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Abstract:     Many bacteria and fungi can enhance plant growth. The present review is 

limited to plant growth promoting rhizobacteria (PGPR). However, it includes 
endophytic bacteria that show plant growth enhancing activity as well. Also 
the best studied bacterial mechanisms of plant growth promotion are 
discussed, with a special emphasis on biological nitrogen fixation and 
synthesis of phytohormones, including less understood mechanisms like 
inhibition of plant ethylene synthesis, degradation of organic-P compounds, 
phenazine-related mineral solubilization, and synthesis of lumichrome. In 
addition, examples of PGPR genes that show activation in the interaction with 
plants, and beneficial events resulting from plant-bacterial interactions like 
stress relief and enhancement of other ecological associations are presented. 
Plant growth promoting activity and more precisely, crop yield enhancement 
are the final effects of the different mechanisms that PGPR possess and are the 
applicative goal of the agricultural microbiology research. Despite the 
undoubted economic and ecological benefits of utilizing some PGPR species 
as biofertilizers, the application of such a species must be very carefully 
assessed because of their importance as opportunistic pathogens in nosocomial 
infections and in patients with other diseases. On this basis, PGPR species 
must be selected for producing safe biofertilizers. Strain selection, as also the 
number of the bacterial cells, and characteristics of the bacterial cultures used 
in the production of biofertilizers, as well as, results of inoculation of different 
crops and cultivars with Azospirillum under field conditions are also included 
in the discussion. 
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1  INTRODUCTION 

Plant growth promoting rhizobacteria (PGPR) have been studied for 
long. It has been suggested in the last few years that endophytic N2-fixing 
bacteria may be more important than rhizospheric bacteria in promoting 
plant growth because they escape competition with rhizosphere 
microorganisms and achieve close contact with the plant tissues (Assmus et 
al., 1995; Döbereiner, 1992). The well known genera of PGPR are 
Azospirillum, Azotobacter, Bacillus, Burkholderia, Enterobacter, Klebsiella, 
and Pseudomonas, but some of these genera include endophytic species as 
well. The best-characterized endophytic bacteria include Azoarcus spp, 
Gluconacetobacter diazotrophicus, and Herbaspirillum seropedicae. Novel 
Burkholderia species, for instance, B. unamae (Caballero-Mellado et al., 
2004) and B. tropica (Reis et al., 2004) have the potential for promoting 
plant growth (Caballero-Mellado et al., 2003) and are found in rhizospheric 
and endophytic association with different agricultural crops. Bacterial 
mechanisms of plant growth promotion include biological nitrogen fixation 
(BNF), synthesis of phytohormones, environmental stress relief, synergism 
with other bacteria-plant interactions, inhibition of plant ethylene synthesis, 
as well as increasing availability of nutrients like phosphorus, iron and minor 
elements, and growth enhancement by volatile compounds. However, the 
expression of such bacterial activities under laboratory conditions does not 
guarantee in association with a host plant. This is especially true of nitrogen-
fixation as abundantly expressed in culture media by many bacterial species. 
The mechanisms of plant growth promotion have been analyzed in different 
organisms, especially in Azospirillum spp. and in few other PGPR (Vande 
Broek et al., 2000; Lucy et al., 2004). In this review, Azospirillum as a 
model for studying mechanisms of plant growth promotion will only be 
covered briefly but some other models and new mechanisms will be 
presented in more depth. 

Many definitions and interpretations of the term biofertilizer exist 
(Vessey, 2003). In this chapter, a biofertilizer is a product that contains 
living microorganisms, which exert direct or indirect beneficial effects on 
plant growth and crop yield through different mechanisms. The term 
biofertilizer as used here could include products containing bacteria to 
control plant pathogens, but these are frequently referred to as biopesticides 
(Siddiqui and Mahmood, 1999; Burdman et al., 2000; Vessey, 2003). 
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2 MECHANISMS FOR PLANT GROWTH     

PROMOTION 

2.1 Associative nitrogen fixation 
 

Many PGPR and endophytic bacteria can grow diazotrophically, and 
either be symbiotic or non-symbiotic. Young (1992) has reviewed the 
phylogenetic classification of nitrogen-fixing organisms, but in the last few 
years many novel N2-fixing species belonging to different genera have been 
described. For instance, the associative Burkholderia species such as B. 
vietnamiensis (Gillis et al. 1995), B. kururiensis (Estrada-de los Santos et al., 
2001), B. unamae, B. xenovorans, and B. tropica (Caballero-Mellado et al., 
2004; Goris, et al., 2004; Reis et al., 2004), as well as the legume nodulating 
species like B. phymatum, B. tuberum (Vandamme, et al., 2002) and 
Ralstonia taiwanensis (Chen et al., 2001); as also the species of Azoarcus 
that include A. communis, A. indigens (Reinhold-Hurek et al., 1993) and A. 
tolulyticus (Zhou et al., 1995). Furthermore, in the Acetobacteraceae family 
has been described Gluconacetobacter johannae and G. azotocaptans 
(Fuentes-Ramírez et al., 2001), Swaminathania salitolerans (Loganathan 
and Nair, 2004), and possibly Asaia bogorensis (Weber et al., 2003a; 
Yamada et al., 2000). A genomic-based survey for nitrogen-fixing genes 
indicates that approximately 5% of prokaryotes could carry nitrogen 
fixation-like genes (Raymond et al., 2004). Nitrogen-fixation genes are 
plasmid borne in some species, but most prokaryotes have chromosomal nif 
genes. Hence, it would not be so simple for them to loose nif genes. Hitherto, 
the presence of the novel superoxide-dependent nitrogen fixing system 
detected in Streptomyces thermoautotrophicus (Gadkari, et al., 1992) has not 
been reported in other bacteria, raising the possibility that several known or 
unknown PGPR could have it. 

Many N2-fixing bacteria have been found in rhizospheric and 
endophytic association but the transference of biologically fixed nitrogen has 
been demonstrated only in a few systems. Sugarcane has been a model in 
which BNF has been observed (Boddey, 1995; Yoneyama et al., 1997). 
Nevertheless, the organism(s) responsible(s) for such activity has not been 
fully established. Since the description of Acetobacter diazotrophicus 
(Cavalcante and Döbereiner, 1988; Gillis et al., 1989), presently 
Gluconacetobacter diazotrophicus (Yamada, et al., 1997) has been 
suspected as one of the contributors of nitrogen to sugarcane. Sugarcane 
plantlets inoculated with a wild type strain of G. diazotrophicus, and 
incubated in an atmosphere enriched with 15N2, incorporated a significantly 
higher proportion of 15N2 than the plantlets inoculated with a G. 
diazotrophicus nifD mutant (Sevilla et al., 2001). 
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As with G. diazotrophicus in sugarcane, the inoculation of Oryza 
sativa IR36 with Azoarcus sp. BH72 did improve the plant growth, but this 
was not dependent on nitrogen fixation since a nifK mutant showed the same 
effect as the wild type strain, and besides the presence of NifH was not 
detected in inoculated plantlets (Hurek et al., 1994). Nevertheless, other 
experiments show participation of nitrogen fixation in that association. 
Fusion transcripts of nifH were detected in rice inoculated with Azoarcus sp. 
BH72 when amended with a small amount of carbon source, or even without 
it (Egener et al., 1999), although, in later plants the detection of the reporter 
of nifH was considerably minor and belated. Similarly, in Kallar grass strain 
BH72 was found to contribute to nitrogen incorporation and abundant 
transcripts of nifH were detected in both plants grown in greenhouse and in 
non-inoculated ones grown in the field (Hurek et al., 1997; Hurek et al., 
2002). 

Considering carbon supply is one of the limiting factors for 
associative nitrogen fixation in non-legumes (Chelius and Triplett, 2000; 
Vande Broek, et al., 1993), it would be desirable to look for cultivars that 
excrete photosyntates in adequate amounts in order to find effective nitrogen 
fixation in rhizospheric associations. Gyaneshwar et al. (2002) found 
significant uptake of 15N2 by one rice variety that exuded a great quantity of 
carbon compounds.  

For successful plant-bacteria interaction, both genotype of 
organisms and the environmental conditions play very important role. The 
influence of the plant genotype has been documented, for example, wild rice 
species and traditional races of rice support a higher population of Azoarcus 
sp. than modern varieties (Engelhard et al., 2000). Even though it has not 
been tested if those associations exhibit nitrogen fixation activity, the wild 
rice Oryza officinalis gave ARA positive activity and also incorporated 15N2 
in an inoculation experiment with a homologous Herbaspirillum isolate 
(Elbeltagy et al., 2001). Not only traditional rice varieties, but also some 
modern ones can exhibit nitrogen fixation: thus the variety IR42 inoculated 
with H. seropedicae Z67 showed low, but significant incorporation of 15N2 
(James et al., 2002), and rice cultivars NIA-6 and BAS370 inoculated with 
either Azospirillum lipoferum, Azospirillum brasilense, Azoarcus or 
Zoogloea, showed considerable nitrogen fixation activity after six weeks of 
inoculation in gnotobiotic experiments (Malik et al., 1997). The recently 
described acetobacterium species Asaia bogorensis (Yamada et al., 2000) 
has been demonstrated to enhance growth of pineapple plants (Weber et al., 
2003a, 2003b), probably, through N2-fixation activity (Weber et al., 2003a), 
or, by producing phytohormones (Santoyo-Páez, Jiménez-Salgado and 
Fuentes-Ramírez, unpublished results). In plant-bacteria interaction the 
available nitrogen for the roots has great influence. It has been found that the 
amount of accessible nitrogen has a negative relationship with the G. 
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diazotrophicus populations that colonize sugarcane (Fuentes-Ramírez et al., 
1999; Muñoz-Rojas and Caballero-Mellado, 2003; Muthukumarasamy et al., 
1998) and reduce the diversity of diazotrophs associated to wild and modern 
rice (Tan et al., 2003). 

Though biologically fixed nitrogen has been found in a small 
number of non-legumes, this activity could have a great impact on the 
ecology of wild and cultivated ecosystems. The isolation of spontaneous A. 
brasilense mutants with greater acetylene reduction activity in vitro 
association with wheat (Katupitiya, et al., 1995; Pereg Gerk, et al., 2000), 
indicates that populations in nature are greatly flexible and some highly 
nitrogen-fixing genotypes could be favored in certain conditions. 

The contribution of BNF to the growth of sugarcane plants has been 
observed. It seems to depend on the cultivar (Boddey et al., 1991; Lima et 
al., 1987), environmental conditions (Baldani et al., 2002), and 
microorganisms. With a plant-gene expression-approach, an active role of 
the plant was found in the development of the association with bacteria, and 
also a bacterial species-specific response of the plant (Nogueira et al., 2001). 
There are fundamentals of BNF that we still do not know i.e. the identity of 
the organisms that have greater potential to transfer nitrogen, or whether 
they are located inside the plant or in the rhizosphere. Endophytes have been 
suggested to be the organisms that have a higher potential to transfer 
nitrogen to the plant, but data indicate that endophytic BNF as a large 
nitrogen source has drawbacks also, for example, the number of nitrogen-
fixing bacteria that inhabit the inside of plants may vary. For instance, 
compared to Rhizobia (109 cells per nodule and around 1011 per plant; James 
et al., 2000) the population of diazotrophs inside the plant is low. There are 
probably no more than 106-107 per g of the plant inside the sections most 
colonized, and even much less in most of the tissues of the plant. Moreover, 
in sugarcane, the G. diazotrophicus numbers decline rapidly as the plant 
grows (Muñoz-Rojas and Caballero-Mellado, 2003). Additionally, the 
bacterial numbers that are active, and the amount of their activity, could be 
restricted in most of the plants, since, endophytes like G. diazotrophicus 
have been observed to preferentially colonize the xylem (Fuentes-Ramírez et 
al., 1999; James et al., 1994), where carbon sources are limited (Welbaum et 
al., 1992). The rhizosphere is not as adverse an environment for BNF as it 
could be though; the most important plant growth promotion activity of a 
semi-quiescent community of endophytes could be the release of 
phytohormones that are needed in nanograms for exerting positive effects on 
the plant. 
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2.2 Phytohormones 

 
Plant growth regulators participate in the growth and development 

of cells, tissues, organs, and in fact the entire plant. These compounds are 
active in plants in very minute amounts and their synthesis is extremely 
regulated. Plants not only produce phytohormones but also, numerous plant-
associated bacteria both beneficial and harmful, produce one or more of 
these substances (Dobbelaere et al., 2003). Among the PGPR species, 
Azospirillum is well known for its ability to excrete phytohormones such as 
gibberellins (Bottini et al., 1989; Janzen et al., 1992), cytokinins (Tien et al., 
1979) and auxins (Mascarua-Ezparza et. al., 1988; Omay et al., 1993; 
Reynders and Vlassak, 1979). Many studies suggest the involvement of 
indole-3-acetic acid (IAA), produced by Azospirillum, in morphological and 
physiological changes of the inoculated plant roots (Harari et al., 1988; 
Kapulnik et al., 1985; Tien et al., 1979). It is noteworthy that bacterial plant-
dependent response induces IAA synthesis by Pantoea agglomerans (Brandl 
and Lindow, 1997), and also, greater auxin production by rhizospheric 
strains of P. polymyxa than by non-rhizospheric isolates (Lebuhn et al., 
1997). Differential behavior of the isolates in relation to the proximity to 
plant tissues could be linked to a great competitiveness of the more actively 
phytohormone-synthesizing strains. Inoculation experiments of single, or 
mixtures of strains, previously isolated from different distances from roots, 
could help in determining this issue. Also, it would be exciting to determine 
if the rhizosphere gradient of plant exudates participates in determining a 
differential response in the bacterial synthesis and release of phytohormones. 
Particularly for bacterial IAA synthesis, the finding of Vande Broek et al. 
(1999) that this phytohormone induces some bacterial genes could be useful 
for designing tools to determine the differential response. In rhizospheric 
colonization of rice by Pseudomonas stutzeri A15, Rediers et al. (2003) 
found expression of miaA whose product could be involved in the 
production of the cytokinin trans-zeatin in association with the plant. Many 
inoculation effects in plants have been attributed to bacterial synthesis and 
release of phytohormones. Expression of an auxin-responsive promoter in 
Arabidopsis indicated that plants really detect the bacterial synthesized IAA 
released in the rhizosphere (O’Callaghan et al., 2001). 

The general effects on the plant can be direct, that is through plant 
growth promotion, or indirect, that is through improving plant nutrition via 
the better development of the roots, and it is difficult to distinguish between 
them. Additionally, plant associated bacteria could induce phytohormones 
synthesis. The elevation of root IAA level in lodgepole pine plantlets, 
inoculated with Paenibacillus polymyxa, and, of dihydroxyzeatin riboside 
root concentration in plants inoculated with Pseudomonas fluorescens (Bent 
et al., 2001), might be attributed to the induction of plant hormone synthesis 
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by the bacteria, however the  uptake of bacterial synthesized phytohormones 
can not be excluded, since both P. polymyxa and Pseudomonas sp. produce 
cytokinins and IAA in vitro (Akiyoshi et al. 1987; Bent et al., 2001; 
Srinivasan et al., 1996; Timmusk, et al., 1999).  

The participation of bacterial IAA in plant growth promotion has 
been demonstrated in the interaction between canola and P. putida GR12-2. 
The roots inoculated with an ipdC mutant, a key gene in the synthesis of 
IAA, grew significantly less than the roots inoculated with the wild type 
strain (Patten et al., 2002). Other bacterial synthesized phytohomones that 
participate in growth promotion are the gibberellins. Exposition of alder 
seedlings to an inhibitor of gibberellin biosynthesis produces a dwarf 
phenotype. Inoculating the plantlets with gibberellin-producing Bacillus 
pumilus and B. licheniformis strains reversed that phenotype, and the same 
effect was observed when GA3 was added (Gutierrez-Manero et al., 2001). 
G. diazotrophicus also produces gibberellin GA3, indole-3-acetic acid and 
gibberellin GA1 (Bastián et al., 1998; Fuentes-Ramírez et al., 1993). 
Therefore, the induction of sugarcane growth by a nif– mutant of G. 
diazotrophicus under conditions of N fertilization (Sevilla et al., 2001) might 
be accredited to the release of any of those phytohormones. TLC extracts of 
supernatant of the acetic bacterium A. bogorensis, and isolates of Asaia spp. 
obtained from the nance (Byrsonima crassifolia) plant, showed that this 
bacterium secretes IAA to the medium (Santoyo-Páez, Jiménez-Salgado and 
Fuentes-Ramírez; unpublished results). This suggests that the growth 
promoting effect of Asaia bogorensis in pineapple, reported by Weber et al. 
(2003a, 2003b) could be related to bacterial synthesis and release of IAA. 

Bacteria related to the Rhizobia are nitrogen fixers in legumes and 
are known to contribute to the growth of non-legumes. Inoculation of 
Bradhyrhizobium in cotton improved nutrient uptake, which was attributed 
to IAA (Hafeez et al., 2004). Similarly, growth responses in sunflower 
inoculated with Rhizobium sp. (Alami et al., 2000), and in lettuce plants 
inoculated with R. leguminosarum (Noel et al., 1996), were attributed to an 
increased nitrogen uptake besides bacterial phytohormone synthesis. 

In addition to growth alterations, bacterial synthesized 
phytohormones have effects on the plant metabolism. IAA released by 
Pantoea herbicola seems to induce a much localized nutrient leakage 
affecting only the plant cells closest to the bacterial cells (Brandl and 
Lindow, 1998). Finally, IAA and cytokinins have inhibitory effect on the 
plant hypersensitive response (Robinette and Matthysse, 1990). 

Although in vitro and in vivo activities do not always relate to each 
other, non-identified strains isolated from wheat rhizosphere showed a 
relationship between in vitro production of auxins and growth promoting 
capability. The isolates that in vitro produced higher quantity of auxins also 
had the highest promoting capability (Khalid et al., 2004). This suggests that 
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in vitro screening for promoting mechanisms could be useful for selecting 
strains for potential application. Studies on plant hormone-synthesizing 
bacteria have focused on rhizospheric and endophytic bacteria, but it is 
known that epiphytes also produce such substances (Lindow and Brandl, 
2003). The phytohormone-mediated roles of bacterial ephyphitic 
communities on plants are yet not clear.  

The future of biofertilizers based on hormone-producing bacteria 
seems very promising. Large numbers of experiments have shown that 
bacterial participation raises the phytohormone levels in plants. This may be 
via bacterial synthesis or through bacterial induction of plant hormone 
synthesis but both offer economical and ecological advantages. 

2.3 ACC deaminase activity 
 

Ethylene exposition induces different observable changes in plants, 
including reduction in the growth rate (Abeles et al., 1992). This is 
especially true in stressed dicot plants, since monocots are less sensitive to 
ethylene (Holguin and Glick, 2001). It has been proposed that PGPR may 
enhance plant growth by lowering the plant ethylene levels (Glick et al., 
1998). In these cases, the immediate precursor of ethylene is 1-
aminocyclopropane-1-carboxylate (ACC). This compound is hydrolyzed by 
bacteria-expressing ACC-deaminase activity. Ammonia and α-ketobutyrate, 
products of this hydrolysis, are used by the ACC-degrading bacterium as 
nitrogen and carbon sources (Honma and Shimomura, 1978). Bacteria 
belonging to phylogenetically distant genera such as Alcaligenes sp., 
Bacillus pumilus, Pseudomonas sp. and Variovorax paradoxus (Belimov et 
al., 2001) as well as, Azoarcus, Azorhizobium caulinodans, Azospirillum 
spp., Gluconacetobacter diazotrophicus, Herbaspirillum spp., Burkholderia 
vietnamiensis and others (Dobbelaere et al., 2003) were identified by their 
ability to grow on minimal media containing ACC as sole nitrogen source. 
Recently, expression of ACC deaminase activity was found in many strains 
of Burkholderia unamae and B. vietnamiensis, and the ACC deaminase gene 
(acdS) was also detected in these species as well as in B. phymatum, B. 
xenovorans, and B. caribiensis (Onofre-Lemus and Caballero-Mellado, 
unpublished results). It is postulated that ACC can be exuded to the 
rhizosphere and then degraded by plant-associated bacteria resulting in a 
final growth promoting effect (Glick et al, 1998). Mutations in ACC 
deaminase prevent the promoting effect of Pseudomonas putida in canola 
(Glick et al., 1994). The nutrient status of the plant, and the availability of 
nutrients, seems to be determinant for the plant growth activity of ACC 
deaminase carrying bacteria (Belimov et al., 2002). Plants grown under P-
limiting or high N conditions were not enhanced by PGPR (Belimov et al., 
2002). The role of ACC deaminase in growth promotion of plants is evident 
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in an inoculation experiment with A. brasilense Cd. This is a non-ACC 
deaminase strain, carrying an ACC deaminase gene from Enterobacter 
cloacae UW4. This strain promoted more growth of tomato seedlings than 
the wild type strain (Holguin and Glick, 2003). Considering that many 
phylogenetically distant genera are capable of expressing ACC deaminase 
activity, and, in order to determine the applicability of ACC utilizing 
bacteria in extensive cultivation of crops, especially of dicots, field 
experiments are required to determine their real growth promoting effect. 

 
2.4 Other plant growth promoting mechanisms and expression 

of genes 
 

Novel plant growth promoting mechanisms include phytase 
degrading organic phosphate compounds, mineral reduction by phenazines, 
synthesis of lumichrome, and production of volatile compounds. It is well 
known that phosphate-solubilizing bacteria can increase the availability of P 
to plants in deficient soils. These bacteria solubilizate phosphate through the 
production of acids, and possibly by means of other mechanisms as well 
(Nautiyal, et al., 2000). Diverse bacteria, including B. subtilis, K. terrigena, 
Pseudomonas spp., and Streptomyces griseus produce phytases (Greiner et 
al., 1997; Kerouvo et al., 1998; Moura et al., 2001; Richardson and 
Hadobas, 1997). The role of phytases in raising the accessibility to P in 
organic compounds was demonstrated in maize-Bacillus amyloliquefaciens 
interaction experiments (Idriss et al., 2002). Plants inoculated with a phytase 
secreting Bacillus amyloliquefaciens strain, or amended with its culture 
filtrate showed increased growth compared to non-inoculated plants, when 
grown under P-limitation.  

Phenazines produced by bacteria are known for their antifungal 
activity, and consequently, improve the competitiveness of the producing 
strains. Recently, it has been shown that phenazines produced by 
Pseudomonas chlororaphis can reduce minerals (Hernández et al., 2004). 
Hence, such compounds could increase the availability of diverse nutrients, 
including iron, to the associated plants.  

Lumichrome, a metabolite of riboflavin, is a molecule that enhances 
the respiratory rate of roots and increases the plant size as well (Phillips et 
al., 1999). This compound can be the product of photodegradation of 
riboflavin (Treadwell Jr., and Metzler, 1972). However, it can also be 
synthesized by Sinorhizobium meliloti, Pseudomonas, and possibly other 
plant associated bacteria (Phillips et al., 1999; Yanagita and Foster, 1956). 
Apparently, lumichrome or even riboflavin producing-rhizospheric bacteria 
can benefit through organic carbon as also CO2 release from lumichrome-
induced roots (Phillips et al., 1999; Yang et al., 2002). In addition to other 
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bacterial metabolites, the volatile compounds 2,3-butanediol, and acetoin 
produced by Bacillus spp., were found to promote growth of Arabidopsis 
thaliana (Ryu et al., 2003). The suggested mechanism involves the 
cytokinin-signaling pathway. 

One primary aim in microbial ecology is to determine the activity 
exhibited by the organisms that inhabit a particular habitat, and in particular, 
PGPR-plant associations. The interest is to find out what is needed for 
establishing the interaction, and, what happens when the interaction is 
established. In Pseudomonas fluorescens, a putative recombinase, located in 
the locus xerC/sss, is necessary for colonizing tomato plants (Dekkers et al., 
1998), but, the answer as to why that recombinase is at all required has yet  
not been determined.  

In vivo expression technology (IVET) is an efficient tool that has 
allowed great advances in finding genes that are activated under particular 
environmental conditions (Mahan et al., 1993). The study of plant 
colonization by P. fluorescens using IVET has found that expressed genes 
are related to nutrient acquisition, stress responses, biosynthesis of 
phytohormones, and antibiotics, and also to a type III secretion system, 
antioxidation, chemotaxis, and detoxification of aromatic compounds (Gal et 
al., 2003; Preston et al., 2001; Rediers et al., 2003). Loci that seem to have 
special importance are the gene for a type III secretion system, the gene 
coding an acetylated cellulose polymer, and genes for detoxification of 
aromatic compounds. Similarly, genes particularly important for adhesion of 
P. putida to seeds are involved in pathogenesis, and efflux of toxic 
substances. Also genes with phenotypes are implicated with motility and 
chemotaxis (Espinosa-Urgel et al., 2000). Seed colonization by E. cloaceae 
seems to be highly related to the metabolic capability for using carbon 
sources that are exuded, since phosphofructokinase is needed for successful 
colonization of seeds that exude low amounts of carbohydrates (Roberts et 
al., 1999). In the interaction of Azoarcus sp. with rice seedlings, it has been 
observed that the pilAB locus, encoding type IV pili, is necessary for the 
adhesion of the bacterium to the plant (Dorr et al., 1998). 

2.5 Environmental stress relief 
 

Several associations between plants and beneficial bacteria show a 
protective response under restrictive environmental conditions. Wheat and 
faba beans  subjected to saline stress showed greater growth when inoculated 
with Azospirillum, compared to non-inoculated plants (Bacilio et al., 2004; 
Hamaoui et al., 2001). This favorable effect may be attributable directly to 
bacteria or indirectly to the effect on plant physiology. The production of 
microbial metabolites like polysaccharides modifies the soil structure, and 
has a positive effect on plants grown in water stress. Growth parameters of 
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sunflower plants under water stress inoculated with an exopolysaccharide 
(EPS)-producing Rhizobium sp. were greater than in uninoculated plants 
(Alami et al., 2000). Promotion effect in wheat plants was also observed 
after inoculation with an EPS-producing Pantoea agglomerans isolate 
(Amelal et al., 1998). In wheat plants inoculated with Paenibacillus 
polymyxa, the aggregation of rhizospheric soil depended on a bacterial 
polysaccharide that enlarged the amount of soil adhering to roots (Bezzate et 
al., 2000; Gouzou et al., 1993). 

Bacteria can also stimulate the plant to turn on particular metabolic 
activity like increasing its exudates, and consequently, improve rhizospheric 
soil qualities (Heulin et al., 1987). In the same way, inoculation of 
Arabidopsis with P. polymyxa the water-stress gene ERD15 is switched on 
(Timmusk and Wagner, 1999). Inoculated plants show improved response 
against pathogenic colonization and drought stress in comparison to control 
plants. Hence it seems that inoculation induces protection against biotic 
agents, and also against abiotic ones.  

Overall, PGPR can protect a plant, against aggressive environmental 
and particularly hostile soil conditions through the bacterial release of soil 
structure-improving substances, and by inducing the plant to activate stress 
responsive mechanisms. In hostile soils, the use of bacteria that allow plants 
to thrive are probably the best option to obtain good yields at lesser 
ecological costs. 

2.6 Improvement of other microorganism-plant interactions 

PGPR can improve beneficial associations between Rhizobia and 
leguminous plants, as also between different plants and mycorrhiza. Bean 
plants co-inoculated with Rhizobium etli and R. tropici and Azospirillum 
brasilense had more nodules than plants inoculated only with one of the two 
Rhizobia (Burdman et al., 1996). Nodule occupancy was increased by co-
inoculation of Enterobacter with Bradyrhizobium in green gram (Gupta et 
al., 1998). Additionally, the co-inoculation of a Bradyrhizobium strain with 
an Enterobacter or with a Bacillus isolate increased the dry weight of shoots 
and the grain yield in comparison with uninoculated plants or with plants 
inoculated with either of the strains alone (Gupta et al., 1998). Similarly,  the 
co-inoculation of soybean with Serratia proteamaculans 1-102 or S. 
liquefaciens and Bradhyrhizobium japonicum 532C increased nitrogen 
fixation, as well as the  number of root nodules and  the plant biomass, both 
at 25 and 15°C (Bai et al., 2002a; 2002b; Dashti et al., 1998). Generally, the 
benefits for the plant in the rhizobia-plant associations are debilitated at low 
temperatures; therefore, the enhancement of the rhizobial interaction of 
soybean at 15°C has special significance for the cultivation of this legume 
under temperate conditions. The enhancement of the Bradyrhizobium-
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soybean interaction might be associated with substances secreted by S. 
proteamaculans 1-102, since it was also observed that the plant weight 
increased by adding the supernatant of the strain 1-102 to the plant (Bai et 
al., 2002b). The PGPR mechanism for promoting nodulation is not precisely 
known, the secretion of substances resembling lipo-chitoologosaccharides 
could enhance the nodulation (Bai et al., 2000b; Burdman et al., 1996). 
Additionally, the plant could be induced to produce more flavonoids. For 
instance, in common bean inoculated with Azospirillum the flavonoids 
synthesized by the induction of Azospirillum were able to trigger the nod 
response of R. etli (Burdman et al., 1996). Generally, plant-associated 
bacteria by themselves may synthesize flavonoid-like substances capable of 
activating nodulation by Rhizobia (Parmar and Dadarwal, 1999). 
Additionally, a phytohormone effect on nodulation produced a higher 
density of root hairs, root length, and increased respiration rate in beans 
inoculated with Azospirillum than uninoculated plants (Burdman et al., 
1996; German et al., 2000; Vedder-Weiss et al., 1999; Dobbelaere et al., 
2003).  

Different experiments have shown that mycorrhizal associations can 
be enhanced by the co-inoculation with bacteria. Arbuscular mycorrhization 
of red clover by Glomus mosseae increased when a strain of Paenibacillus 
brasilensis was also inoculated (Artursson et al., 2004). The mycorrhizal 
development and alkaline phosphatase activity of extraradical hyphae in 
maize was enhanced by inoculation with P. putida. The leaf area of maize 
was enlarged by the co-inoculation of mycorrhizal fungi and bacteria 
(Vosatka and Gryndler, 1999). Douglas-fir plantlets developed a greater 
height and a higher index of ectomycorrhization with Laccaria bicolor by 
inoculating the plants with Pseudomonas fluorescens (Frey-Klett et al., 
1999). The capability of mycorrhizal formation by related fungi, Laccaria 
fraterna, in Eucaliptus diversicolor was also increased significantly by P. 
fluorescens, B. subtilis, Bacillus sp. or Pseudomonas sp. (Dunstan et al., 
1998). Generally, bacteria belonging to different taxonomic groups can 
enhance the mycorrhizal associations or the growth of mycorrhizal plants or 
both. Even Rhizobia, which contribute to plant growth solely through N2-
fixation in legumes, participate in interactions. Sinorhizobium meliloti 
contributed to lettuce growth in mycorrhizal association, where a 
combination with Glomus intraradices increased the shoot biomass more 
than 100% comparing with uninoculated plants (Galleguillos et al., 2000). A 
particular characteristic of at least some enhancing-mycorrhiza bacteria is 
their capability to adhere to the hyphae. It has been observed that bacterial 
extracellular polysaccharides are not only important for cellular adhesion to 
plants but also to mycorrhizal fungi (Bianciotto et al., 2001). The importance 
of the bacterial adherence as a prerequisite for possible improvement of 
mycorrhizal growth or for mycorrhiza-plant interaction is yet not clear. 
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The PGPR can induce mycorrhizal formation by stimulating hyphal 
growth out of the roots and also through-provoking sporulation (Dunstan et 
al., 1998; Tiwari et al., 2004). The natural association between the 
mycorrhizal fungi Tuber borchii and unknown nitrogen-fixing bacteria 
suggested the possibility of transfer of fixed nitrogen to the fungi. In fact, 
RT-PCR analysis of fruiting bodies of the fungi identified nifH transcripts, 
indicated a possible nitrogen fixation (Barbieri et al., 2004). Although the 
bacterial mechanisms for enhancing mycorrhization are not entirely known, 
some of them could be the following: transfer of nutrients to the hyphae; 
interacting with bacterial synthesized hormones; synthesis of hyphal growth 
stimulating substances or induction to the plant to produce these substances, 
(Bécard et al., 1992); improved receptiveness of the plant; enhancement of 
soil structure; intervention in the recognition process; stimulation of 
germination; and improvement of hyphal growth (Bécard et al., 1992; 
Burdman et al., 1996; Nair et al., 1991; Parmar and Dadarwal, 1999; Tsai 
and Phillips, 1991; Xie et al., 1995; Garbaje, 1994).  

The applicability of co-inoculations has been proved for certain 
associations, but field experiments with a large number of crops are required 
to determine the real importance of biotic and abiotic factors in these 
interactions. 

3 BIOFERTILIZERS, APPLICATIONS AND 
OPINIONS  

Many studies in glasshouse and fields have assessed the effect of 
rhizobacteria and endophytic species on plant growth, grain yield of annual 
crops, and the cultivars of different crops to save fertilizers, or to diminish 
pollution caused by agrochemicals, or, both. Azospirillum head the list of 
PGPR assessed worldwide in tens of experiments (Burdman et al., 2000; 
Dobbelaere et al., 2001 and 2003; Okon and Labandera-González, 1994; 
Lucy et al., 2004; Vessey, 2003). Diverse studies have been published about 
the effects of other rhizobacteria on plant growth (Kennedy et al., 2004; 
Lucy et al., 2004). In addition to Pseudomonas and Bacillus species (Alam, 
et al., 2001; Cakmakci et. al., 2001; Glick et al., 1994; Kokalis-Burelle et 
al., 2002), other PGPR and endophytic bacteria, such as Enterobacter (some 
of them currently Pantoea), Klebsiella pneumoniae, Burkholderia (formerly 
Pseudomonas) cepacia and Stenotrophomonas (formerly Pseudomonas and 
later Xanthomonas) maltophilia, have received increasing attention in recent 
years, because of their association with important crops and potential to 
enhance plant growth (Dong et al., 2003; Chelius and Triplett, 2000; Sturz et 
al., 2001; Verma et al., 2001). Despite the undoubted economic and 
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ecological benefits of some bacterial species as biofertilizers the application 
of such PGPR must be very carefully assessed because of their importance 
as opportunistic pathogens in nosocomial infections and in patients with 
diverse diseases. For instance, S. maltophilia is often found in the 
rhizosphere and in association with cultivated plants such as maize, potato, 
wheat, and others (Blondeau, 1980; Garbeva et al., 2001; Heuer and Smalla, 
1999; Juhnke et al., 1987; Lambert et al., 1987; Sturz et al., 2001). 
Moreover, S. maltophilia produces high amounts of indole-3-acetic acid 
(Berg and Ballin, 1994; Berg et al., 1996). However, this bacterium has been 
associated with bacteremia, endocarditis, cystic fibrosis, urinary tract 
infections (Friedman et al., 2002; Khan and Mehta, 2002; Marchac et al., 
2004; Vartivarian et al., 1996), and many other diseases in humans 
(Nicholson et al., 2004; Senol, 2004). Similarly, B. cepacia and the nitrogen-
fixing species B. vietnamiensis are often associated with plants (Estrada-de 
los Santos et al., 2001; Dalmastri, et al., 1999; Di Cello, et al., 1997; Fiore et 
al., 2001; Trân Van et al., 1994), and their activity as PGPR has been 
documented (Bevivino et al., 2000; Trân Van et al., 1994; Trân Van et al., 
2000), but, both species have been isolated from patients with cystic fibrosis 
(Coenye et.al; 1999; Frangolias et al., 1999; Vandamme et al., 1997). 
Biofertilizer formulation using opportunistic pathogens must be not justified 
because they are found in most soils and are plant-associated. The analysis 
of phenotypic and genotypic features from clinical and environmental 
isolates of S. maltophilia has revealed that the grouping of strains is 
independent of source (Berg et al., 1999). In fact, it has been suggested that 
environmental sources could be an important mode of transmission of S. 
maltophilia (Denton et al., 1998). On this basis, biofertilizers containing 
opportunistic pathogens commonly found in soils and plants will represent 
significant risk for human health. Bacterial biodiversity is enormous and so 
it is not necessary to use opportunistic pathogens in the production of new 
biofertilizers. It would suffice to search among the myriads of bacteria for 
novel species that promote plant growth and crop yields. 

Among the PGPR, Azospirillum species heads the list of bacteria 
used in commercial products ( Burdman et al., 2000; Lucy et al., 2004).  Yet 
except those formulated with Azospirillum, all these products are applied to 
crops as biopesticides or biocontrol agents. Azospirillum inoculants are 
available for maize in Europe and in South Africa (Dobbelaere et al., 2001). 
This incipient commercialization seems to be based in tens of field 
inoculation experiments with Azospirillum carried out during the 1980s and 
early 1990s. These experiments were carried out on many crops under a 
variety of soil and environmental conditions, which frequently resulted in 
significant yield increases ranging from 5 to 30% (Okon and Labandera-
Gonzalez, 1994). The extensive commercialization of PGPR biofertilizers 
has been limited worldwide, yet Latin America has shown increased interest 



Bacterial biofertilizers 157
 
in the application of Azospirillum inoculants during last few years. For 
instance, in Mexico the Autonomous University of Puebla in collaboration 
with the Rural Development Ministry (Secretaría de Desarrollo Rural) in 
Puebla State, in 2002 produced Azospirillum-based biofertilizers for 15,000 
ha of maize, wheat, barley and sorghum (Mascarúa-Esparza, M. A. and 
Carcaño-Montiel, M., personal communication). Also in Mexico, a large 
field-inoculation program (around 600,000 ha) with maize, wheat, sorghum 
and barley was carried out in 1999 through the Ministry of Agriculture 
Research Institute (INIFAP) in collaboration with the Nitrogen Fixation 
Research Center (CIFN-UNAM). Due to positive responses in 1999 
(Dobbelaere et al., 2001) the demand by farmers reached about 1.5 million 
ha of crop fields in 2000. Presently, the company ASIA (Asesoría Integral 
Agropecuaria, S.A.) in Mexico sells a product for maize and sorghum, and 
another for wheat and barley, containing a mixture of A. brasilense strains. 
Companies in South America are developing new products based on 
Azospirillum species, e.g., Lage & Co. in Uruguay and Nitrasoil and Nitragin 
in Argentina. Despite the numerous positive results, often it is claimed that 
the commercialization of PGPR (especially of Azospirillum species) 
biofertilizers on a large scale has been limited due to the variability and 
inconsistency of field results (Bashan and Holguin, 1997; Lucy et al., 2004; 
Vande Broek et al., 2000; Vessey, 2003). Inconsistency and variability in 
yield responses have been attributed to adverse conditions such as 
interaction of rhizospheric organisms (Lucy et al., 2004; Vande Broek et al., 
2000; Vessey, 2003), physical and chemical conditions of the soil (e.g., low 
pH), poor ability of the PGPR strain to colonize the plant roots, 
environmental factors including high mean temperatures, and, low rainfall 
during the growing season (Lucy et al., 2004; Vande Broek et al., 2000), as 
well as to host cultivars (Vassey, 2003). Undoubtedly, many or all these 
factors could be involved in the lack of consistent responses and successful 
application of biofertilizers. However, often the so-called “variability and 
inconsistency” of field results due to inoculation with Azospirillum, is based 
in the comparison of experiments carried out in different years, and 
consequently, with different environmental conditions, or, with different 
cultivars, as well as, in soils with different characteristics, and, not taking 
into account many others varying factors, such as, strains inoculated, and the 
number and physiological state of the bacterial cells, etc. On the basis of 
such comparisons, it is obvious that there exists a huge “inconsistency and 
variability” in the response of crops to bacterial biofertilizers. This great 
variability and inconsistency has been observed in the application of mineral 
fertilizers in diverse crops cultivated under different environmental and soil 
conditions, and the yield response to mineral fertilizers has been recorded. 
The experiments were carried out in the same or different sites and on the 
same crops, and in different years and varying environmental conditions. 
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The results were reported as “fertilized or control treatments” in studies of 
inoculation with Azospirillum (Albrecht et al., 1981; Zaady et al., 1994; 
Kapulnik et al., 1983; Kapulnik et al., 1987). Unfortunately, researchers who 
emphasize the so-called “variability” of field results when PGPR 
performance is evaluated do not take into account the variability of yield 
response of crops to mineral fertilizers. However, it is well known that soil is 
a highly variable environment and expected results are sometimes hard to 
reach (Bashan 1998) either with PGPR biofertilizers or with mineral 
fertilizers. Table 1 shows the response of crops to Azospirillum inoculation 
and to mineral fertilizers.  
 

Table 1. Field inoculation of cereals with A. brasilense in different 
regions of México (summer of 1999) 

 
         Grain yield (kg ha–1)      

State/crop/cultivar   N level  ——————————  Difference 
      kg ha–1  Control*    Inoculated       (%) 

Campeche 
Maize cv. H-515     110     4,590   5,100       + 10 
Chiapas 
Maize cv. H-515     120     3,862   4,125       + 6 
Michoacán 
Maize cv. H-515     110     6,406   6,887       + 8 
Guanajuato 
Sorghum cv. D-65     90     6,235   6,486       + 4 
Morelos† 
Sorghum cv. D-65     90     5,335   6,223       + 17  
Sorghum cv. D-65    90     4,105   4,900       + 19 
Puebla 
Sorghum cv. D-65    80     7,604   8,025       + 6 
Tlaxcala 
Barley cv. Esmeralda      0     1,444   2,387       + 65 
Hidalgo 
Barley cv. Esmeralda      0     1,600   2,590       + 62 
*Non-inoculated control 
†Different sites in the same state 

 
 

Data in Table 1 are based on evaluation made by farmers and 
INIFAP agronomists in areas from 1 to 2 ha in a large field-inoculation 
program carried out in 1999 in different states of Mexico. Although the same 
cultivar of maize, sorghum or barley was used, the variability of yield 
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response of crops to Azospirillum inoculation, as well as, to mineral 
fertilizers is clear. These results strongly suggest that the variation of the 
response was due to different environmental and soil conditions. However, 
the consistency of field results due to inoculation with Azospirillum is 
noteworthy. 

Although different soil types can influence the effectiveness of 
PGPR (Kloepper et al., 1980), the bacterial strain of a particular species, as 
well as, the number and physiological state of the cells, play an important 
role for obtaining the expected beneficial effect on the plant growth 
promotion. Many inoculation experiments using a particular PGPR strain 
have been carried out as if such a strain could be universally successful in 
any soil and with any host plant. This is particularly true with Azospirillum 
brasilense strains Cd or Sp7, which were used worldwide in tens of 
experiments to inoculate a great variety of plant species (Lucy et al, 2004; 
Okon and Labandera-Gonzalez, 1994). Most of the inoculation experiments 
using the strains Cd or Sp7 were successful in increasing plant growth and 
yield of many crops. Nevertheless, negative or poor responses of different 
crops with strains Cd and Sp7 were reported (Baldani et al., 1987; Boddey et 
al., 1986; Smith et al., 1984; Wani et al., 1985). Furthermore, clear 
differences were reported between strains of Azospirillum in their ability to 
promote plant growth in greenhouse and field trials (Saric, et al., 1987; 
Venkateswarlu and Rao, 1983), and local Azospirillum strains often 
performed better than introduced ones such as Cd or Sp7 (Caballero-Mellado 
et al., 1992; Paredes-Cardona et al., 1988). The importance of the 
Azospirillum strain appears to be controversial with respect to promotion of 
plant growth (Okon and Labandera-Gonzalez, 1994), however, a single 
strain cannot be universally successful under all soil conditions, and with all 
hosts. A useful alternative is the formulation of multi-strain biofertilizers. 
For successful experiments with Azospirillum, researchers generally paid 
special attention to the optimal number of cells in the inoculant (Vande 
Broek et al., 2000; Okon and Labandera-Gonzalez, 1994) and physiological 
state of cells (Okon and Labandera-Gonzalez, 1994), e.g., a high content of 
poly-β-hydroxybutyrate (PHB), formation of cysts and cell aggregation 
(Caballero-Mellado and Mascarúa-Esparza, unpublished results; Neyra et 
al., 1995; Okon and Itzigsohn, 1995; Sadasivan and Neyra, 1985), 
characteristics which are known to differ according to the culture conditions. 
Obviously, changes in pH, dissolved oxygen, and temperature affect the 
replication rates of the bacteria and their physiological state. Aggregating 
Azospirillum cells accumulate high amounts of PHB, but it depends on the 
carbon and nitrogen sources and their concentration in the culture media 
(Burdman et al., 1998; Fallik and Okon, 1996). Importance of cyst formation 
and cell aggregation as well as a high content of PHB are particularly 
relevant features with Azospirillum, because cells are more resistant to  
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Table 2. Field inoculation of traditional and commercial maize cultivars with 
a mixture of A. brasilense strains in different regions of México during 1999 

and 2000 
 

 
       No. of  Evaluated  Positive   Yield       Average 

Treatment        evaluated  area (ha)  effects  increase*    increase 
         sites          (%)      (%)   (%) 

SUMMER OF 1999 
Without N-fertilization 

Traditional maize     14   56   96    12-98    42  
Commercial maize     31       124   94      7-76    26  

N-fertilization less than 100 Kg ha–1   
Traditional maize     16   64   54      8-78    34  
Commercial maize     32       128   60      6-56    30  

N-fertilization higher than 110 Kg ha–1   
Commercial maize     34       136   55      6-19    12  

Total             127       508  
Average              72            29 
SUMMER OF 2000 
Without N-fertilization 

Traditional maize       6   12   94    11-99    44  
Commercial maize       8     16   92      4-44    31  

N-fertilization less than 100 Kg ha–1   
Traditional maize       7   14   58     12-79    41  
Commercial maize     10     20   62      6-67    24  

N-fertilization higher than 110 Kg ha–1   
Commercial maize     12     24   50      8-16    10  

Total         43   86  
Average              71            30 

Positive effect (%) is defined as the percentage of experiments where beneficial effects were 
observed. 
*Range of grain yield increase above non-inoculated plan 
 
desiccation, ultraviolet light and starvation stresses, and PHB can be used as 
an internal carbon and energy source for growth (Tal and Okon, 1985), 
which positively affects their survival in soil. These features also are 
relevant when peat is used for Azospirillum formulations. In Mexico, large-
scale use of Azospirillum multi-strain (selected local strains) biofertilizers 
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with maize, wheat, sorghum and barley, gave better and consistent results 
when using peat inoculants formulated with PHB-rich cells. For instance, 
grain yields of modern and traditional maize cultivars were evaluated at 127 
sites and in 254 ha with diverse soil and climatic conditions as well as 
different levels of nitrogen fertilization during 1999. Similarly, grain yields 
of maize were evaluated at 43 sites and in 86 ha during 2000. When nitrogen 
fertilizers were not applied to traditional and modern maize cultivars, the 
inoculation with Azospirillum exerted beneficial effects in 95 and 93% of the 
sites evaluated during 1999 and 2000, respectively. However, when 
fertilizers were applied in levels higher than 110 kg N/ha, the positive 
responses on the maize yield were observed only in 55 and 50% of the sites 
evaluated in 1999 and 2000, respectively. Although the yields evaluated in  
1999 and 2000 were from different sites, with different cultivars and levels 
of N fertilizers, the inoculation of maize with Azospirillum showed 
consistent average yield increases in the production of grain of about 30% 
(Table 2). Considering the magnitude of these evaluations, the results show a 
very acceptable consistency and reflect that the large-scale use of 
Azospirillum biofertilizers is possible, but it requires previous well-focused 
strategies of field experimentation (Fages 1994). Recommendations, 
formulation and application technology of Azospirillum inoculants have been 
described (Fages, 1992; Okon and Itzigsohn, 1995). 

Finally, when developing PGPR biofertilizers, the strain(s), the 
inoculum production and, in general, the development of appropriate 
formulations as well as strategies of field experimentations are fundamental 
conditions for a successful application of PGPR species, at least in the case 
of Azospirillum inoculants.  
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