent on the matrix being used:

soil oxygen and moisture levels affect biogeochemical cycles and the nitrogen cycle . These systems can result

in changes to the crop quality. For example, hydroponic lettuce had a stronger root system and more moisture

content than a soil-grown crop, although antioxidant content was reduced . Barley was more susceptible to salt

stress in hydroponic systems compared to soil-based plants . Several research groups have conducted

thorough studies to obtain empirical data on how differences between soil and soilless environments affects not

just crops but the hydroponic microbiome.

An important question is whether hydroponic systems have elevated levels of human pathogens . Every year

large recalls occur due to contaminated produce, thus a growing environment that is low in pathogens is critical if

the amount of produce grown in hydroponics continues to increase as projected. Human pathogens are uncommon

native organisms in hydroponic systems, further supporting the safety of this agricultural method for consumers.

For example, Clostridium botulinum, Escherichia coli, Salmonella, and Staphylococcus aureus were not found

within lettuce hydroponic systems . Water and leaves from hydroponically grown lettuce in Puerto Rico were

analyzed to characterize potential human pathogens . Entercoccus faecalis was the most predominant

pathogen, found in 11% of leaf samples, but not in the water. A range of 4–70 CFU/mL total bacteria were

quantified in leaves, which was lower than >300 total CFU/mL found in the water system. Detectable levels of E.

coli O157:H7 and Salmonella were not observed within the samples. However, ~78% of their samples contained

bacterial isolates, including Aeromonas, Bacillus, Corynebacterium, Mycobacterium, Pediococcus, Pseudomonas,

and Serratia ; many of these bacteria are plant growth promoters in hydroponic systems.
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High throughput sequencing has enabled scientists to ascertain which organisms are prevalent in hydroponic

systems. A study of the influence of urine-derived fertilizers conveyed the range of OTUs that are native to the

hydroponic lettuce rhizosphere . Pseudomonas was the only genus that was a true indicator organism, present

in over 90% of samples. Burkholderia and Sphinogomonas were also highly prevalent. Out of 185 identified OTUs,

other highly indicative families were Rhizobiaceae, Chitinophagaceae, and Flavobacteriaceae. Hydroponic derived

organisms found surviving in the plant rhizosphere are more likely to persist in a hydroponic system than soil-

derived organisms. This study did not conclude that Bacillus was an indicator organism in hydroponics, which is a

notable difference from soil studies of the same crops. Anzalone et al.  conducted a tomato rhizosphere

metagenomics study comparing the communities between soil and soilless coconut fiber environments. They

concluded that the tomato microbiome was controlled by the environment in which the plant grew. Significant

differences in microbial communities were observed in soil vs. hydroponic systems. The hydroponic tomato

rhizosphere had significantly reduced bacterial and fungal diversity, despite coming from identical nursery stock .

PCoA plots visualizing community similarities clearly showed that samples grouped by substrate type. These

findings suggest that organisms isolated from soil may not always be able to survive on the same plant in

hydroponic greenhouses.

A taxonomic survey was conducted in a lettuce hydroponic facility to determine the microbial communities present

in the water, nutrient solution sump, biofilter effluent sump, and tilapia aquaculture tanks . The plants had a

strong influence on the microbial community present, which remained relatively constant despite various

treatments. They concluded that the impact of microbial inoculants on the community structure was lower than

expected and suggested that growers and scientists need to carefully balance sterilization vs. the need to maintain

a healthy microbiome in the systems. However, it must be noted that the organism used to formulate these

conclusions was Bacillus amyloliquefaciens, supporting evidence that Bacillus species do not always perform as

well as other organisms, such as Pseudomonas, that thrive in hydroponic systems.

A study by Sheridan and colleagues analyzed microbial community changes of potato, soybean, durum wheat, and

bread wheat crops after receiving a commercial microbial inoculant containing 48 strains of different organisms .

The authors determined that the most abundant organisms in the mix did not correlate with the most effective

colonizer in a hydroponic system. They observed that microbial communities were specific to the crop type,

indicating the same mixture does not interact to the same extent with all crops that were tested. Interestingly, an

unexpected ten-hour 50 °C heat event in the durum wheat hydroponic system caused a shift in the crop’s

microbiome, resulting in the thermophile Chlorobi OPB56 significantly increasing in abundance. As the planet

warms and heat events become more frequent, the knowledge that heat shifts can change the hydroponic

rhizosphere is important. A separate study that focused on which traits created the best hydroponic colonizers

concluded that better PGPB colonizers of Duckweed roots contained relatively more genes for bacterial

chemotaxis, flagellar assembly, and two-component systems . This suggests that the ability for a bacterium to

travel and move towards plant exudates increases its ability to colonize hydroponic roots.

4.2. PGPB That Increase Nutrient Uptake
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Plants need a range of macro and micronutrients to thrive. The six macronutrients are carbon, hydrogen, nitrogen,

oxygen, phosphorus, and potassium while the eight plant micronutrients are boron, chlorine, copper, iron,

manganese, molybdenum, nickel, and zinc. PGPB that increase nutrient uptake for crops improve the availability of

one or more of these nutrients to facilitate plant growth. Increasing nitrogen, phosphorus, and iron uptake are the

most commonly tested strategies in the hydroponic PGPB literature.

Nitrogen is an essential plant nutrient that is critical for amino acid synthesis, chlorophyll, and nucleic acid

development. Plants cannot obtain nitrogen directly from the atmosphere, thus relying on alternative forms such as

ammonia and nitrate. Nitrogen is one of the main components of chemical fertilizers. Globally, approximately 115

million tons of nitrogen is applied annually to fields , although only a third of this is taken up by the plants.

Bacteria participate in the nitrogen cycle converting gaseous nitrogen into more available forms. Nitrogen fixation

converts atmospheric N  into ammonia; ammonia oxidation then converts ammonia into nitrite, which can then be

converted into nitrate via nitrite oxidation. Nitrogen fixing bacteria include Rhizobia, Azospirillum, Azotobacter,

Bacillus, and Beijerinckia. When added to a nitrogen-free hydroponic system, Azospirillum and Bacillus increased

nitrogen yield in bananas by up to 144%, shoot growth by ~200%, and biomass by ~140% . In one study,

Azotobacter was immobilized onto beads. The author determined that adding 5g of beads per plant optimized

growth of Choy sum (a Chinese flowering cabbage) . The presence of Acinetobacter increased the amount of

nitrogen that Duckweed could obtain from pondwater . A commercial mixture of Bacillus spp. influenced the

levels of ammonia, nitrite, and nitrate in an NFT system containing Red Cherokee lettuce . A second lettuce

study using Tiberius romaine lettuce developed a consortium containing multiple nitrogen fixers, including

Azotobacter chroococcum, Azospirillum brasilense, Pseudomonas fluorescens, and Bacillus subtilis . The

authors observed that the amount of nitrogen uptake almost doubled, especially when (non-nitrogen-fixing)

arbuscular mycorrhizal fungi were also added in with the bacteria. Lastly, a mixed culture of unspecified nitrifiers

and ammonifiers was able to utilize organic nitrogen in a tomato crop , creating the potential for hydroponic

growers to switch to organic fertilizers instead of the typical inorganic fertilizers.

Phosphorus is another macronutrient that is essential for plant health. It is a building block of nucleic acids, and

contributes to photosynthesis, root growth, and maturation. Phosphorus solubilizing bacteria convert phosphorus

from the nutrient solution into a more bioavailable form, as plants can only absorb phosphorus in monobasic and

dibasic forms. Similar to its involvement with the nitrogen cycle, Acinetobacter increased the amount of phosphorus

that duckweed could obtain from pondwater . A mixture of Bacillus spp. increased phosphorus solubilization for

lettuce and increased yields  PGPB identified in a sorghum trial included a range of the phosphorus solubilizing

bacteria Pseudomonas spp., Burkholderia spp., Phylobacterium spp., and Chitinophaga japonensis . Phosphate

solubilization is a common trait of Pseudomonas spp. in switchgrass , and tomatoes . Several beneficial

organisms were found to have both nitrogen fixation and phosphorus solubility, including Pantoea agglomerans in

rice experiments . An experiment with soybeans evaluated the increase in photosynthesis capabilities after

applying a commercial microbial consortium . The complex mixture of bacteria, yeasts, and fungi was

hypothesized to be providing multiple benefits to the soybeans, including improved nitrogen and phosphorus

uptake.
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The micronutrient iron is a key component of chlorophyll, and as such iron deficient plants undergo chlorosis, which

is characterized by yellow leaves from a lack of chlorophyll. Iron also improves plant enzymatic functions and

respiration. Iron uptake is increased by bacteria that secrete siderophores, which are high-affinity iron chelators

that effectively bind iron and increase iron sequestration for both the plants and bacteria. A study in canola focused

on four PGPB that all possessed siderophores amongst other beneficial traits . Arthrobacter, Bacillus altitudinis,

Bacillus megaterium, and Sphingomonas increased biomass production; however, the authors concluded that

Sphingomonas was the best candidate for future studies. A cucumber trial that tested the beneficial fungus

Trichoderma harzianum resulted in inoculated plants possessing an increase in multiple nutrients including

phosphorus, iron, copper, manganese, and zinc . Although the authors did not test for siderophores, they

observed a 90% increase in phosphorus and 30% increase in iron within the plants. More recent advances have

shown that T. harzianium produces a novel siderophore called harzianic acid . Interestingly, a strawberry study

demonstrated that not all siderophore structures behave equally . They concluded that bacteria with

hydroxamate siderophores produced by the PGPB Gluconacetobacter diazotrophicus were more beneficial for iron

uptake to the crop than catechol siderophores produced by Azospirillum brasilense. Catechols are less stable than

hydroxymates and are susceptible to oxidation.

4.3. PGPB That Regulate Hormones

Control of the phytohormone ethylene via ACC deaminase is an effective strategy to increase crop yields in

hydroponic systems. PGPB with this gene have been isolated from the international space station . When

twenty bacterial species were analyzed for a range of PGPB traits it was determined that Pseudomonas

agglomerans and Bacillus pyrocinnia both possessed multiple PGPB beneficial traits, including ACC deaminase,

phosphate solubilization, and siderophore production. A study that observed over 20% increases in canola yields

also used bacteria that possessed functional ACC deaminase, IAA, phosphate solubilization, and siderophores .

Likewise, the best strain in terms of promoting plant growth out of 305 isolates in rice experiments possessed ACC

deaminase, IAA, and siderophores . Additionally, bacteria with a range of beneficial traits including ACC

deaminase, IAA, phosphorus solubilization, and N cycling increased wheat yields . These studies highlight that

single strains that possess at least three functional plant growth promoting traits including ACC deaminase are

highly successful in increasing yields in a wide range of crops.

Bacterial IAA is an auxin involved in L-tryptophan metabolism that is responsible for increases in plant growth.

Within cucumbers, the two most successful PGPB tested, Serratia marcescens and Pseudomonas putida, were

also the two strains that produced IAA . Both organisms performed better than Bacillus amyloliquefaciens and

an unspecified Bacillus spp. strain 70. Consortium trials of five IAA producers increased wheat yields from 36–80%

. A consortium of auxin producers including Bacillus cereus, Bacillus thuringiensis, and Buttiaxella agrestis

remarkably reduced the time required for banana seedling acclimatization from 90 to 25 days . Many PGPB

have multiple beneficial traits, as evidenced by this consortium’s ability to also produce the hormone cytokinin,

hydrocyanic acid, siderophores, and solubilize phosphorus. A lettuce trial using Gluconacetobacter diazotrophicus

observed up to 16% increases in yield using an organism that produces both the hormones IAA and gibberellin .

Similarly, bacteria possessing IAA, nitrogen fixation, and phosphorus solubilization increased rice yields up to 20%
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. Pseudomonas fluorescens increased tomato crop yields by up to 18% . Although the authors were

unsure of the exact mechanism, they suspected growth regulating substances were involved. Many strains of

Pseudomonas fluorescens have been documented as having both IAA and ACC deaminase in more recent

research . Indeed, IAA and ACC deaminase producing Pseudomonas outperformed other isolates in sorghum

, switchgrass , and tomato trials . Single organisms with the ability to produce both hormones and

increase nutrient uptake frequently perform the best in both soil and hydroponic systems .

4.4. Biocontrol Agents

Crop diseases significantly harm global food production and can have a devastating effect in greenhouses that

become contaminated. Implementing biocontrol efforts to reduce the severity of infections are an effective strategy

to increase yields in hydroponic farms. A wide range of PGPB have been tested against hydroponic

phytopathogens.

Pythium is a parasitic oomycete that causes root rot and damping off in many crops including ornamental flowers,

arugula, cucumber, lettuce, spinach, sweet pepper, and tomato . A study of hydroponically grown

Chrysanthemums concluded that Pseudomonas chlororaphis and Bacillus cereus were the best PGPB for Pythium

biocontrol after they reduced pathogen root colonization by 72–91% . Pseudomonas chlororaphis also

effectively prevented Pythium infection in Romaine lettuce  and Cubico sweet peppers . In Cortina lettuce, the

commercial product “Boost” containing Bacillus subtilis was more effective than other products with Enterobacter,

Trichoderma, or Gliocladium . The mechanism of action was unknown, but the authors suspected that the

organisms were inducing plant resistance or preventing Pythium colonization. Their conclusions were further

supported by a separate study that observed that Bacillus also reduced Pythium root colonization in a trial with Red

Coral and Green Oak lettuce . A hydroponic tomato study observed >50% decrease in disease incidence when

either Pseudomonas fluorescens, Gliocladium, Trichoderma, or Streptomyces were applied . Applying

Lysobacter enzymogenes in combination with chitosan reduced disease in cucumber plants by 50–100% in four

independent trials . Another cucumber trial tested four commercial inoculants to determine their efficacy against

Pythium . Mixtures containing either Gliocladium catenulatum or Streptomyces griseoviridis were more effective

than Trichoderma treatments. Together, these studies suggest that Pseudomonas chlororaphis, Bacillus spp., and

Gliocladium work effectively in a range of crops to prevent root rot and damping off. Indeed, the body of literature

suggests that Bacillus is more effective at preventing Pythium infections than it was at colonizing hydroponic roots

and increasing growth in healthy non-infected plants.

Several other plant diseases are relevant to hydroponic systems and may be alleviated by inoculating crops with

PGPB and fungi as a means of biocontrol. Fusarium is a filamentous fungus that causes wilt disease in a wide

range of crops. Several researchers have studied PGPB in an attempt to find suitable biocontrol candidates. Like

biocontrol strategies for Pythium, the bacteria Gliocladium catenulatum and Pseudomonas chlororaphis

significantly reduced Fusarium seedling mortality . Commercial mixtures containing Trichoderma or

Streptomyces reduced disease incidence by >50% . The pathogen Ralstonia is the causative agent of bacterial

wilt disease. In one study, a combination of Trichoderma viride, Bacillus thuringiensis, and Pseudomonas
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fluorescens inhibited ~70% of bacterial wilt in Linda lettuce . Another bacterial phytopathogen is Pectobacterium

(formerly Erwinia), which causes vegetable soft rot; the bacterium Rhodococcus reduced maceration in potatoes by

degrading the quorum sensing capabilities of the pathogen . Lastly, Colletotrichum graminicola is a fungus that

causes stalk rot in grains and maize. Trichoderma virens protected maize against C. graminicola infection and

reduced disease severity. The T. virens inoculant produced Sm1, a compound that induced plant defense

mechanisms .

4.5. Bioremediation and Osmotic Stress

Bacteria isolated from hydroponic crops have promising capabilities for bioremediation. Carbendazim is a fungicide

that negatively impacts aquatic organisms. A biofilm consortium comprised of Flavobacterium, Flectobacillus,

Klebsiella, and Stenotrophomonas was able to degrade ~35 mg/L carbendazim to ~8 mg/L in 20 h . Two studies

on switchgrass demonstrated that Pseudomonas species could reduce cadmium stress and increase plant growth

in the presence of 20 µmol/L cadmium. The organisms also had a range of beneficial plant growth promoting traits

including ACC deaminase, IAA production, and phosphorus solubilization . Inoculated plants had elevated

expression of the heat shock proteins HSP70 and HMA3, which improves cadmium tolerance in plants. A strain of

Pseudomonas fluorescens also promotes cadmium uptake in the perennial plant Sedum alfredii , while Pantoea

agglomerans reduced cadmium concentrations and increased yields by ~20% in rice . Another contaminant that

is toxic to plants and harms humans upon ingestion is arsenic . Research in rice concluded that a combination

of Pseudomonas stutzeri and Cupriavidus taiwanensis reduced arsenic toxicity in rice  by converting arsenic to a

harmless arsenic sulfide form. The bacteria also had a range of beneficial plant growth promotion mechanisms

including ACC deaminase, IAA, phosphorus solubilization, and nitrogen fixation.

Salinity stress can occur in hydroponic systems and reduce crop yields. A wide range of negative effects including

reduced photosynthesis, reduced root elongation, stem diameter and plant height are a consequence of salinity

stress . In one study, each EC unit increase in salinity resulted in a 7.2% decrease in tomato yield . Thus,

adding PGPB into hydroponics to reduce these negative effects would significantly benefit growers. Some

Pseudomonas strains increased osmotically stressed plant crop yields in canola by 10% . The commercial

inoculant TNC Bactorr consisting of Bacillus spp. and Paenibacillus polymyxa alleviated 20mM salt stress in Crispa

variety lettuce . Four treatments with this inoculant prevented the 15% yield decrease caused by the osmotic

stress. The authors noted that the autumn harvest tolerated salinity stress better than in the spring. Multiple PGPB

have reduced salt stress in rice . Bacillus amyloliquefaciens increased yields by 15% in the presence of 200

mM salt, while upregulating 14 plant genes . The authors noted that salt-stressed rice underwent a shift in the

microbiome that enriched for organisms that produced osmoprotectants including trehalose. Trehalose

biosynthesis was also a key mechanism in a stressed hydroponic tomato trial . A study of 305 strains concluded

that strain TY0307 (taxonomy undeclared) improved yields by 30% by reducing ROS stress, increasing proline

concentrations, and producing ACC deaminase . Lastly, a comprehensive study in wheat tested 18 bacterial

strains in four salt concentrations to determine the best PGPB for salt stress . The ~58% crop reduction under

salt stress was decreased to ~15% when PGPB were added due to a range of beneficial traits including ACC
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deaminase, phosphorus solubilization, IAA, and N fixation. The most effective organisms tested were

Thalassobacillus, Bacillus, Halomonas, Oceanobacillus, Zhihengliuella, and Staphylococcus succinus.
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