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Plant growth-promoting bacteria (PGPR) are soil bacteria living in the rhizosphere which, through the secretion of

various regulatory molecules, are involved in promoting plant growth and development. They can be found

associated with the roots (rhizosphere), with the leaves (phyllosphere), or within the plant (endosphere). The

endophytes (PGPE) are generally the most effective in supporting growth; being inside the plant tissues, they can

communicate with the host plant and exert their beneficial effect much more efficiently.
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1. Properties and Potential of Plant Growth-Promoting
Rhizobacteria (PGPR)

Plant growth-promoting bacteria (PGPR) are soil bacteria living in the rhizosphere which, through the secretion of

various regulatory molecules, are involved in promoting plant growth and development. They can be found

associated with the roots (rhizosphere), with the leaves (phyllosphere), or within the plant (endosphere). The

endophytes (PGPE) are generally the most effective in supporting growth; being inside the plant tissues, they can

communicate with the host plant and exert their beneficial effect much more efficiently . Furthermore, the PGPE,

protected from the external environment, are much less subject to the soil’s frequent chemical-physical biotic and

abiotic variations. Endophytic bacteria come from the rhizosphere ecosystem surrounding the roots and penetrate

into plant tissues mainly by using natural fissures created in the roots during growth. The exudates and radical

metabolites produced by plants represent an essential resource capable of selecting and attracting the most

beneficial bacteria . The profitable action of the bacteria associated with plants is mainly expressed by directly

promoting the absorption of nutrients through the modulation of the levels of plant hormones. The most important

and studied direct mechanisms are nitrogen fixation , the solubilization of inorganic phosphate , auxins (in

particular 3-indole acetic acid, IAA ), cytokinins, and gibberellins ; the enzyme 1-aminocyclopropane-1-

carboxylate (ACC) deaminase  and the production of siderophore molecules  (Figure 1). Instead, indirect

mechanisms are defined as the inhibitory activities when the growth-promoting bacteria hinder the negative effect

of pathogenic organisms (biotic stress). Some of the most common indirect mechanisms are the production of

hydrogen cyanide, antibiotics, and enzymes capable of attacking and degrading the cell wall of pathogens .
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Figure 1. Simplified scheme of the main activities of PGPR and their interactions with the root system; nitrogen-

fixation, phosphate solubilization, iron uptake by siderophores, ACC deaminase activity lowering ethylene levels,

IAA production stimulating plant cell growth.

1.1. Siderophores

Since iron (Fe) is often present in the soil as a trivalent Fe  insoluble hydroxide, plants do not easily assimilate it.

Small siderophore molecules are produced and secreted by bacteria (and fungi and plants) that facilitate iron

absorption in the plant cell. From the chemical point of view, there are four chemical types of siderophores

(catecholates, phenolates, hydroxamates, and carboxylates), but mixtures of the various types are also very

common . Siderophores produced by PGPR have a very high affinity for iron and can therefore sequester even

3+
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small amounts of that element . Bacterial siderophores can also increase metals bioavailability, favoring their

uptake by plants through phytoextraction .

1.2. Phosphate Solubilization

Phosphorus (P) is an essential element for plant growth but is scarcely available in the soil. P occurs naturally in

organic (Po, average 50%) and inorganic (Pi, average 50%) forms . They are both not very soluble (generally no

more than 5%) and therefore cannot be absorbed by the roots. The action that soil bacteria can carry out is

fundamental for the solubilization and mineralization of P . Plants can absorb monobasic (H PO ) and dibasic

(HPO ) ions. The solubilization of Pi occurs mainly with the decrease of pH in the soil due to the production of

low molecular weight organic acids. The mineralization of organic phosphorus, on the other hand, occurs through

the hydrolysis of phosphoric esters by phosphatase .

The availability of sufficient quantities of P following the activity of phosphate solubilizing bacteria (PSB) could lead

to a significant decrease in the use of chemical fertilizers. The beneficial effect on plants also promotes greater

efficiency of phytoextraction or phytostabilization in the presence of heavy metals.

1.3. Nitrogen Fixation

Nitrogen (N) is also an essential element for plant growth. Although atmospheric nitrogen is present in high

quantities (78%), it is not found in the form available for absorption by the roots from the soil. This is mainly due to

the biological nitrogen fixation (BNF) mediated by an enzymatic reaction catalyzed by the enzyme nitrogenase,

transforming the atmospheric N   into ammonia (NH ). BNF can be exerted by bacteria living in symbiotic

association with legumes or higher plants, such as alder (Alnus  spp.), feeding the associated nitrogen-fixing

bacteria, or it can also occur in a non-symbiotic relationship through heterotrophic or autotrophic bacteria free-living

in the rhizosphere . Among the free-living (non-symbiotic) bacteria, it can be remembered the cyanobacteria

(or blue-green algae), Anabaena  and  Nostoc,  and genera, such as  Azotobacter,  Beijerinckia, and  Clostridium.

Among the symbiotic bacteria, there are the genera  Rhizobium, associated with leguminous plants;  Frankia,

associated with some dicotyledonous species; and some  Azospirillum, associated with grasses . In

Leguminosae, colonization and subsequent invasion of rhizobia leading to active nodules containing symbiotic

nitrogen-fixing bacteria can occur through root hairs or wounds in root tissue or even through intact plant cells .

1.4. Auxins, Cytokinins, Gibberellins

The phytohormone IAA is the most common auxin among plant-associated bacteria and play a central role in

plant–bacterial interactions . The main beneficial effect is root augmentation, especially root hairs and secondary

roots, which consequently leads to an increase in root exudates; therefore, the production of IAA is certainly one of

the most important mechanisms that favor plant growth . The greater the root surface, the better the absorption

of minerals from the soil. It also increases the valuable surface for the colonization of bacteria attracted by plant

metabolites.
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Cytokinins play a central role in developing the vascular system, in embryogenesis, in the formation of nodules,

and in response to environmental changes . Gibberellins are involved in the transport of metabolites in the

formation of chloroplasts, leaf senescence, cell division, and stem morphogenesis . While the biosynthetic

pathways of gibberellins in plants and fungi have been thoroughly investigated and elucidated, little has been

discovered about the biosynthesis of these enzymes in bacteria. Recent studies  hypothesize that bacteria have

developed an independent biosynthetic pathway for the production of gibberellins.

1.5. ACC Deaminase

The occurrence of the ACC deaminase enzyme is another important direct mechanism of plant growth promotion

. The action of this enzyme is carried out with the inactivation of the ethylene precursor ACC, generating

ammonia and alpha-ketobutyrate. High levels of ethylene can inhibit plant growth and even kill them. During saline

or other environmental stress, ACC synthase and ACC oxidase activity increase ethylene synthesized by the plant.

Therefore, the bacterial enzyme ACC deaminase helps plants decrease the negative effects of stress by facilitating

adaptation and survival .

It is also interesting to underline the interaction between the activity of the ACC deaminase enzyme and the action

of auxin IAA because the latter can activate the transcription of the ACC synthase enzyme, which leads to an

increase in ethylene levels. The increase in the level of ethylene leads to an inhibitory response to the production

of IAA, which inhibits the positive effect on plant growth. However, the presence of the ACC deaminase enzyme,

which lowers the level of ethylene, counteracts the inhibition, as mentioned earlier. Many of the PGPB recognized

to positively affect metals contamination in constructed wetlands can synthesize both ACC deaminase and IAA .

1.6. Indirect Mechanisms

The mechanisms that indirectly promote plant growth counteract pathogens’ detrimental effects . Bacteria that

perform this can produce antibiotics  or lytic enzymes degrading the cell wall. In addition to making these

harmful substances for phytopathogens, PGPR can act by contending with them for the same nutrients and root

colonization sites , reducing the proliferation of pathogens or even producing small amounts of hydrogen

cyanide (HCN). HCN often collaborates with other biocontrol mechanisms that PGPR implement .

2. Effectiveness of PGPR in Hydrocarbons and Heavy Metals
Contaminated Soils

PGPR can have wildly different levels of effectiveness in aiding remediation depending on many of the biological

and chemical properties of the contaminated soil, ranging from presence and ratio of nutrients (e.g., N and P,

competition and predation, mutation, horizontal genes transfer), to metal ions availability, quantity, and type of

contaminant, and moisture. High oxygen concentration can generally help decompose organic pollutants since

most degrading pathways oxidase these chemicals; it is, however, mandatory to remember that many

microorganisms cannot tolerate even low oxygen levels. The addition of this nutrient could potentially kill beneficial
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organisms. It is also hard to overestimate the effect of temperature and pH in determining an organism survival and

reproductive rates, enzymes activity, and metabolic processes, as well as the bioavailability of contaminants and

their chemical form . For this reason, many sites polluted by hydrocarbon are added with nutrients (nitrogen,

phosphorus, potassium, etc.) and high-energy electron acceptors (especially oxygen). Some of these chemicals

can be provided by plants through roots exudates. This sets up a positive feedback loop, where plants allow the

presence and growth of PGPR and bacteria render the soil less toxic and aid plant growth through several

mechanisms .

It is important to remember that petroleum hydrocarbons (PHC) are not degraded with the same efficiency. The

microorganisms begin to degrade the simpler hydrocarbons (n-alkanes) first, followed by the branched ones, cyclic

alkanes, to finally arrive at the most complex hydrocarbons (polyaromatics hydrocarbons PAH) . This means

that molecules, such as naphthalene, phenanthrene, and pyrene are not easy to get rid of through biodegradation.

For such molecules, the presence of plants (or phytoremediation) might provide a significant difference in

degradation rates. For example, in a study conducted to observe the phytoremediation capability of  Trigonella

foenum-graceum  and  Brassica juncea  in the presence of PGPR on saline soil contaminated with 400 mg/kg of

phenanthrene, it was possible to reach a 99% of dissipation rate in 60 days .

However, many organic compounds can be highly toxic for plants, so much so that it could undermine the success

of the phytoremediation. Bacteria can significantly decrease the harmful effect of many such compounds. They

achieve this effect through nitrogen fixation and mobilization of nutrients, prevention of ethylene production (ACC

deaminase activity), and the direct production of phytohormones. This is why it is important to create interaction

between PGPR and the host plant  since they can suppress the inhibition of germination caused by

contaminants . It is, however, important to distinguish between two types of root-associated bacteria: those who

remain close to or on the root surface are referred to as rhizospheric bacteria, while those that manage to enter the

root tissue are called endophytes. Since the latter are protected by the root, they can influence the host plant more

directly while living in a homeostatic environment, generally providing better support for degrading contaminants

.

Organic compounds are not the only toxic pollutants for plants; heavy metals can cause massive changes in soil’s

chemical-physical proprieties.

Plants need to produce a homeostatic network to control absorption, accumulation, and the oxidative stress that

derives from heavy metals presence ; to do this, plants trigger many physiological and molecular mechanisms,

such as active transport of ions into cell vacuoles, sequestration of metal-siderophore complexes, and production

of root exudates to solubilize mineral nutrient and stimulate microbial growth .

Although metals are often present as insoluble salt and need to be mobilized by chemicals, such as EDTA

(Ethylenediaminetetraacetic acid) and EDDS (Ethylenediamine-N,N-disuccinic acid), PGPR can enhance
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phytoextraction by reducing the toxicity of heavy metals in plants through helping control absorption, possible

accumulation, or detoxification of heavy metals .

Those microorganisms can tolerate a high concentration of metals and can modify metal bioavailability by releasing

chelants, such as organic acids and siderophores, and changing the soil pH . Several studies report the isolation

of microbial strains that effectively support phytoextraction or phytostabilization of various heavy metals. Among

these, for example,  Bacillus pumilus  ,  Rhodococcus erythropolis  ,  Bradyrhizobium  sp. ,  Ralstonia

eutropha, and Chryseobacterium humi  .

Some PGPR, such as Sinorhizobium meliloti (a metal resistant rhizobium), can also, while co-inoculated with other

PGPR, reduce the oxidative stress that some metals, such as Cu, cause to plants; this can greatly increase the

metal intake during phytoextraction . This effect may be attributed to the ability of rhizobium and PGPR to

provide balanced nutrition to the host plant .

The inoculated plants had considerably lower ROS (reactive oxygen species) accumulation and a higher level of

antioxidants enzymes, specifically peroxidase (POD), superoxide dismutase (SOD), catalase (CAT), and ascorbate

peroxidase (APX). Other studies seem to align with this result even when considering multiple growth parameters:

plant biomass, the fluorescence of photosynthetic pigments, number of leaves, and shoot and root length .

However, some studies suggest that by combining the effect of both PGPR and a chelating agent, it is possible to

achieve the best phytoextraction result . In the first study, the Cu concentration in the shoots was up to

4.2 times higher in plants that were both inoculated with PGPR and treated with EDTA compared to the control. It is

important to note that EDTA alone was unable to increase the biomass, likely due to the increased bioavailability of

the contaminant. This effect is observable even at a high contaminant concentration .
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