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resistance to pathogen infection. Biocontrol-PGPB can also 
possess traits similar to PGPB; they may fix nitrogen or 
produce phytohormones, for example. 

 
 
 
Plant Growth-Promoting Bacteria in 
Agriculture and the Environment 

 
Many soil and especially rhizosphere bacteria can stimulate 
plant growth in the absence of a major pathogen by directly 
affecting plant metabolism. These bacteria belong to diverse 
genera, including Acetobacter, Achromobacter, Anahaena, 
Arthrobacter, Azoarcos, Azospirillum, Azotobacter, Bacillus, 
Burkholderia, Clostridium, Enterohacter, Flavobacterium, 
Frankia, Hydrogenophaga, Kluyvera, Microcoleus, 
Phyllobacterium, Pseudomonas, Serratia, Staphylococcus, 
Streptomyces, and Vibrio and including the legume-symbiotic 
genus Rhizobium. 

Treatment of plants with agriculturally beneficial bacteria 
can be traced back for centuries. Inoculation of legumes with 
symbiotic Rhizobium has been practiced for almost 100 years 
and has had a major impact worldwide on crop yields. In 
Eastern Europe in the 1930s and 1940s, large-scale 
inoculation with associative nonsymbiotic bacteria such as 
Azotobacter and Bacillus failed. Two major breakthroughs in 
PGPB research that were largely responsible for the renewed 
interest in the field occurred in the late 1970s: in Brazil, the 
late Dr J Dobereiner and coworkers rediscovered that 
Azospirillum is capable of enhancing nonlegume plant growth, 
and in the USA, the work of JW Kloepper and MN Schroth and 
coworkers showed that biocontrol agents such as 
Pseudomonas fluorescens and P. putida can act as pesticides 
to control soilborne diseases. 

The best-known among the nonsymbiotic PGPB are 
bacteria of the genus Azospirillum. These bacteria 

Introduction 

Plant growth-promoting bacteria (PGPB) are defined as 
free-living soil, rhizosphere, rhizoplane, and phylosphere 
bacteria that, under some conditions, are beneficial for plants 
(Figure 1). Most of the activities of PGPB have been studied 
in the rhizosphere, and to lesser extent on the leaf surface; 
endophytic PGPB that reside inside the plant have also been 
found. 

PGPB promote plant growth in two different ways: (1) They 
directly affect the metabolism of the plants by providing 
substances that are usually in short supply. These bacteria 
are capable of fixing atmospheric nitrogen, of solubilizing 
phosphorus and iron, and of producing plant hormones, such 
as auxins, gibberelins, cytokinins, and ethylene. Additionally, 
they improve a plant's tolerance to stresses, such as drought, 
high salinity, metal toxicity, and pesticide load. One or more of 
these mechanisms may contribute to the increases obtained 
in plant growth and development that are higher than normal 
for plants grown under standard cultivation conditions. 
However, these bacteria do not enhance the genetic capacity 
of the plant, as genetic material is not transferred. (2) A 
second group of PGPB, referred to as biocontrol-PGPB, 
indirectly promote plant growth by preventing the deleterious 
effects of phytopathogenic microorganisms (bacteria, fungi, 
and viruses). They produce substances that harm or inhibit 
other microbes, but not plants, by limiting the availability of 
iron to pathogens or by altering the metabolism of the host 
plant to increase its 
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Figure 1 Enhanced seedling and plant growth after inoculation with Azospirillum brasilense. (a) eggplant seedlings;   (b) giant cardon cactus 
seedlings; (c) a nursery of tomatoes; (d) mature tomato plants. 

 
plants, nutrition is more balanced and the adsorption of 
nitrogen, phosphorus, and other mineral nutrients is 
significantly improved, yielding a better crop. 

Although the PGPB described herein are associated with 
the plant, they are not symbiotic. Therefore, secure 
attachment of the bacteria to the root is essential for a 
long-term association for three main reasons: (1) If the 
bacteria are not attached to the root epidermal cells, plant 
growth substances excreted by the bacteria diffuse into the 
rhizosphere and are consumed by nutritionally versatile 
microorganisms before reaching the plant. (2) Without a 
secure attachment, water may wash the bacteria away from 
the rhizoplane to perish in the surrounding nutrient-deficient 
soil; many PGPB survive poorly in bulk soil. (3) Potential 
association sites for bacteria on roots, unoccupied by a 
PGPB, are vulnerable to colonization by aggressive, possibly 
nonbeneficial, root microbes. Thus, many PGPB have 
developed ways to remain attached to the roots, either 
temporarily or permanently. For example, Azospirillum has 
developed two modes of attachment (Figure 3). The first is a 
short-term attachment within hours after contact (after the 
bacteria migrate towards the roots by chemotaxis and 
aerotaxis, or the root reaches the 

enhance plant growth using a number of different mechanisms 
(Figure 2). Some are similar to those used by other PGPB 
(Table 1). Worldwide efforts to characterize this genus 
extensively have resulted in the availability of several 
commercial inoculants used for growth promotion of corn, 
wheat, rice, vegetables, and turf grass like AzogreenMR 
(Azospirillum lipoferum on maize in France) and BioYield 
(Paenobacillus macerans and Bacillus amyloliquefaciens for 
biocontrol of tomato and pepper diseases in the USA). 
Although some strains of Azospirillum have an affinity for 
certain crops, the major advantage of this genus is that it is 
not plant-specific as it can enhance the growth of numerous 
plant species. Many field studies have shown that inoculation 
with Azospirillum increases crop yields by 5-30%; however, 
30-40% of inoculations are unsuccessful. This inconsistency 
in yield stimulated experimentation with mixed inoculants, i.e., 
the combination of Azospirillum with other PGPB (Table 2). 
Enhanced plant growth following co-inoculation is due to the 
synergistic effect of both bacteria and Azospirillum functioning 
as a `helper' bacterium to enhance the performance of other 
PGPB. Mixed inoculations have a higher success rate. It 
seems that in co-inoculated 



 
 
Figure 2 Mode of action of Azospirillum in promoting plant growth. 
 

to the minimum required for survival. Furthermore, in times of 
plenty, many PGPB store large amounts of 
poly-0-hydroxybutyrate, that can sustain them for prolonged 
periods of nutrient scarcity. 

In addition to their usefulness as a crop inoculant, the 
potential benefits of PGPB were extended to environmental 
applications in recent years. For example, Azospirilluryc 
species can enhance bioremediation of wastewater by 
microalgae by increasing microalgal proliferation and 
metabolism, allowing the microalgae to clean the water better 
than when used alone. 

Mangrove ecosystems enhance fisheries along tropical 
coasts because they serve as breeding, refuge, and feeding 
grounds for many marine animals in the tropics during their 
younger and more vulnerable life stages. Azospirillum and 
cyanobacteria species may improve mangrove reforestation 
by increasing the rate of survival and development of 
seedlings in an otherwise unfavorable environment. 
Inoculation with several PGPB of the genera Vibrio, Bacillus, 
and Azospirillum improves domestication of the wild oilseed 

site of an applied inoculant). It involves hydrophobic 
interactions and lectin recognition between the bacteria and 
the plant cell wall. The second involves elaboration of a 
network of polysaccharide/protein fibrillar material, which 
anchors the bacteria permanently to the root surface. 
Eventually the bacterial cells multiply and form small 
aggregates (Figure 4) that provide an ecological advantage 
over the single cell state with respect to competition for 
nutrients that leak from the root. Similarly, the nitrogen-fixing 
cyanobacterium Microcoleus chthonoplastes enhances the 
production of thick mucigel layers on the roots of associated 
plants in which the bacteria are protected from the 
rhizosphere and from excessive oxygen which inhibits 
nitrogen fixation (Figure 5). 

Because appropriate plants for colonization are not always 
available, Gram-negative PGPB (nonsporeforming bacteria) 
have developed mechanisms that allow them to survive in the 
absence of a host. Cells can form cysts and flocs (large, 
visible aggregates) that protect them from desiccation, 
produce melanin blocking ultraviolet irradiation, and reduce 
cell metabolism 
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Table 1 Mechanisms employed by plant growth-promoting bacteria  
  Examples of bacterial 
Mechanisms Effect on plant growth species 
Root-associated nitrogen fixation Increase nitrogen content and biomass Azospirillum, Acetobacter, 
  Azotobacter, 
  Cyanobacteria, 
  Herbaspirillum 
Production of plant hormones (auxin, Stimulate root branching, increase shoot and root Azospirillum 
giberellin, cytokinin) biomass, and induce the reproductive cycle  
Phosphate solubilization Increase biomass and P content Bacillus lichiniformis, 

Vibrio 
Inhibition of plant ethylene synthesis Increase root length Pseudomonas putida 
Sulfur oxidation Increase biomass and foliar nutrient content Undefined 
Production of signal molecules and Change in plant metabolism related to Azospirillum, 
enhanced proton extrusion mineral absorption Achromobacter 
Increase root permeability Increase biomass and nutrient uptake Azospirillum 
Enhance general mineral uptake Increase biomass and nutrient uptake Azospirillum 
Increase nitrite production Increase formation of lateral roots Azospirillum 
Increase nitrate accumulation Increase biomass and nitrate content Azospirillum 
Reduce heavy-metal toxicity Protection against nickel toxicity Kluyvera 
Increase legume nodules or size Increase biomass, N content, and reproductive yield Azospirillum 
Increase alder root nodules or size Increase biomass and N content Frankia 
Increase frequency of infection by Increase biomass Pseudomonas 
endomycorrhizal fungi   
Increase number of ectomycorrhizal Increase biomass Pseudomonas 
root tips   
Increase temporary 'rain root' production Improve survival of seedlings during drought Azospirillum 
in cacti   
Increase resistance to adverse Improve survival of seedlings and increase biomass Azospirillum 
conditions (drought, salinity, compost   
toxicity)   
Additive hypothesis Increase biomass as a result of several small-magnitude Azospirillum 
 mechanisms working in concert or at the same time  

 

p ant Salicornia, normally grown in mangrove ecosystems, 
which could be used in a seawater-irrigated agriculture 
system. 

Treatment of cacti with Azospirillurv enhances seedling 
establishment and survival in eroded desert areas. 
Re-vegetation of eroded and disturbed desert areas, aided by 
PGPB and vesicular-arbuscular 

l

Table 2 Mixed inoculation of Azospirillum with other microorganisms and plants-a sampler 
Mixed inoculation with   
species Plant Effect on plants 
Rhizobium Soybean, French bean, lentil, Increase in nodule stimulation and function, total number and weight 
 chickpea, alfalfa, bean, of nodules, epidermal cell differentiation in root hairs, straw and 
 peanuts grain yield, root surface area, yield 
Bacillus polymyxa Sorghum Increase in N and P uptake, grain and dry matter 
Agrobacterium radiobacier Barley Increase in grain yield, NZ fixation, N accumulation in plant 
or Arthrobacter   
mysoreus   
Azotobacterchroococcum Wheat, sugarcane Increase in plant growth, indole acetic acid, P, Mg, N, and total 
or Streptomyces  soluble sugars in shoots, soil N content 
mutabilis   
Mycorrhizal fungi Sorghum, wheat, jute, Increase in dry weight of roots and shoots, grain and straw yield, 
 strawberry mycorrhizal infection, P content, and uptake of N, Zn, Cu, and Fe 
   

 

mycorrhizal (VAM) fungi invigoration of desert plants 
responsible for soil stabilization, prevents soil erosion and 
promotes abatement of dust pollution (Table 3 and Figure 6). 
Finally, plants inoculated with Kluyvera have reduced nickel 
toxicity and can therefore grow in and rehabilitate 
nickel-contaminated wastelands. 
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Figure 3 Mechanisms of attachment of Azospirillum to roots. 

 

 
 
Figure 4 Transmission (a, b) and scanning (c) electron microscopy of attachment of A. brasilense to the root surface of wheat and cotton 
by fibrillar material. (a) polar attachment of bacterium to wheat plant cell wall by short fibrils (arrow); (b) non-polar attachment of 
bacterium to wheat cell wall by unidentified electron-dense material (arrow); (c) permanent attachment of bacteria to cotton root surfaces 
through formation of long fibrils (arrow).

 

 



 
Figure 5 Light and scanning electron microscopy of interior and surface root colonization by plant growth-promotion bacteria PGPB. (a) Light 
micrograph of thick cross section of wheat roots showing the localization of A. brasilense within the roots. Bacteria (arrows) are located in the 
intercellular spaces of inner layers of cortical cells in the root elongation zone. (b, c) Root surface colonization of the elongation zone of wheat 
roots by inoculated A. brasilense. Note aggregation type of colonization. (c) is enlargement of small section of (b). Note fibril connections 
(arrows) between cells within the aggregate. (d) Production of mucigel layer on black mangrove roots in response to inoculation with the 
filamentous diazotroph cyanobacterium Microcoleus chthonoplastes in which the PGPB (arrows) is embedded. 

Table 3 Plant growth-promoting bacteria usefulness in the 
environment  
Bacterial species What it does 
Azospirillum Helps microalgae Chlorella spp. to 
 clean wastewater 
Azospirillum + Improve reforestation of mangrove 
cyanobacteria plants 
Microcoleus  
Azospirillum + Enhance seedling establishment and 
mycorrhizal fungi promote cactus growth to reduce 
 soil erosion and dust pollution 
Azospirillum, Bacillus, Increase growth of wild oilseed plants 
and Vibrio destined for domestication 
Kluyvera Reduce nickel toxicity in polluted soil, 
 which allows plant growth 
Bacillus, Pseudomonas, Improve germination and increase 
and Frankia growth of forest trees 
  

nitrogen required for cultivation of sugarcane and can promote 
pineapple growth. Some endophytic bacteria can promote 
growth of forest trees, from temperate pines to tree-shaped 
cacti. Seed endophytic PGPB from desert plants can weather 
rocks, unbind minerals essential for plant growth, and allow 
cactus seedlings to establish in barren areas as primary 
colonizers. These microbial activities are producing soil in 
bare rock areas, and consequently allow other plant species 
to grow. Endophytes, such as Pseudomonas fluorescens and 
Bacillus spp., can serve as biocontrolPGPB controlling the soil 
pathogens Fusarium in cotton and Rhizoctonia solani and 
Sclerotium rolfsii. 

Many endophytic bacteria invade plant tissues using 
mechanisms similar to pathogens, i.e., using hydrolytic 
enzymes, or natural (e.g., stomata) or artificial (wound) 
openings; however, their population density is generally lower 
than pathogens. Most are not recognized by the plants as 
potential pathogens. Endophytic bacteria rely heavily on 
nutrients supplied by the host plant; thus, variables affecting 
plant nutrition also affect the endophytic communities. 

Endophytic PGPB 
 
Many bacterial species can live harmlessly as endophytes within 
plant tissues. They can reside latently or actively, and can 
colonize the plant within an organ or in the vascular system. 
Although most are saprophytes, some species are considered 
PGPB and biocontrol-PGPB because they increase plant growth 
and resistance to phytopathogens. For example, endophytic 
Acetobacter diazotrophycus can fix all the 

Biocontrol of Phytopathogens 
 
Phytopathogenic microbes have an immense impact on 
agricultural productivity, greatly reducing crop yields and 
sometimes causing total crop loss. Usually, 
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Figure 6 Mechanism of dust abatement and soil accumulation by cacti inoculated with A. brasilense. 
 

growers manage phytopathogens by employing chemical 
pesticides and, to a lesser extent, expensive steam 
sterilization and `soil solarization.' The main drawback of the 
chemical management strategy is that the target plants often 
remain infected but nonsymptomatic for prolonged periods, 
thus, untreated. Small environmental shifts can produce 
uncontrollable epidemics. Additionally, pesticides are 
expensive, hazardous, affecting human and animal health 
when they accumulate in the plants and soil, and eliminate 
beneficial soil and biocontrol organisms. A better strategy to 
avert the development of epidemics is to treat the pathogen 
when its levels in the field are low, to prevent further increases 
over the growing season. Effective options include employing 
the pathogen's natural enemies as biological control agents or 
developing transgenic plants that are resistant to the 
pathogen. Both strategies are considered less destructive or 
more `environmentally friendly' than chemical treatments. 
Several biocontrol-PGPB are commercially available. 

(outcompetition and displacement of pathogens), or metabolic 
(induction of acquired or induced systemic resistance and 
modification of hormonal levels in plants) (Table 4). A large 
array of microbial substances is involved in the suppression of 
pathogenic growth and subsequent reduction in damage to 
plants. These substances include antibiotics such as Agrocin 
84, Agrocin 434, 2,4-diacetylphloroglucinol, herbicolin, 
phenazine, oomycin, pyoluteorin, and pyrrolnitrin, 
siderophores, small molecules such as hydrogen cyanide 
(HCN), and hydrolytic enzymes such as chitinase, 
laminarinase, ,Q-1,3-glucanase, protease, and lipase. Most 
studies of biocontrol mechanisms were conducted under 
laboratory and greenhouse conditions; however, ultimately the 
efficacy of biocontrolPGPB must be tested under field 
conditions. Thus, the importance of the below mechanisms in 
controlling pathogens should be considered conditional. 

Production of Antibiotics 

Antibiotic production by biocontrol-PGPB is perhaps the most 
powerful mechanism against phytopathogens. Many different 
types of antibiotics are produced and have been shown to be 
effective under laboratory conditions, although not necessarily 
under field conditions. Because the genes involved in the 
production of some antibiotics are known, it is possible to 
enhance antibiotic activity, hence enhance suppression 

Mechanisms Employed by 
Biocontrol-PGPB to Control 
Phytopathogens 
The mechanisms employed by biocontrol-PGPB to deter 
phytopathogens can be chemical, environmental 
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of phytopathogens, at least theoretically. Regardless of the 
progress under laboratory conditions, only one 
antibiotic-producing bacterium, Agrobacterium radiohacter, 
which produces the antibiotic Agrocin 84, is commercially 
available. This biocontrol-PGPB (which was later genetically 
modified to prevent the target pathogen from easily acquiring 
resistance) currently controls the pathogen A. tumefaciens, 
the causative agent of crown gall of stone fruit trees. 

Production of Siderophores 
 
Iron, an element essential for microbial growth, is mostly 
unavailable because it is mainly present in soil in a 
hard-to-solubilize mineral form (Fe 31. To sequester iron from 
the environment, numerous soil microorganisms secrete 
low-molecular-weight, ironbinding molecules, called 
siderophores, which have a high capacity for binding Fe 3+. 
The now-soluble, bound iron is transported back to the 
microbial cell and is available for growth. 

Siderophores produced by biocontrol-PGPB have a higher 
affinity for iron than the siderophores produced by fungal 
pathogens, allowing the former microbes to scavenge most of 
the available iron, and thereby prevent proliferation of fungal 
pathogens. Depletion of iron from the rhizosphere does not 
affect plant growth as plants can thrive on less iron than can 
microorganisms. Moreover, some plants can bind and release 
iron from bacterial iron-siderophore complexes, and use the 
iron for growth. Thus, the plant benefits in two ways: from the 
suppression of pathogens and from enhanced iron nutrition, 
resulting in increased plant growth (Figure 7). 

Examples of the involvement of siderophores in disease 
suppression are many. A mutant strain of P. putida that 
overproduces siderophores was more effective than the wild 
bacterium in controlling the pathogenic fungus Fusarium 
oxysporum in tomato. Many wild strains that lose siderophore 
activity also lose biological control activity. The extent of 
disease 

Production of Enzymes 
 
Hydrolytic enzymes produced by some biocontrolPGPB can 
lyse fungal cell walls, but not plant cell walls, and thereby 
prevent phytopathogens from proliferating to the extent that 
the plant is endangered. For example, Pseudomonas stutzeri 
produces extracellular chitinase and laminarinase that lyse the 
pathogen Fusarium solani. Similarly, Burkholderia cepacia 
produces 0-1,3-glucanase and reduces disease caused by the 
fungi Rhizoctonia solani, Scelrotiurh rolfsii, and Phytium 
ultimum. Another strategy used by biocontrol-PGPBs to 
reduce disease severity in plants is the hydrolysis of fungal 
products that are harmful to the plant. Cladosporium werneckii 
and B. cepacia can hydrolyze fusaric acid (produced by the 
fungus Fusarium) that causes severe damage to plants. 

Production of Small Molecules 
 
Some biocontrol-PGPB produce a wide range of 
low-molecular-weight metabolites with antifungal potential. 
The best known is hydrogen cyanide (HCN), to which the 
producing bacterium, usually a pseudomonad, is resistant. 
HCN produced by bacteria can inhibit the black root rot 
pathogens of tobacco, Thielabiopsis basicola. In soil, a 
biocontrol pseudomonad was capable of using seed exudates 
of sugar beet to produce substances inhibitory to the 
pathogen Pythium ultimum, even though the pathogen was 
not inhibited when the two organisms were grown together in 
culture medium. 

Table 4 Mechanisms employed by biocontrol plant growth-promoting bacteria against phytopathogens 
Mechanisms Effect on plant growth 
Competition for Fe 3+ ions through siderophore Reduced disease incidence and severity and increase biomass of 
production plants 
Antibiotic production  
Production of small toxic molecules  
Production of hydrolytic enzymes  
Competition for nutrients, colonization sites, and  
displacement of pathogens  
Induced and acquired systemic resistance Make plant more resistant to infection by pathogens and increase 
 biomass of plants 
Change ethylene levels in plants Reduce noxious effect of excess ethylene production in plants 
Suppression of deleterious rhizobacteria Increase biomass of plants 
  

suppression as a consequence of bacterial siderophore 
production is affected by several factors, including the specific 
pathogen, the species of biocontrolPGPB, the soil type, the 
crop, and the affinity of the siderophore for iron. Thus, disease 
suppression under controlled laboratory conditions is only an 
indication of the efficacy of the biocontrol agent in the field. 



 

 
 

Figure 7 Biological control of fungal pathogens by biocontrol-PGPB using siderophores. 
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Competition and Displacement of Pathogens 
 
Competition for nutrients and suitable niches among 
pathogens and biocontrol-PGPB is another mechanism of 
biocontrol of some plant diseases. For example, high 
inoculum levels of a saprophytic Pseudomonas syringae 
protected pears against Botrytis cinerea (gray mold) and 
Penicillium expansum (blue mold). 

On leaves there are a limited number of sites where a 
pathogen can attack the plant. Bacteria capable of multiplying 
on the leaf surface to form a large population can compete 
successfully with pathogens for these sites and often reduce 
disease. These agents can 

be saprophytic strains, PBPB, or nonvirulent strains of the 
pathogen. For example, the PGPB A. brasilense was able to 
displace the causal agent of bacterial speck disease of 
tomato, P. syringae pv. tomato, on tomato leaves, and 
consequently decreased disease development. Similarly, 
when a nonpathogenic strain of P. syringae pv. tomato was 
co-inoculated on to leaves with a pathogenic strain, disease 
incidence was significantly reduced. An 
ice-nucleation-deficient mutant of P. syringae displaced 
pathogenic P. syringae, and protected tomato and soybean 
against early frost induced by the pathogen. 
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Modification of Plant Metabolism 
 
 
Induced and Acquired Systemic Resistance 

 
Plants can be protected against pathogens for long periods 
and across a broad spectrum of disease-causing microbes by 
making them more resistant to infection. Exposure to 
pathogens, nonpathogens, PGPB, and microbial metabolites 
stimulates a plant's natural self-defense mechanisms before a 
pathogenic infection can be established, effectively 
`immunizing' the plant against fungal, viral, and bacterial 
infections. Protection occurs by accumulation of compounds 
such as salicylic acid, which plays a central protective role in 
acquired systemic resistance, or by enhancement of the 
oxidative enzymes of the plant. While acquired systemic 
resistance is induced upon pathogen infection, induced 
systemic resistance can be stimulated by other agents, such 
as PGPB inoculants. The feasibility of protecting plants by 
induced systemic resistance has been demonstrated for 
several plant diseases. Plants inoculated with the 
biocontrolPGPB, P. putida and Serratia marcescens were 
protected against the cucumber pathogen P. syringae pv. 
lachrymans. 

the antibiotic. Similarly, it is possible to extend the range of 
iron-siderophore complexes that a single strain can use, 
allowing a biocontrol-PGPB strain to use siderophores 
synthesized by other soil microorganisms, hence giving it a 
competitive advantage. Because many of the enzymes that 
hydrolyze fungal cell walls are encoded by a single gene, it 
would be relatively easy to isolate these genes, transfer them 
to other biocontrol-PGPB, and thus construct new 
biocontrol-PGPB armed with antibiotics, siderophores, and 
hydrolytic enzymes. When developing an attenuated 
pathogenic strain to displace a pathogen in the environment, it 
is not only necessary to delete the virulence genes from the 
bacteria but also to insert copper-resistant genes in the 
chromosome, since copper is a major bactericide used in 
agriculture. It is possible to isolate bacterial genes for ACC 
deaminase and transfer them to biocontrol-PGPB that employ 
other plant growth-promoting mechanisms, allowing them to 
modulate ethylene levels in the host plant, and reduce 
disease severity. 

Potential growth-promoting traits can be transferred from 
any bacteria to a PGPB. For example, the transfer of the gene 
for acid phosphatase from the saprophytic soil bacterium 
Morganella morganii to B. cepacia and Azospirillum strains 
would create a biocontrol-PGPB and a nitrogen-fixing 
bacterium with phosphate solubilization activity and therefore 
enhanced phosphate uptake. 

Regardless of the type of genetic insertion aimed at 
improving the PGPB, as a general rule, wild strains 
(nontransformed) are likely to persist in the environment 
longer than their transformed relatives. However, a 
transformed PGPB with a short survival capacity (but long 
enough to last a growing season) is a bonus for commercial 
suppliers, who can then provide fresh inoculant to the grower 
on a regular basis. In addition, a short-lived genetically 
engineered PGPB may be more acceptable from an 
environmental standpoint. 

Modification of Plant Ethylene Levels 
 
In response to stress or pathogenic attack, plants commonly 
synthesize higher than normal amounts of the hormone 
ethylene. Ethylene stimulates senescence and leaf and fruit 
abscission, inhibits plant growth, and triggers cell death near 
infection sites. A biocontrol-PGPB that can lower plant 
ethylene levels after infection might be beneficial for the plant. 
Some PGPB synthesize the enzyme ACC deaminase, which 
has no known role in bacterial metabolism, but can lower the 
plant's ethylene levels and thereby stimulate plant growth 
when the plant is inoculated with the PGPB. This effect was 
demonstrated with the PGPB P. putida and with a strain of A._ 
brasilense (which naturally lacks the enzyme) genetically 
manipulated to carry the gene for ACC deaminase. 

PGPB Inoculants 
 
A ‘carrier’ is a vehicle for delivery of live PGPB from the 
factory to the field. Without a suitable formulation, many 
promising PGPB will never reach the marketplace. A universal 
carrier or formulation is presently unavailable (Table 5). A 
good carrier has one essential characteristic: the capacity to 
deliver the right number of viable cells in good physiological 
condition at the right time (Tables 6 and 7). Peat is the most 
common carrier for rhizobia and many PGPB (Figure 8); 
however, more advanced formulations based on polymers 
such as alginate and liquid formulations in water and oils are 
constantly being 

Prospects for Improving PGP13 by 
Genetic Manipulation 

 
As our understanding of the mechanisms used by PGPB 
advances, it becomes feasible to enhance their capacity to 
stimulate plant growth by modifying promising traits. The 
activity and utility of a biocontrol-PGPB may be enhanced by 
supplanting it with genes responsible for the biosynthesis of 
antibiotics, extending the range of pathogens against which a 
single biocontrol-PGPB can be used, or by genetically 
maninulating the bacterium to increase production of 
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Table 5 Inoculant type carrier for plant growth-promoting bacteria 
Category Materials 
Soils Peat, coal, clays, and inorganic soil 
Plant waste materials Composts, farmyard manure, soybean meal, soybean and peanut oils, wheat bran, sugar 
 industry waste, agricultural waste material, spent mushroom composts, and plant debris 
Inert materials Vermiculite, perlite, ground rock phosphate, calcium sulfate, polyacrylamide, 
 polysaccharide-like alginate, and carraginan 
Plain lyophilized microbial cultures Culture media and cryoprotectants 
  

Table 6 Characteristics of inoculant for plant growth-promoting bacteria (PGPB)  
Characteristic Degree of importance 
Deliver right number of viable cells in good physiological condition at the right time **** 
Bacteria released from the inoculant can inoculate the plant efficiently  
Inexpensive raw material  
Provide slow release of bacteria for long periods (or short periods in case of some biocontrol-PGPB) **** 
Uniform, with consistent quality *** 
Biodegradable by soil microorganisms  
Contains large and uniform bacterial population *** 
Ease of handling by the farmer *** 
Nontoxic in nature, causes no ecological pollution (like air dispersion or entering the ground water)  ** 
Relatively small in volume and in nonrefrigerated conditions ** 
Ease to manipulate its chemical properties in relation to the biological requirement of the PGPB  
Applied with standard agrochemical field machinery ** 
Sufficient shelf-life (1-2 years at room temperature) ** 
Dry and synthetic  
Easy quality control by the industry  
Nearly sterile or easily sterilized  
High water-holding capacity (for wet inoculants)  
Suitable for many bacterial species or strains  
Easily manufactured and mixed by existing industry  
Allows the addition of nutrients and has an easily adjustable pH  
Note: No single carrier can have all these qualities, but a good one should have as many as possible.  

Table 7 Formulations of inoculants for plant growth-promoting bacteria  
Dispersal form Main characteristics Popularity of use 
Powders Used as seed coating before planting. Sizes vary from 0.075 to 0.25 mm Most common 
Slurries Powder-type inoculant suspended in liquid (usually water). Suspension drips into Less popular 
 the furrow or seeds are dipped just prior to sowing  
Granular Applied directly to the furrow together with the seeds. Size ranges from 0.35 to 1.18 mm Popular 
Liquids Seeds are dipped into inoculant before sowing, or an applicator evenly sprays liquid Popular 
 inoculant on the seeds. After drying, the seeds are sown  
   

agricultural conditions. Compared with chemical applications, 
their presence in the agricultural market is small, and 
nonexistent for environmental applications, where they are 
only experimental. However, the public, and therefore, the 
agrochemical industry, are now more sympathetic to the 
concept of PGPB inoculants. The notion prevailing today is 
that PGPB inoculants will complement the chemicals already 
on the market. It is relatively easy to isolate a new 
biocontrol-PGPB or to find a bacterium that will increase root 
development. Yet, identification of the best bacterium for the 
task is still difficult as the 

evaluated. Since peat has reached its maximum development 
potential and still presents bacterial delivery difficulties, it 
appears that the future lies in the production of synthetic 
inoculant carriers in forms such as macro- and microbeads or 
powders on seed coatings (Figure 9). 

Conclusions and Prospects 
 
Application of PGPB in the field (apart from rhizobia) has 
yielded satisfactory results in controlled experiments, although 
results are less promising under 
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