Chapter 1
Genetic and Phenotypic Diversity of Plant
Growth Promoting Bacilli

Anelise Beneduzi and Luciane M.P. Passaglia

1.1 Introduction

Aerobic endospore-forming bacteria (AEFB) are essentially ubiquitous in agricul-
tural systems. Common physiological traits important to their survival include the
production of a multilayered cell wall structure, formation of stress-resistant
endospores, and secretion of peptide antibiotics, peptide signal molecules, and
extracellular enzymes. However, significant variation exists in other key traits,
including nutrient utilization, motility, and physiochemical growth optima. Their
microscopic size and omnipresence in soils facilitates their colonization of plants
and animals, but the degree of niche localization of most species has not been
thoroughly studied. Multiple Bacillus and Paenibacillus spp. can be readily
cultured from both bulk and rhizosphere soils. Indeed, the ecological significance
of the genotypic and phenotypic diversity of named species of Bacillus and related
genera remains largely a mystery (Gardener 2004).

Analysis of the DNA extracted directly from soil samples, especially those that
use the sequencing of the 16S ribosomal RNA genes (16S rRNA), has confirmed the
occurrence of easily cultivable bacterium species, as well as a wide variety of
noncultivable strains of species that belong to the genera Bacillus and Paenibacillus
(Borneman et al. 1996; Felske et al. 1999; Garbeva et al. 2003; Smalla et al. 2001).
Nevertheless, evidence of the relative number of cultivable and noncultivable
representatives of these genera in different soils is surrounded by controversy.
Some studies have suggested that most 16S rRNA sequences of bacilli isolated
directly from soil samples are very similar to the sequences of cultivable and named
species (Garbeva et al. 2003; Smalla et al. 2001). Other authors report that the
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predominant sequences found in different soils are not the same as those presented
by bacilli isolated and easily cultivable (Borneman et al. 1996; Felske et al. 1999).

In turn, niche specificity and important ecological activities in Bacillus and
Paenibacillus spp. appear to span phylogenetic boundaries. Most species can
survive as saprophytes in soils, which are considered the primary reservoirs of
these bacteria; however, most viable cells probably occur as inactive spores at any
given time (Nicholson 2002). Furthermore, multiple species can be recovered as
epiphytes and endophytes of plants and animals, as well as foodstuffs and composts
derived from them (Priest 1993; Stahly et al. 1992; Slepecky and Hemphill 1992).
The rich variety of organic substrates and microniches present in those
environments supports a complex milieu of microbial species, so it is perhaps
not surprising that multiple species of Bacillus and Paenibacillus inhabit them
(Gardener 2004).

Numerous Bacillus and Paenibacillus species may contribute to the health status
of plants in several ways. A considerable number of isolates belonging to these
genera have been used as agents of biological control against phytopathogens
(Lacey et al. 2001; Siddiqui and Mahmood 1999). Yet, the successful application
of these agents requires comprehensive knowledge of their ecology. Additionally,
the safety and efficacy of inoculants are largely determined by the ecological
success of strains in the environments they are to be introduced. Better knowledge
of the diversity, distribution, and action of bacteria of the Bacillus and Paenibacillus
genera is extremely important to the identification of new strains, to the formulation
of inoculants, and to the determination of the kinds of plantation they may be
employed in Gardener (2004).

Members of the genus Paenibacillus are facultatively anaerobic organisms that
produce spores in definitely swollen sporangia and have G + C contents ranging
from 45 to 54 mol%. Some of these organisms excrete diverse assortments of
extracellular polysaccharide-hydrolyzing enzymes to hydrolyze complex carbo-
hydrates, including alginate, chondroitin, chitin, curdlan, and other polysaccharides
(Shida et al. 1997). Also, a number of species under these genera are known to
produce polysaccharides (Yoon et al. 2002), antifungal, and antimicrobial agents,
such as polymyxin, octopityn, and baciphelacin (Chung et al. 2000).

Paenibacillus species have been isolated from a wide range of sources, including
soil, water, plant rhizosphere, tree roots, plant material, foods, forage, feces, and
insect larvae (Daane et al. 2002). Bacterial isolates from this genus have also been
detected in Lake Vostok, Antarctica (Christner et al. 2001), in the ice caps of
mountains, China (Christner et al. 2000), in paintings that have undergone
biological deterioration (Heyrman and Swings 2001), in seawaters (Siefert et al.
2000), in mercury-reducing biofilms (Wagner-Dobler et al. 2000), and in estuarial
sediments contaminated with crude oil (Daane et al. 2002). The genus was also
observed to be abundant in companies that produce paper used in the food industry
(Raaska et al. 2002).

Several species described as nitrogen-fixing bacilli belong to the Paenibacillus
genus, as for example P. polymyxa (Grau and Wilson 1962), P. macerans, P. durus
(P. azotofixans), P. peoriae (Montefusco et al. 1993), P. borealis (Elo et al. 2001),
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P. graminis and P. odorifer (Berge et al. 2002), P. brasilensis (von der Weid et al.
2002), P. massiliensis (Roux and Raoult 2004), P. wynnii (Rodriguez-Diaz et al.
2005), P. sabinae Ma et al. 2007a), P. zanthoxyli (Ma et al. 2007b), P. donghaensis
(Choi et al. 2008), P. forsythiae (Ma and Chen 2008), P. sonchi (Hong et al. 2009),
and P. riograndensis (Beneduzi et al. 2010).

Concerning the bacteria belonging to the Bacillus genus, in 1998, Xie et al.
detected the activity of the nitrogenase enzyme in B. megaterium, B. cereus,
B. pumilus, B. circulans, B. licheniformis, B. subtilis, B. brevis, and B. firmus.
These same authors reported, in 2003, the isolation of 14 Bacillus strains that were
able to reduce acetylene in paddy fields of eight locations on the banks of river
Yangtze, China. Li et al. (1992) had also identified a Bacillus species that fixed
nitrogen in association with ectomycorrhizas, while Ahmad et al. (2008) have
detected nitrogen-fixing Bacillus isolates in different rhizosphere soils in Aligarh,
India. Bacillus fusiformis (strains PM-5 and PM-24) has also been identified as a
nitrogen-fixing bacterium using the acetylene reduction test. This species was
shown to exhibit an intense nitrogenase activity in different plant cultures in the
province of Chungbuk, South Korea. Diazotrophic Bacilllus were even found in the
rhizosphere of pine and oak trees (Rézycki et al. 1999). Ding et al. (2005) detected
biological nitrogen activity in B. marisflavi and Paenibacillus massiliensis and also
identified fragments of the nifH gene in B. megaterium and B. cereus.
B. alkalidiazotrophicus (Sorokin et al. 2008a), a low salt-tolerant alkaliphile
isolated from Mongolian soda soil, was also described as a nitrogen-fixing bacte-
rium. Therefore, it was demonstrated that both genera, Bacillus and Paenibacillus,
presented species that are able to fix nitrogen. It is interesting to note that
Natronobacillus, a new bacilli genus, was created specifically for N. azotifigens,
its only species, which is an anaerobic diazotrophic haloalkaliphile bacterium that
was isolated from soda-rich habitats (Sorokin et al. 2008b).

In recent years, the interest in soil microorganisms has increased as they play
an important role in the maintenance of soil fertility. A major challenge for the
development of sustainable agriculture lies in the use of nitrogen-fixing bacteria,
which are able to assimilate gaseous N, from the atmosphere (Seldin et al. 1998).

1.2 Plant Growth Promoting Rhizobacteria

Rhizosphere can be defined as any volume of soil specifically influenced by plant
roots and/or in association with roots and hairs, and plant-produced material. This
space includes the soil surrounding plant roots, often extending a few millimeters
from the root surface and can include as well the plant root epidermal layer. Plant
exudates in the rhizosphere, such as amino acids and sugars, provide a rich source
of energy and nutrients for bacteria, resulting in higher bacterial populations in this
area (Gray and Smith 2005). In fact, the concentration of bacteria (per gram of soil)
found around plant roots (i.e., in the rhizosphere) is generally much bigger than the
bacterial density, or concentration, detected in the rest of the soil (Lynch 1990).
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Despite the large number of bacteria in the rhizosphere, only 7-15% of the total root
surface is generally occupied by microbial cells (Gray and Smith 2005).

The interaction between bacteria and plant roots may be beneficial, harmful, or
neutral for the plant, and sometimes the effect of a particular bacterium may vary as
a consequence of soil conditions (Lynch 1990). Thus, for example, a particular
organism that facilitates plant growth by fixing nitrogen, which is usually present in
the soil in limited amounts, is unlikely to provide benefit to a plant in a place where
exogenous fixed nitrogen is added to the soil (Glick 1995).

Bacteria that provide some benefit to plants are of two general types: those that
establish a symbiotic relationship with the plant and those that are free-living in the
soil, but are often found near on or even within plant roots (Kloepper et al. 1988).
Symbiotic bacteria, especially rhizobia, have been deeply studied, and although the
world market for these microorganisms is nowadays relatively small, they have been
developed as a biological means of increasing crop yields in certain circumstances.
Beneficial free-living soil bacteria are usually referred to as plant growth promoting
rhizobacteria (PGPRs, Kloepper et al. 1989), or, according to Piao et al. (1992), as
yield increasing bacteria (YIBs). However, for Gray and Smith (2005), PGPRs also
include rhizobia, due to the well-characterized legume—rhizobium symbiosis. Inde-
pendently of the mechanisms of vegetal growth promotion, PGPRs have to colonize
the rhizosphere around the roots, the rhizoplane (root surface), or the root itself
(within radicular tissues). Among rhizobacteria, there is a gradient of root proximity
and intimacy as follows: (1) bacteria living in the soil near to the roots, which utilize
metabolites released by the roots as C and N sources, (2) bacteria colonizing the
rhizoplane (radicular surface), (3) bacteria residing inside the root tissues,
inhabiting spaces between cortical cells, and lastly (4) bacteria living inside cells
in specialized root structures, or nodules, which generally fall into two groups: the
legume-associated rhizobia and the woody plant-associated Frankia species. The
cyanobacterial nitrogen-fixing symbionts of the cycads could also be included as
PGPR (Gray and Smith 2005). A number of different bacteria may be considered to
be PGPR, including species of the genera Azotobacter, Azospirillum, Pseudomonas,
Acetobacter, Burkholderia, and bacilli (Bashan and Levanony 1990; Brown 1974;
Elmerich 1984; Kloepper et al. 1988, 1989; Okon and Labandera-Gonzélez 1994;
Tang et al. 1994).

To aid in this conceptualization, two simple terms have been adopted: intracel-
lular PGPRs (iPGPRs), which are bacteria that live inside plant cells, being
localized in the nodules, and extracellular PGPRs (ePGPRs), which are those
bacteria that live outside plant cells, being able to enhance plant growth through
the production of signal compounds that directly stimulate plant growth, to the
improvement of plant disease resistance, or to the mobilization of soil nutrients to
the plant. ePGPR can be subdivided into three types, based on the degree of
association with plant roots: those living near but not in contact with the roots;
those colonizing the root surface; and those living in the spaces between cells of the
root cortex (Gray and Smith 2005).

PGPRs can affect plant growth in two different ways: indirectly or directly. The
direct promotion of plant growth by PGPRs entails either providing the plant with
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a compound that is synthesized by the bacterium or facilitating the uptake of certain
nutrients from the environment (Glick 1995). PGPRs can fix atmospheric nitrogen
and supply it to plants; they synthesize siderophores that can solubilize and
sequester iron from the soil and provide it to plant cells; they synthesize several
different phytohormones that can act to enhance various stages of plant growth;
they may have mechanisms for the solubilization of minerals such as phosphorus
that then become more readily available for plant growth; and they may synthesize
some less well-characterized low-molecular mass compounds or enzymes that can
modulate plant growth and development (Brown 1974; Kloepper et al. 1988, 1989).
A particular PGPR may affect plant growth and development by using any one, or
more, of these mechanisms. The indirect promotion of plant growth occurs when
PGPRs lessen or prevent the deleterious effects of one or more phytopathogenic
organisms.

Researches on ePGPRs were initially focused on Bacillus and Anthrobacter spp.
(Brown 1974). Applications of these associations have been investigated in maize,
wheat, oat, barley, peas, canola, soy, potatoes, tomatoes, lentils, radicchio, and
cucumber (Gray and Smith 2005). Among the most widely studied ePGPR bacilli
are B. cereus (Handelsman et al. 1990; Ryder et al. 1999), B. circulans (Berge et al.
1990), B. firmus, B. lichenformis (Chen et al. 1996), B. subtilis (Turner and
Blackman 1991; Zhang and Smith 1996), and B. thuringiensis (Bai et al. 2002a, b).

1.3 Direct Benefits of ePGPRs for Plants

The extensive biochemical and molecular biological studies of symbiotic
diazotrophs, such as rhizobia, have served as a conceptual starting point for the
understanding of the mechanisms of growth promotion by PGPRs. Since one of the
major benefits that rhizobia provide to the plants is fixed nitrogen, it was initially
thought that diazotrophic PGPRs might also function in this way. However, not all
PGPRs are diazotrophic, and many of those that are diazotrophic fix only limited
amounts of nitrogen. Frequently, this amount is only enough for their own needs
and is not sufficient to the host plant’s nitrogen requirements (Hong et al. 1991).
Some diazotrophic PGPRs still provide their plant hosts with a portion of the fixed
nitrogen that they require; however, even for these PGPRs, nitrogen fixation is only
a minor component of the benefit they offer to the plant (Chanway and Holl 1991).

ePGPRs influence vegetal growth in different ways, depending on the species
and strain. To promote plant growth free-living rhizobacteria resort to more than
one mechanism (Glick et al. 1999). Apart from nitrogen fixation, several ePGPRs
are also capable of providing sufficient iron (Fe) levels to the plant in soils that
exhibit low concentrations of this element (Wang et al. 1993) or even of other
important minerals, such as phosphates (Singh and Kapoor 1998). Some ePGPRs
can produce and secrete low-molecular-weight (400-1,000 Da) iron-binding
molecules (siderophores) with a high affinity for Fe** (Gray and Smith 2005).
Although iron is one of the most abundant minerals on Earth, in the soil it is
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relatively unavailable for direct assimilation by several organisms. This is because
in aerobic soils iron is found predominantly in the form of Fe'*, mainly as a
constituent of oxyhydroxide polymers with extremely low solubility, about
10~ '® M at neutral pH. Minimal concentrations of iron required for normal growth
of plants range from 10~° to 10~* M, depending on other nutritional factors
(Neilands et al. 1987). Similarly, minimal iron concentrations for the optimal
growth of many microbes are approximately 10~ to 107’ M (Lankford 1973).
To overcome this problem, soil microorganisms secrete low-molecular-weight
iron-binding molecules (siderophores) that bind Fe*, transport it back to the
microbial cell, and then make it available for the microbial growth (Leong 1986).

The iron—siderophore binding also prevents the proliferation of pathogens due to
the sequestration of iron from the environment. Some ePGPRs that present this
property include Pseudomonas putida and P. aeruginosa. P. putida inhibits the
growth of Fusarium oxysporum, a pathogen that affects tomatoes (Vandendergh
and Gonzalez 1984), while P. aeruginosa inhibits the growth of Pythium, another
pathogen that attacks tomatoes (Buysens et al. 1994).

Oppositely to microbial pathogens, plants do not suffer negative effects of iron
depletion by ePGPRs. Some plants may capture the bacterial iron—siderophore
complex, transporting it into its cells, where iron is released from the siderophores
and is made available to the plant (Crowley et al. 1988). The production of
siderophores has also been reported for Azospirillum lipoferum (Saxena et al.
1986; Shah et al. 1992), A. brasilense (Bachhawat and Ghosh 1987), and Azotobacter
vinelandii (Demange et al. 1988; Knosp et al. 1984).

Phosphorus (P) exists in nature in a variety of organic (derived from
microorganisms and plants) and inorganic (originating from applied P fertilizers)
forms that are insoluble or very poorly soluble (Paul and Clark 1989). In fact,
phosphorus is one of the least soluble elements in the natural environment, with less
than 5% of the total soil phosphate content being available to the plants (Dobbelaere
et al. 2003). Therefore, the addition of phosphate fertilizers has become a common
practice in modern agriculture. However, a large portion of the soluble inorganic
phosphate applied to soil as fertilizer is rapidly immobilized by the iron and
aluminum in acid soils and by calcium in calcareous soils soon after application,
thus becoming unavailable to plants (Holford 1997).

Soil microorganisms are able to solubilize insoluble mineral phosphate by
producing various organic acids. This results in acidification of the surrounding
soil, releasing soluble orthophosphate ions that can be readily taken up by plants.
Furthermore, they are able to solubilize organic P compounds through the action of
phosphatase enzymes (Garcia et al. 1992). In fact, the major source of phosphatase
activity in soil is considered to be of microbial origin. In particular, phosphatase
activity is substantially increased in the rhizosphere (Rodriguez and Fraga 1999).
Phosphate solubilization has often been cited as a likely mechanism of promotion of
vegetable growth by ePGPRs.

A large number of P-solubilizing bacteria (PSB) have been isolated from the
rhizosphere of several crops. It was estimated that P-solubilizing microorganisms
may constitute 20-40% of the cultivable population of soil microorganisms and that
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a significant proportion of them can be isolated from rhizosphere soil (Chabot et al.
1993). There have been a number of reports on plant growth promotion by bacteria
that have the ability to solubilize inorganic and/or organic P from soil after
their inoculation in soil or plant seeds. The production (by these strains) of other
metabolites beneficial to the plant, such as phytohormones, antibiotics, or side-
rophores, among others, has created confusion about the specific role of phosphate
solubilization in plant growth and yield stimulation (Kloepper et al. 1989).

Experiments performed with P-solubilizing diazotrophs are scarce, and the
results obtained are quite diverse, varying according to plant or bacterial species.
B. megaterium and P. polymyxa are able to enhance growth and yield but not the
P uptake of canola, indicating that P-solubilization is not the main mechanism
responsible for positive growth response (de Freitas et al. 1997). Nevertheless,
studies with B. firmus (Datta et al. 1982) and P. polymyxa (Gaur and Ostwal 1972)
have confirmed the increase in phosphorus uptake in rice and wheat yields, respec-
tively, after inoculation with these bacteria.

Several reports have examined the ability of different bacterial species to
solubilize insoluble inorganic phosphate compounds, such as tricalcium phosphate,
dicalcium phosphate, hydroxyapatite, and rock phosphate. Among the bacterial
genera with this capacity are Pseudomonas, Bacillus, Rhizobium, Burkholderia,
Achromobacter, Agrobacterium, Micrococcus, Aerobacter, Flavobacterium, and
Erwinia. There are considerable populations of phosphate-solubilizing bacteria in
soil and in plant rhizospheres. These include both aerobic and anaerobic strains,
with a prevalence of aerobic strains in submerged soils. A considerably higher
concentration of phosphate-solubilizing bacteria is commonly found in the rhizo-
sphere in comparison with nonrhizosphere soil (Rodriguez and Fraga 1999).

Phytohormones are natural plant growth regulators that influence physiological
processes, when at low concentrations. Plant growth regulators are classified as
auxins (cell differentiation, root and fruit growth, and abscission control), cytokinins
(growth regulation, cell differentiation, and plant senescence), gibberellins (cell
division and elongation, interruption of dormancy, and increase in fruit growth),
abscisic acid (transpiration regulation, interruption of dormancy, and initial seed
development), and ethylene (ripening of fruits, promotion of leaf, fruit and leaf
abscission, and influence in female sexual expression) (Arshad and Frankenberger
1998; Raven et al. 1996). The production of these growth regulators has been reported
in several bacteria including Gluconacetobacter, Azospirillum, Herbaspirillum,
Methylobacterium, Erwinia, Pantoea, and Pseudomonas (Bastian et al. 1998; Cassan
et al. 2001; Fuentes-Ramirez et al. 1993; Koenig et al. 2002; Lucangeli and Bottini
1997; Patten and Glick 1996; Verma et al. 2001) and has been consistently observed
in bacteria that live in association with plants.

Phytohormone production is a bacterium—plant interaction mechanism
influenced by numerous factors, as well as the plant and microorganism genotypes.
Jain and Patriquin (1985) showed that pure Azospirillum endophytic strains, or
culture filtrates, induced the ramification of wheat roots. The authors also observed
that this phenomenon was influenced by the bacterial genome, at strain level, and by
the plant’s genome, at cultivar level. The same work reported the isolation and
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characterization of indole acetic acid (IAA), an auxin produced by the bacterium,
which was shown to play a role in root growth.

Although some Paenibacillus species are highly efficient in fixing nitrogen, the
reason for the stimulation of plant growth is not directly related to this ability, but to
its capacity to produce and secrete phytohormones, such as cytokinins (Timmusk
et al. 1999) and auxins, especially IAA (Lebuhn et al. 1997).

Auxins (from the Greek auxein, to increase) are plant hormones originating from
the amino acid tryptophan. The natural auxin is called IAA. Tryptophan is the
precursor of IAA. Although there are four different pathways for IAA biosynthesis,
all of them originated from tryptophan (Raven et al. 1996). The ability to synthesize
phytohormones is widely observed in bacteria associated with plants — 80% of the
bacteria isolated from rhizospheres are capable to produce IAA (Zakharova et al.
1999). The first studies were conducted in the 1970s. Tien et al. (1979)
demonstrated that Azospirillum brasiliense, when exposed to tryptophan, produces
IAA and lactic acid, and that IAA production increases by the time. Bacillus spp.
isolated from the Phaseolus vulgaris rhizosphere produces significant amounts
of IAA (Srinivasan et al. 1996). The isolates obtained from the rhizosphere of the
genera Enterobacter, Xanthomonas, Pseudomonas, Alcaligenes, Azotobacter,
Acetobacter, and Agrobacterium produce higher amounts of IAA than the soil
isolates not associated with the roots (Asghar et al. 2002). In phytopathogenic
bacteria, such as Agrobacterium tumefaciens and Pseudomonas syringae pathovars,
IAA is produced from tryptophan via the intermediary indole acetamide and has
been related to plant tumors. The beneficial bacteria synthesize IAA mainly through
a tryptophan-dependent alternative pathway, from indole-pyruvic acid.

Promotion of root growth is one of the major markers by which the beneficial
effect of PGPB is measured. Rapid establishment of roots, whether by elongation of
primary roots or by proliferation of lateral and adventitious roots, is advantageous
for young seedlings as it increases their ability to anchor themselves to the soil and
to obtain water and nutrients from their environment, thus enhancing their chances
for survival. Most root-promoting bacteria synthesize IAA, and their effect on
plants mimics that of exogenous IAA (Patten and Glick 2002).

Production of TAA, a plant hormone that does not apparently function as a
hormone in bacterial cells, may have evolved in bacteria due to its importance in
the bacterium—plant relationship. IAA secreted by a bacterium may promote root
growth directly by stimulating plant cell elongation or cell division or indirectly by
influencing bacterial ACC deaminase activity (1-aminocyclopropane-1-carboxylate,
a precursor of acetylene). However, the role of bacterial IAA in plant growth
promotion remains undetermined (Patten and Glick 2002).

The response of plants to external (microbially released) IAA can vary from
beneficial to deleterious effects, depending on the concentration of IAA in the plant
roots. Low IAA concentrations may stimulate growth, while high TAA
concentrations may inhibit root development. IAA levels released by rhizosphere
bacteria depend on bacterial growth, metabolic activity, and the expression of genes
encoding enzymes for IAA biosynthesis (Lambrecht et al. 2000). To assess these
effects, different methodologies have been employed, such as the inoculation of
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roots with mutant bacteria for the production of IAA or the application of bacterial
inocula at different concentrations. Patten and Glick (2002) utilized a P. putida
strain that secreted high TAA contents and reported an increase of 35-50% in
canola’s primary root growth. These authors provided direct evidence that bacterial
TAA plays an important role in root elongation, when the producing bacterium is
associated with the plant. Apart from this, these researchers provided stronger
support to the hypothesis that beneficial bacteria produce IAA from pyruvic acid
(IPyA), while pathogenic bacteria produce IAA from indole acetamide (IAM)
(Manulis et al. 1998; Patten and Glick 1996; Prinsen et al. 1993). Extensive
research has been carried out with mutant bacteria lacking the ability to synthesize
TAA. These studies reported the existence of more than one tryptophan-dependent
biosynthesis pathway for IAA production in the same microorganism. These
biosynthesis pathways are classified in terms of their intermediary compounds,
such as IAM or IPyA (Dobbelaere et al. 1999; Patten and Glick 1996).

The detection of auxins may be carried out according to a very precise, quanti-
tative method, such as high performance liquid chromatography (HPLC) or even by
a less accurate method, a specific and sensitive colorimetric reaction that uses
the Salkowski reagent (Crozier et al. 1988). Different methodologies utilize the
Salkowski reagent; some use microplates while others resort to nitrocellulose
(Bric et al. 1991; Sarwar and Kremer 1992).

In a study with P. polymyxa strains isolated from wheat roots, Lebuhn et al.
(1997) reported the production of IAA and indolic metabolites related to this
compound in media supplemented or not with tryptophan. It was also observed
that tryptophan greatly increased auxin production by these strains. These findings
point out the importance of tryptophan as an IAA precursor. The isolates obtained
from the rhizosphere produced more IAA as compared to those obtained directly
from soil not associated with rhizosphere, suggesting that specific bacterial
genotypes are selected by the host plants.

1.4 Promotion of Plant Growth by Bacilli

There is a long list of studies that demonstrate the beneficial effects of PGPRs,
reporting that they promote significant improvement in plant growth and in the
yield of several types of crops.

Beneduzi et al. (2008a) investigated several strains of bacilli, mainly species of
the genera Bacillus and Paenibacillus, displaying important (PGP) characteristics
isolated from seven distinct rice production zones of the Rio Grande do Sul State,
south Brazil. Of those 296 isolates, 94 and 148 produced between 0.1 and 30 mg of
(IAA) ml™" in vitro after 72 and 144 h of incubation, respectively. Twenty-two
isolates were able to solubilize phosphate and 32 isolates produced siderophores.
Paenibacillus and Bacillus genera were the most prominent groups in the rhizo-
sphere and soil populations analyzed. Paenibacillus borealis was the most frequent
species in both locations. The isolate SVPR30, identified by 16S rRNA gene
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Fig. 1.1 The effect of
inoculation of a native PGPR
isolate on rice growth
promotion, 30 days after
sprouting. (1) Plant was
inoculated with SVPR30
strain; (2) positive control
(plant was irrigated with
mineral fertilizer solution);
(3) negative control (plant
was irrigated with distilled
water); and (4) plant was
inoculated with Paenibacillus
polymyxa ATCC 10343 strain

sequence analysis as a strain of Bacillus sp., was chosen for in vivo greenhouse
experiments and proved to be very efficient in promoting a significant increase in
the roots and shoot parts of rice plants (Fig. 1.1).

In wheat crops, the genus Paenibacillus was the most prominent group in both
the rhizosphere (77.8%) and soil (79%). P. borealis was the most frequently
identified species, followed by P. graminis. The remainder of the isolated bacte-
ria belonged to the genus Bacillus sp. Indolic compound production [indole-3-
acetic acid (IAA), indole-pyruvic acid (IPyA), and IAM] was detected in 33.6
and 26% of the isolates from the rhizosphere and soil, respectively. Among
the 311 isolates, 9 were able to solubilize phosphate and 48 were able to produce
siderophores. The isolates SBRS5, CSR16, and EsR7, identified by the 16S rRNA
gene sequence as strains of Paenibacillus sp., were chosen for in vivo
experiments in a greenhouse and proved to be very efficient in promoting
a significant increase in the shoot and dry matter of wheat plants (Beneduzi
et al. 2008b; Fig. 1.1).

Strains of Bacillus and Paenibacillus, which are Gram-positive ePGPRs, may be
inoculated in separate or in consortium with Rhizobium or Bradyrhizobium strains,
which are Gram-negative iPGPRs, to promote plant growth (Gray and Smith 2005).
The inoculation of P. polymyxa strain HS, a phosphate-solubilizing bacterium, with
Rhizobium led to an increase in chickpea yields due to the increase of phosphorus
and nitrogen uptake (Alagawadi and Gaur 1988). Colonization and nodulation
of soybean with B. japonicum strains (Li and Alexander 1988) may increase in
media containing Bacillus spp., resulting in higher plant dry weight and seed yields.
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Bacillus spp. isolated from the rhizosphere of Phaseolus vulgaris produced signifi-
cant amounts of IAA (Srinivasan et al. 1996). IAA promoted root growth and/or
nodulation when R. etli was added to P. vulgaris cultures, causing an increase in
nodule weight and number, in nitrogenase activity, and in leghemoglobin content.
Applied alone, Bacillus spp. also plays a promoting role in the growth of several
plants, which may vary depending on the type of soil (Ramos et al. 2003). Bacillus
strains have also been proved to increase the growth of tomatoes, when used in
the plant’s culture medium (Yan et al. 2003). B. subtilis promoted the growth of
peanut seedlings, leading to an increase between 3.5 and 37% in crop yield and to
improved germination, seedling emergence, plant nutrition, and root growth
(Turner and Blackman 1991). B. lichenformis CECT 5106 and B. pumilus CECT
5105 inoculation enhanced growth rates of Pinus seedlings.

B. cereus UW8S increased soybean nodulation, both in laboratory tests and in
the field, as well as in growth chambers (Halverson and Handelsman 1991).
Interestingly, field experiments revealed differences in nodulation between 25
and 35 days after seeding; however, as the experiment evolved, differences in
nodulation ceased to be detected as of 45 days of seedling. These results evince
a promoter effect regarding initial growth, which nevertheless is not sustained in the
long run. Yet, initial growth effects may be beneficial in the growth of young plants,
assisting them to better cope with environmental stress they may have to face in
their future development (Gray and Smith 2005).

Apart from fixing nitrogen, P. polymyxa solubilizes phosphorus in soils,
produces antibiotics, chitinase, and other hydrolytic enzymes, increases soil porosity,
and produces compounds that promote the growth of similar plants in media
containing active IAA (Timmusk et al. 1999). It has also been demonstrated that
this species increases nutrient uptake by the plant and acts as a biocontrol agent for
pathogenic microorganisms (Chanway 1995; Mavingui and Heulin 1994), which is
the reason for it been used as a biological control agent against Fusarium and Pythium
(Guemouri-Athmani et al. 2000).

Paenibacillus durus is found in soils and roots of sugarcane, wheat, and other
gramineous species. The interesting feature of this species lies in its capacity to
biologically fix nitrogen, even in the presence of high nitrate levels, and to produce
antimicrobial compounds (Neves and Rumjanek 1998). The capacity to fix nitrogen
in vitro exhibited by P. durus is higher as compared to other Paenibacillus species,
and because the bacterium is not affected by the presence of nitrate in the medium,
fixing may occur in the presence of fertilizers (Rosado et al. 1996).

Liet al. (2008) conducted a study with soy nodules and isolated 98 nonsymbiotic
endophytic bacterial strains that were characterized as being Pantoea, Serratia,
Acinetobacter, Bacillus, and Burkholderia. The inoculation of endophytic bacteria
did not lead to any significant effect in soy growth and nodulation, though several
strains produced IAA, solubilized phosphate, and fixed nitrogen, a great promise in
future studies on the plant growth promotion.

In the search for efficient PGPRs, Ahmad et al. (2008) have isolated and
identified 72 bacteria as belonging to Azotobacter, Pseudomonas, Mesorhizobium,
and Bacillus genera from the rhizospheres of wheat, sugarcane, onion, as well as
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chickpea nodules in Aligarh, India. These isolates were tested for antifungal
activity. The Bacillus and Pseudomonas strains isolated were the most efficient
and are candidates for further studies on plant growth promotion.

Park et al. (2005) isolated free-living fixing bacteria from the rhizosphere of
seven different plants: sesame, maize, wheat, soy, lentil, pepper, and rice in
Chungbuk, South Korea. The strains exhibiting nitrogenase activity were identified
as Stenotrophomonas maltophila, B. fusiformis, and P. fluorescens. B. fusiformis
exhibited the highest nitrogenase activity and IAA production rates, demonstrating
its potential as rhizobacterium promoter of plant growth.

Other PGPRs isolated from the rhizospheres of melon, alfafa, tomato, cotton,
and wheat were analyzed for the production of auxins, nitrogenase and antifungal
activity, and also to the improvement in nutrient uptake in cotton and pea in a
semiarid region in Uzbekistan (Egamberdiyeva and Hoflich 2004). The strains
were proved to produce auxins, to fix nitrogen, and to exert antagonistic
action against Verticillium loteritum. The inoculation of the tested plants with
Pseudomonas alcaligenes PsA15, P. denitrificans PsD6, P. polymyxa BcP26, and
Mycobacterium phlei MbP18 strains led to a significant increase in the growth of
root and aerial parts of plants, as well as a higher content of N, P, and K in these
plants.

Several strains of B. subtilis and B. cereus have been isolated and selected in
China, due to their ability to promote plant growth and control fungal diseases that
affect wheat roots (Ryder et al. 1999). Among these strains is B. cereus A47, which
has been used in several cultures in that country, stimulating wheat production
by around 11%. In turn, B. subtilis B908 was used to control rice sheath blight,
caused by Rhizoctonia solani. Both strains were also tested in two different soils in
Australia, in experiments conducted in a greenhouse. These bacteria considerably
reduced the severity of diseases caused by R. solani and Gaeumannomyces
graminis var. tritici, stimulating also the growth of wheat seedlings (Ryder et al.
1999).

Mena-Violante and Olalde-Portugal (2007) investigated the effect of the inocu-
lation of tomato roots with B. subtilis BS13 on the fruit’s quality and showed that
production, weight, and length of tomatoes were higher in the inoculated group as
compared to the negative control. The texture of fruits was also improved,
demonstrating that BS13 strain plays a positive role in improving tomato quality,
especially concerning size and texture.

Based on the presence of multiple PGP traits, Islam et al. (2009) isolated ten
strains from paddy fields, screened for multiple PGP traits, and evaluated for their
inoculation effects on canola and rice plants. Paenibacillus sp. RFNB4 significantly
increased plant height and dry biomass production by 42.3 and 29.5%, respectively.
Canola plants and rhizosphere soils inoculated with Bacillus sp. RFNB6 exhibited
significantly higher nitrogenase activity.

B. megaterium B388, isolated from rhizosphere soil of pine belonging to a
temperate Himalayan location, has been characterized by Trivedi and Pandey
(2008). The carrier-based formulations of the bacterium resulted in increased
plant growth in bioassays. The rhizosphere colonization and the viability of the
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cells entrapped in alginate beads were greater in comparison to coal- or broth-based
formulations.

A greenhouse experiment was performed by Figueiredo et al. (2008) to evaluate
the effects of PGPR on nodulation, biological nitrogen fixation (BNF), and growth
of the common bean (Phaseolus vulgaris L. cv. tenderlake). Beans coinoculated
with Rhizobium tropici (CIAT899) and P. polymyxa (DSM 36) had higher
leghemoglobin concentrations, nitrogenase activity, and N, fixation efficiency
and thereby formed associations of greater symbiotic efficiency. Inoculation with
Rhizobium and P. polymyxa strain Loutit (L) stimulated nodulation as well as
nitrogen fixation. PGPR also stimulated specific-nodulation (number of nodules
per gram of root dry weight) increases that translated into higher levels of
accumulated nitrogen. The activities of phytohormones depended on their content
and interactions with R. tropici and Paenibacillus and/or Bacillus (PGPR) strains,
which affect the cytokinin content in the common bean.

Orhan et al. (2006) studied the growth promoting effects of two Bacillus strains
(OSU-142, a nitrogen-fixing bacterium, and M3, which also fixes nitrogen and
solubilizes phosphorus) used in consortium or individually in organic raspberry.
The plants were evaluated for production, growth, nutrient content in leaves, and
variation in nutrient composition. The results showed that Bacillus M3 stimulated
plant growth and significantly increased yields. The inoculation of raspberry roots
and rhizosphere with M3 and OSU-142 (in consortium or individually) caused an
expressive improvement in yield (33.9 and 74.9%, respectively) as compared to the
control. The levels of N, P, and Ca in leaves were also significantly increased.
Similarly, inoculations affected the total levels of N, P, K, Ca, Mg, Fe, Mn, and
Zn in soil. These results demonstrated that Bacillus M3, whether alone or in
consortium with OSU-142, exhibited a high potential to increase yield, growth,
and nutrition parameters in organic raspberry.

Karlidag et al. (2007) also tested the effects of Bacillus M3 and OSU-142 strains
and that of Microbacterium FSO1 isolated or in consortium on the growth of apple
trees. The inoculation of these strains alone or in consortium increased plant growth
(aerial part: 16.4-29.6%; diameter of aerial part: 15.9-18.4%) as well as yield
(26-28%) and fruit size (13.9-25.5%). Of the nutrients investigated (N, P, K, Mg,
Ca, Fe, Mn, and Zn), all were significantly affected (except Mg). The results of that
study indicated that Bacillus M3, OSU-142, and Microbacterium FSO strains are
potential candidates to increase yield, growth, and nutrition of apple trees.

Bacillus OSU-142 was also investigated individually or in consortium with
Pseudomonas BA-8 strain in yield, growth, and nutrient composition of cherry
trees (Esitken et al. 2006). Both bacteria used individually as well as in consortium
stimulated plant growth and led to a significant increase in yield. The use of BA-8,
OSU-142, or a combination thereof on foliage and flowers led to a marked elevation
in yield numbers (16.3, 10.9, and 21.76%), in fruit weight (4.14, 5.37, and 1.24%),
and in the plants’ aerial parts (11.3, 11.8, and 29.6%), respectively, when compared
to controls. Additionally, expressive increases were observed in N, P, and K
contents in cherry leaves, while Fe and Zn levels increased with applications of
BA-8 and OSU-142 strains in consortium. Mn contents were higher when these two
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bacterial strains were used separately. These results suggest that the inoculation of
Pseudomonas BA-8 and Bacillus OSU-142 alone or in consortium may increase
yield, growth, and nutrition levels of cherry trees.

1.5 Conclusions

The growing interest in PGPRs emerges from the wish to shed more light on a
complex and fascinating biological system and from the potential these organisms
have to increase productivity of crop cultures. The strains that exhibit a specific
desired characteristic are selected, tested, and then used as an element in agricul-
tural practices, though so far these strategies have not been extensively adopted — in
spite of the several well-succeeded examples mentioned in this chapter. In a
scenario where a greater number and more efficient bacterial strains are used,
agricultural applications of PGPRs shall increase. Efforts made in the last decade
have provided better insight into PGPRs and the mechanisms these bacteria utilize
to promote plant growth, increasing the commercial interest in these strains (Glick
1995). While PGRPs have been characterized within several different bacterial
taxa, many PGPRs developed for commercial applications are Bacillus species.
These products utilize bacilli in their endospore form, which lends population
stability during formulation and shelf life. Among bacilli, the strains of B. subtilis
are the most widely used PGPRs, due to their capacity to produce antibiotics and
consequent reduction in disease occurrence, when they are used as components of
seed treatment strategies (Kokalis-Burelle et al. 2006).
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