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Abstract 

 

The Use of Plant Growth Promoting Bacteria as ‘Bio-Fertilizers’: Crop 

Inoculation to Reduce Agrochemical Devastation 

 

Marcus Andrew Ebels, M.A. 

The University of Texas at Austin, 2015 

 

Supervisor:  R. Malcolm Brown, Jr. 

 

Plants harbor a diverse community of microbes which may be beneficial or 

detrimental to their health. Among these microbes, plant growth promoting bacteria 

(PGPB) perform functions which may provide the host plant with nutrients and 

phytohormones or help manage environmental stress and antagonize pathogens. The use 

of PGPB as inoculants in agriculture is often referred to as bio-fertilization and can 

reduce the need for chemical fertilizers, pesticides and herbicides through the various 

activities provided by the bacteria. In application of PGPB, inoculation may be through 

the coating of seeds and treatment of furrows with a free liquid culture. It may 

alternatively involve the encapsulation of PGPB in biodegradable beads which reduce the 

loss of cells to environmental constraints and competition/predation by other soil 

microbes while prolonging PGPB activity and benefit to the host crop. Bio-fertilizers are 

currently in use but further development is needed in testing and production to make a 

variety of products more available for use with a wider range of crops. 
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Introduction 

 The relationship between microbes and the organisms they inhabit involves a 

wide array of interactions which may be harmful, helpful or of little to no consequence to 

the host. The human digestive tract hosts a diverse community of microbes, known as the 

gut microbiome, which carries out functions such as the synthesis of vitamins, 

degradation of complex polysaccharides and regulation of the host immune system (van 

Olden et al., 2015). In return, microbes are provided with a nutrient rich environment in 

which to thrive. This familiar example is used to illustrate mutualism, a relationship 

between different organisms in which both benefit. Advances in identification of 

microbes and the processes they carry out in mutualistic interactions have shed light on 

their necessity and the true cost of their loss. For instance, more fully understanding the 

role of the gut microbiome exposes damaging effects of antibiotics not previously 

realized. As all multicellular organisms host microbes, greater knowledge is needed in the 

cultivation of functionally diverse microbial communities. 

 Similar to animal systems, the microbiome of plants gains a nutrient rich 

environment for growth. External microbes are also considered a part of the microbiome 

of an organism (Such as bacteria on the skin) and may be mutualists as they can still 

supply benefits to their host. For plants, much exchange with external microbiota takes 

place below ground through the activity of the roots. The rhizosphere is the area of soil in 

close enough contact with roots to be exposed to root exudates, and is delineated for its 
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rich microbial life. The exudates released into the rhizosphere affect microbial activity 

and the compounds released can alter the community, partially through attracting motile 

microbes, resulting in beneficial or detrimental effects for the plant (Berg and Smalla, 

2009; Drake et al., 2013; Liu et al., 2015b). This zone is heavy with inter-organismal 

crosstalk, which can result in alterations in the physiological activities of both the plant 

and microbes. For instance, salicylic acid, a phytohormone which plays a role in 

pathogen resistance through coordinated plant cell death, has been found to affect the 

virulence of plant pathogens, reducing their ability to successfully invade tissues (Xu et 

al., 2015). Conversely, pathogenic microbes are capable of targeting salicylic acid 

biosynthesis through the release of virulence factors, reducing its concentration in tissues 

and exudates (Tanaka, Han and Kahmann, 2015). In this way, the rhizosphere serves as 

an interface between the plant and its associated microbiome which can determine not 

only the health of the plant but its growth and survival. Understanding the underlying 

activity of these interactions holds the potential for applications in agriculture and 

environmental restoration. 

Within the host plant, microbes referred to as endophytes may be found 

colonizing tissue. These internal symbionts may be parasites or mutualists as endophyte 

only applies to physical location and not activity. In the case of endophytic bacteria, 

colonization of tissues may result in the formation of specialized structures, such as root 

nodules (Del Papa et al., 1999) or coralloid roots (Costa, Paulsrud and Lindblad, 1999), 

or endophytes may have no effect on morphology, still living between or within cells 



3 

 

(Dong et al., 1994). Mutualistic plant-bacterial relationships such as these are thought to 

have most often arisen from parasitic interactions (Sachs et al., 2014). Distinction being 

made between colonization by mutualists and pathogen invasion is vague as they 

essentially describe the same process. Pathogens’ prolonged association with plants 

resulting in a loss of virulence is also evidenced in the close evolutionary relatedness of 

some endophytic mutualists to parasites (Blakney and Patten, 2011). An evolutionary 

simulation using a parasitic bacterium carrying a symbiotic plasmid serves as another 

example of endophyte evolutionary history. A symbiont plasmid common to rhizobia was 

transferred to the pathogen and it was subsequently found that conversion to a 

nonpathogenic, nodule-forming endophyte was able to be accomplished with a loss-of-

function mutation to a single virulence regulatory gene (Marchetti, 2010). As plasmids 

can be transferred between bacteria through conjugation with the same efficiency as the 

methods used here, this study demonstrates the relative ease with which this conversion 

could take place in nature. Despite these contradictory origins, the transformation to 

mutualism is thought to be evolutionarily stable (Sachs et al. 2014). Pathogens and 

mutualists evolve to have some level of dependence on their host. However these 

relationships also affect the fitness of the host and since these interactions have 

undoubtedly been affecting plant survival and fecundity, it seems understandable that the 

microbiome of plants has become an integral part of growth and productivity.  

Endophytic bacteria and those present in the rhizosphere which perform functions 

that stimulate production by the associated host plant are considered Plant Growth 
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Promoting Bacteria (PGPB). As these bacteria are mutualists, these benefits are provided 

in exchange for metabolites, whether in the apoplast or in root exudates. PGPB represent 

a subset of the plant microbiome which can directly affect plants’ chances of survival 

given environmental constraints and infectious disease. 

The ability of plants to cultivate microbial communities, and the microbes’ effect 

on growth, can be used in aiding difficulties faced in agriculture (Bakker et al., 2012). 

The practice of crop rotation uses legumes’ microbiota to increase the soil nitrogen 

content for the following year’s crop (Bahl and Pasricha, 2000). Intercropping fields has 

been found to improve growth and yield, wherein the microbial community cultivated by 

one plant enhances the growth of a different, concurrently planted crop (Debenport et al., 

2015; Hernandez et al., 2015). These are two examples of sustainable agriculture which 

can reduce the need for agrochemical practices, referring to the use of chemical fertilizers 

and pesticides (Bakker et al., 2012). The use of fertilizers on a large scale has broad 

environmental effects such as eutrophication in bodies of water and soil acidification 

(Menesguen and Dion, 2009; Vassilev et al., 2015). Chemical fertilizer has also been 

shown to reduce the abundance, diversity and functionality of bacterial soil communities 

as compared with organic fertilizer (Chauhdry et al., 2009). The use of chemical 

pesticides and herbicides reduce the plant growth promoting activity of soil bacteria 

(Ahemad and Khan, 2011; Ahemad and Khan 2012; Abbas et al., 2015) along with the 

diversity of bacterial communities (Tan et al. 2012; Wang et al. 2013). The effects of 

toxins in chemical pesticides also have ecological impacts on mutualistic animal 
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relationships with plants, such as the destruction of primary pollinators (Tavares et al., 

2015) 

Amending farming practices which are detrimental to the microbiome of plants 

and focusing more on enhancing PGPB growth and activity for the benefit of crops has 

the potential to reduce costs and adverse environmental side effects. Though the name is 

somewhat ambiguous, bio-fertilizer is often used to describe an inoculum for agricultural 

uses which can improve plant productivity and growth by application of microbes such as 

PGPB. This review focuses on the various activities of PGPB and how different activities 

carried out by bacteria can be applied to increase the growth and productivity of crops 

including advancements in methods of inoculation.  
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PGPB: Host Benefits and Conditional Uses 

 PGPB are a diverse group of bacteria able to provide a variety of advantages to 

their host. This allows for application of particular strains based on crop species, 

environmental conditions or pathogen type. Overlap exists in these traits wherein one 

activity by PGPB may benefit in multiple ways or a single strain may exhibit multiple 

beneficial traits. Despite this difficulty, this information is intended to describe the 

individual advantages of some of the most prominent PGPB traits and showcase 

examples of their use in inoculations.  

PHOSPHATE SOLUBILIZATION 

 Phosphorous is a major limiting nutrient for plant growth as much of the content 

of soil is in the form of insoluble phosphates. Both the organic and inorganic forms of 

insoluble phosphate (P) can be converted by PGPB into soluble forms which are able to 

be absorbed by plants. Organic immobilized P is solubilized by the secretion of 

degradative enzymes (Rodriguez et al., 2006) while inorganic sources of P, such as 

calcium phosphate, is solubilized by the secretion of organic acids (Xiao, Fang and Chi, 

2015). 

 Inoculation with known P-solubilizing bacteria has been found to increase plant 

growth both in lab studies (Bautista-Cruz et al., 2015) and in field studies (Saleem, 

Arshad and Yaseen, 2013; Viruel et al., 2015). The addition of rock phosphate or 

phosphorite, along with P-solubilizing bacteria yields increased growth and production in 

maize and wheat as compared with inoculation alone or the addition of chemical fertilizer 
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(diammonium phosphate) (Kaur and Reddy, 2015). In this study the addition of a P rich 

mineral substrate for P-solubilizing PGPB increased the uptake by plants to a greater 

extent than fertilizer. In a similar study, the use of rock phosphate alone increased 

populations of P-solubilizing bacteria in soil and produced growth and yield results 

similar to chemical fertilizer (triple super phosphate) in field trials (Ndungu-Magiroi et 

al., 2015). While bacterial populations were increased by rock phosphate, the addition of 

chemical fertilizer reduced the occurrence of the same bacteria in the soil. 

  In an attempt to increase the activity of one P-solubilizing isolate, Liu et al. 

(2015a) used genetic recombination of another solubilization gene. The strain was 

previously shown to solubilize inorganic phosphate using organic acid but the introduced 

gene encoded for a phytase from a Bacillus strain. Phytase is able to cleave an organic 

source of P (phytic acid), making a soluble compound. Thus the transformed strain was 

found to utilize both inorganic and organic phosphorus sources. This was confirmed by 

conversion of phytic acid by the transformant and increased levels of soluble 

phosphorous in the medium of the transformed strain as compared with its parental strain. 

Lab trials using maize confirmed that growth rate was significantly greater in corn 

seedlings inoculated with the transformed strain as compared to the parental strain 

resulting in increased dry shoot weight. This strain could potentially be used as an 

effective inoculant in bio-fertilizer treatments. 
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NITROGEN FIXATION 

 Nitrogen (N) is another major limiting nutrient for plant growth as it is mainly in 

its inert gaseous form, dinitrogen. The ability to reduce dinitrogen to organic N in the 

form of ammonia is limited to bacteria and archaea and catalyzed by the enzyme complex 

nitrogenase (Pedraza, 2008). Rhizobia, a family of PGPB, colonize the roots of legumes 

providing organic N and receiving metabolites from the host. This may be one of the 

most studied PGPB relationships and may also be responsible for the first forms of bio-

fertilizers, with commercial inoculants reaching as far back as the late 19th century 

(Bashan, 1998). Despite this history of use, methods of inoculation are still actively 

investigated (Hynes et al., 1995; Bogino et al., 2011). Increasing root nodule function has 

been accomplished by co-inoculation of rhizobia with other endophytic root colonizing 

bacteria (Yadegari et al., 2010; Subramanian et al., 2015a) resulting in higher N 

accumulation by the host. 

 Another N-fixing endophytic PGPB, Gluconacetobacter diazotrophicus, was 

originally isolated from sugarcane, but has been found to colonize other crop species 

including rice, sweet potato, pineapple and finger millet (Saravanan et al., 2008). G. 

diazotrophicus is an example of an endophyte which is able to live throughout the tissues 

of the host plant, in the apoplast. Growth and survival of sugarcane seedlings is increased 

with inoculation of G. diazotrophicus (de la Cruz, Bird and Isulat, 2012) and plants 

treated with the PGPB show greater mass accumulation associated with higher N content 

compared with un-inoculated plants (Singh et al., 2012). In field trials comparing 

inoculation combined with fertilizer use, inoculation with G. diazotrophicus along with 
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50% fertilizer addition resulted in a 4.53% in yield over the full application of fertilizer 

alone (Anitha and Thangaraju, 2011). Not only does G. diazotrophicus reduce the need 

for fertilizer but the addition of chemical fertilizers (ammonium sulfate and calcium 

nitrate) in high doses reduces both the population and N-fixing activity of G. 

diazotrophicus in vivo (Medeiros, Polidoro and Reis, 2006) This is thought to be the 

result of reduced nitrogenase expression by G diazotrophicus resulting in an inability to 

compete with other soil microbes and/or inhibition of colonization by the host. 

While N-fixing endophytes can serve as bio-fertilizer inoculants, they are 

confined in use by host specificity and micro-aerobic environments as oxygen can 

interfere with nitrogenase function. An approach to the issue of host specificity 

undertaken by Barney et al. (2015) used the free living rhizospheric bacterium 

Azotobacter vinelandii. Not only free living but able to fix nitrogen in aerobic 

environments, A. vinelandii does not provide this organic N to potential hosts as 

excretion from the cell is minimized by enzymatic and transport activity. In this study, 

random transposon mutagenesis was used to increase N excretion from A. vinelandii. The 

insertion of transposons in the gene amtB, encoding an ammonium membrane 

transporter, resulted in significantly higher levels of ammonia in the medium as 

compared with the wild type strain. The loss-of-function mutation disabled the 

transporters ability to retrieve lost ammonia from the surroundings. This increase in 

excreted organic N was capable of supporting the growth of co-cultured algal species 

allowing the amtB mutants to be identified. Though levels of excreted ammonia were still 
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relatively low, this work suggests that the free living A. vinelandii could potentially be 

used in bio-fertilization with soil applications to any given crop species. 

PHYTOHORMONE REGULATION 

 Endophytes may produce or alter the host’s biosynthesis of phytohormones, 

compounds which regulate plant growth and development. It is important to mention that 

phytohormone production is a common characteristic of both parasitic and mutualistic 

plant endophytes and can result in the formation of pathogenic (Aragón et al., 2014; 

Gohlke and Deeken, 2014) and mutualistic associated structures (Fedorova et al., 1992). 

However not all endophytes which produce phytohormones form structures and may 

instead have broader effects on overall organ morphology (e.g. increased shoot length) or 

may increase the biosynthesis of specific metabolites (Wang et al., 2015b). It should be 

noted that these effects can improve plant growth but their individual effects in the use of 

bio-fertilizers can be difficult to parse out as their production is often carried out with 

other PGP activities such as nutrient acquisition and pathogen antagonism. 

 Indole-3-acetic acid (IAA) is major compound in the auxin family of 

phytohormones. Auxins are important in the regulation and coordination of plant growth 

and IAA production has been identified in many PGPB (Ona et al., 2005; Rajkumar et al., 

2005; Sethia et al., 2015). Research on tumor formation such as galls and nodules 

highlights the importance of IAA in tumorogenesis in plant organs. The IAA synthetic 

pathway involved often reflects the bacterial relationship to its host. There are five 

separate biosynthetic pathways of IAA synthesis from tryptophan and certain pathways 
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are associated with different endophytic activities. Phytopathogens mainly synthesize 

IAA through the indole-3-acetamide pathway, which is associated with the formation of 

tumor like structures, while PGPB mainly utilize the indole-3-pyruvate pathway, 

enhancing plant growth (Patten, Blakney and Coulson, 2013; Lin, Chang and Lin, 2015). 

In an example which focuses on the individual effect of bacterial phytohormone 

related activity, a Bacillus strain isolated from the roots of Arabidopsis was discovered to 

enhance plant growth by altering the host’s expression of IAA related genes rather than 

producing IAA of bacterial origin (Wang et al. 2015a). Plants inoculated with the 

Bacillus isolate exhibited increased growth of lateral roots and root hairs while the 

extension of the primary root was limited. These alterations of root morphology resulted 

in a significant increase in shoot fresh weight and leaf area. This change was partially the 

product of induced transcription of IAA biosynthesis genes but also involved changes in 

the expression of auxin transporter genes. This illustrates a more indirect mode of 

phytohormone associated activity which still has a substantial effect on plant morphology 

and physiology.  

 Cytokinins are another family of growth inducing phytohormones, and their ratio 

to auxin has been found to determine lateral versus apical shoot growth and the 

development of organs and tissues in growing plant embryos (Schmulling, 2002; Muller 

et al., 2015). The production of cytokinins has been identified in PGPB with very direct 

benefit for the microbes producing it. A rhizospheric isolated PGPB strain of Bacillus 

subtilis which produces zeatin type cytokinins was used to investigate the role of this 
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phytohormone in mutualistic plant-microbe interactions (Arkhipova et al., 2005). When 

inoculated in the rhizosphere of wheat, this strain was found to increase exudation of 

amino acids from roots by 30%, the same effect as treatment of roots with direct 

application of zeatin. This may seem less than advantageous for the host plant, but the 

PGPB strain provided other growth promoting effects besides phytohormone production, 

exhibited by higher nitrogen and chlorophyll content of inoculated plants (Kudoyarova et 

al. 2015). 

 Nitric oxide (NO) is another compound involved in plant/microbe interactions. 

Though the designation of NO as a phytohormone is not universal, it is a gaseous 

signaling molecule with a wide range of developmental and physiological effects, on par 

with ethylene (Shapiro, 2005; Jin et al. 2011). It is included with phytohormones and will 

be referred to as such as it acts in concert with other phytohormones as a part of 

processes such as senescence, root development, seed germination (Sanz et al., 2015; 

Kopyra and Gwóźdź, 2004) and response to abiotic and biotic stresses (Shi et al., 2012). 

Plants are able to synthesize their own NO, but PGPB also contribute NO production to 

these responses (Yamasaki, 2000). 

 In plants, levels of NO and IAA are correlated and therefore both are involved in 

similar developmental processes (e.g. root hair formation) (Pagnussat et al., 2002). In 

bacteria, NO regulates traits such as virulence, mobility and biofilm formation. When 

bacterial IAA is produced concurrently with NO, the same correlation between the 

phytohormones is exhibited as in plants (Koul, Adholeya and Kochar, 2014). In a study 
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using a strain of Azospirillum brasilense which produces both NO and IAA, compounds 

which affected the production or accumulation of either NO or IAA were found to 

simultaneously affect levels of the other phytohormone (Koul et al., 2015). Similar 

effects on root morphology were seen in inoculated plants as with PGPB-IAA production 

alone (increased lateral root hair formation/growth) but the additional production of NO 

had a synergistic effect with IAA, further improving root hair development. 

ABIOTIC STRESS TOLERANCE 

 Under condition of low water availability or high salinity, there is an increase in 

photorespiration resulting in the buildup of reactive oxygen species (ROS) which damage 

proteins and DNA. Phytohormones regulate responses to abiotic stress through stomatal 

closure, senescence and abscission (Miller et al., 2010). Auxins, ACC deaminase and 

cytokinins have been identified as bacterially produced compounds responsible for 

enhancing drought tolerance of the plant host (Liu et al., 2013; Belimov et al., 2015). The 

alleviation of environmental stress highlights the potential use of bio-fertilizers in 

enhancing growth in adverse conditions. 

Further investigation into the mechanisms of conferring drought tolerance by 

endophytic PGPB uncovered changes in genetic expression of the host. The B. subtilis 

strain used in the study was confirmed to perform PGP activities such as P-solubilization 

and IAA production (Gagne-Bourgue et al., 2013). Using previously identified sequences 

in the plant species Brachypodium distachyon for genes involved in water limited plant 

response, Gagne-Bourgue et al. (2015) found that expression was significantly higher 
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when inoculated plants were grown in drought stressed conditions as compared with un-

inoculated plants. Sequences included two dehydrins, enzymes responsible for mitigating 

osmotic stress, and a transcription factor acting upstream of their expression. It was also 

found that the genome of inoculated plants showed increased methylation and that these 

epigenetic changes may prime the host for drought tolerance. The aforementioned genetic 

changes are not directly tied to PGPB phytohormones (i.e. IAA) but this concurrent 

activity may prove to be involved in this process as plant growth was increased and time 

to maturation was also accelerated. 

 NO is similar to other phytohormones in regulating drought responses such as 

stomatal closure, but it’s also an antioxidant, capable of reacting with ROS forming H2O2 

and thereby reducing damage cell components. NO enhances the activity of H2O2-

scavenging enzymes as well, furthering the full conversion of NO to O2 (Siddiqui, Al-

Whaibi and Basalah, 2010). By inoculating wheat with a strain of Lactobacillus 

plantarum, capable of producing NO when provided the precursor L-arginine, drought 

tolerance was discovered to be the product of increased antioxidant capacity in tissue 

extracts of inoculated plants. The catalytic activity of tissue extracts when adding H2O2 

was also higher than un-inoculated control plants (Yarullina et al., 2014). This highlights 

the underlying mechanisms of drought tolerance and the ability to protect plants through 

inoculation. 

 Working downstream of ROS buildup and NO signaling pathways, similar effects 

on plant stress responses are seen by acting on ethylene. ROS act as signaling molecules 
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themselves, and their accumulation mediates ethylene responses to stress in plants (Xia et 

al., 2015). The enzyme 1-aminocyclopropane-1-carboxylate (ACC) deaminase reduces 

levels of an ethylene precursor, thereby reducing ethylene buildup which if prolonged can 

inhibit growth. This growth inhibition through ethylene buildup can result in greater 

detriment to plant productivity than the initial salt stress (Madhaiyan, Poonguzhali and 

Sa, 2007). ACC deaminase production by endophytic PGPB is able to mitigate stress 

related inhibition to a variety of environmental conditions (Grichko and Glick, 2001; de 

Souza et al., 2015). For instance, high salinity limits growth in seedlings and is linked to 

ROS and ethylene buildup (Glick, Penrose and Li, 1998; Hussain et al., 2015). Inoculated 

plants with ACC deaminase producing PGPB show increased growth of roots and shoots 

when grown in saline soils owing to a reduction in the ethylene precursor ACC (Ali, 

Charles and Glick, 2014; Zafar-ul-Hye, Farooq and Hussain, 2015). In another example, 

the use of transformed strains of cold tolerant PGPB were used to assess the role of ACC 

deaminase in chilling stress of tomato (Subramanian et al., 2015b). Cold tolerant strains 

were transformed with acdS, the gene encoding ACC deaminase, and seeds of tomato 

were inoculated before germination. The effect of ACC deaminase expression by PGPB 

was apparent as inoculated plants with prolonged exposure to 10˚C showed increased dry 

weight and reduced levels of ethylene emission compared to un-inoculated plants.  

 Heavy metal contaminated soils cause phytotoxicity and limit the growth and 

survival of plants (Goncharova et al., 2010; Matraszek and Hawrylak-Nowak, 2010). 

Metal resistant endophytic and rhizospheric bacteria are able to be isolated from polluted 
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areas and inoculation of plants with metal resistant PGPB has been shown to reduce the 

phytotoxic effects of contaminated soils (Tank and Saraf, 2009; Yang et al., 2013; 

Pereira, Barbosa and Castro, 2015). Phytoremediation, the removal of contaminants from 

soil using absorption by plants, can be enhanced by activity of metal resistant PGPB 

(Aung et al., 2015; Ma et al., 2015). A major factor in tolerance to heavy metals 

contributed by PGPB is the production of siderophores. As a family of chelators, 

siderophores have high affinity for metal ions and increase their bio-availability through 

solubilization of compounds such as iron hydroxides (Boukhalfa and Crumbliss, 2002). 

In the context of PGP, this solubilization alone has the capacity to increase plant growth 

in limited conditions (Radziki et al., 2013). But as a part of abiotic stress tolerance, 

bacteria isolated from heavy metal contaminated areas have been found to have very 

active siderophore production (Kumar et al., 2015) and the metal chelating ability allows 

for greater plant tolerance and up take of heavy metals (Jeong, Moon and Nam, 2014; 

Nagata et al., 2015).  

PHYTOPATHOGEN ANTAGONISM 

 Although more related to pesticide than fertilizer, PGPB inoculation is also able 

to enhance growth through reduced damage of organs and tissues by pathogens. 

Antagonism is therefore an indirect PGPB activity which is especially useful for crops 

which are devastated by infectious disease (Nakaew, Rangjaroen and Sungthong; 2015). 

Cavendish banana trees, being genetically identical clones, are struck very hard by fungal 

infection, leaving entire crops destroyed. PGPB isolated from the rhizosphere of banana 
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has shown strong antifungal capacity and broth preparations from cultures rivaled copper 

based pesticides in antifungal activity while having no negative effects on other 

rhizospheric PGPB (Shaikh et al., 2014). 

Antagonistic activity of PGPB takes several forms, and because more than one 

may be carried out by the same bacterium, the effect of individual compounds can be 

unclear. These include the production of antibiotics, phytohormones, siderophores, 

volatiles and lytic enzymes (Zhang et al., 2014; Khabbaz et al., 2015). These compounds 

can act in unison carrying out different functions in order to suppress pathogenic 

invasion. 

Chitinase is a lytic enzyme specific to the suppression of fungi, degrading the 

main cell wall component of the pathogen. As these enzymes need to be excreted into the 

extracellular environment, they are very stable in a wide range of temperature and pH 

(Karthik, Binod and Pandey, 2015). Interestingly, lytic enzyme production and excretion 

has been found to vary based on the exposure to different fungal species, exhibiting the 

bacterium’s ability to maximize degradative capacity (Zhao et al., 2013). Inoculation of 

crops with chitinase producing PGPB has been shown to suppress fungal pathogens (Han 

et al., 2015). In one study, the activity of a chitinase producing strain of PGPB was found 

to be increased by providing chitin in the inoculation medium (Yandigeri et al., 2015). 

The increased production of chitinase through chitin supplementation resulted in 

enhanced fungal suppression. 
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Alongside providing stress tolerance, siderophores can act as agents of pathogen 

suppression. Though less direct than lytic enzyme secretion, the production of 

siderophores limits the availability of iron for fungal pathogens as the bacterial chelators 

have higher affinity than those of fungal origin. This sequestration by PGPB results in 

suppression of disease through nutrient deficiency (Maindad et al., 2014; Sulochana et 

al., 2014). Siderophores have also been found to reduce the toxicity of the pathogenic 

fungal metabolite fusaric acid. Members of the fungal genus Fusarium produce this 

compound and it is toxic to both bacteria and plants, causing wilt and rot diseases in the 

latter. The sequestration of iron by siderophores reduces its toxicity, as fusaric acid 

requires the binding of iron as a part of its mode of action. In a study by Ruiz, Bernar and 

Jung (2015), bacterial siderophore production increased with the addition of fusaric acid 

and PGPB mutants unable to produce the ligands showed a loss of resistance to the toxin. 

Inoculations with PGPB can be used to suppress bacterial infections of plants. 

This may involve the use of antibiotic compounds and volatiles (Chung et al., 2015). 

Other means of suppression can be in the form of pathogen signal disruption. Quorum-

sensing, the ability of a bacterial population to sense its density through the concentration 

of an extracellular signal, is a main factor leading to increased virulence and 

pathogenesis. The act of reducing virulence through interfering with this signaling 

pathway, known as quorum-quenching, is a different method of ceasing pathogenesis 

which does not involve attacking or limiting the growth of a potential pathogen. 

Endophytic PGPB of cannabis employ quorum-quenching, reducing the production of 
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quorum-sensing signal molecules and thereby protecting the host from infection (Kusari 

et al., 2014). As resistance to antibiotics becomes more prevalent, this method of disease 

suppression holds potential in both plants and animals. 

As related to the topic of supplementation of pesticide use with PGPB 

inoculation, herbivory can also be potentially targeted with the use of bio-fertilizers. As 

inoculation with endophytes can protect all or particular tissues of the host, these 

treatments can be very effective and make reapplication unnecessary. Production of 

endophytic PGPB toxins can increase the mortality of insect herbivores. Cry1Ac toxin, 

produced by Bacillus thuringiensis delays larval growth and reduces pupal weight and 

adult emergence of corn borer moths (Ma et al., 2008). For herbivores which target root 

tissues, rhizospheric inoculations can also be effective. In a study using rhizospheric 

PGPB, the damage to roots of tomato by nematodes was reduced (Mahgoob and El-

Tayeb, 2010). This was again accomplished through toxin production resulting in 

reduced nematode population density. Treatments were found to be effective up to a 

period of 30 days as the bacterial population of the rhizosphere declined after this period.  

VOLATILE ORGANIC COMPOUNDS 

 Plants mediate many microbial interactions through the production of volatile 

organic compounds (VOCs). Along with metabolites such as carbohydrates and amino 

acids, VOCs are thought to play a role in the cultivation of the rhizosphere microbial 

community. Along with metabolizing VOCs of plant origin, bacteria take part in this 

inter-organismal mediation by producing VOCs of their own (Junker and Tholl, 2013). 
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VOCs are signaling molecules but are also capable of enhancing plant growth. VOCs 

gaseous nature means they can take affect even in tissues of the host which are not in 

close proximity to the bacterial source (Park et al., 2015). Some of these compounds are 

able to both enhance growth and antagonize pathogens, working both directly and 

indirectly to promote the growth of the host plant (Hernández-León et al., 2015).  
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Inocula: Methods and Applications 

 In lab trials, the use of sterilized soil allows for inoculation and the colonization 

of test plants with little to no interference. Though some previously discussed cases 

involved field testing, most utilized sterility in determining the individual contribution of 

PGPB inoculants. In open, unsterilized soil, inoculated bacteria have to compete with 

already established bacterial communities (which are often more adapted to soil 

conditions) and are under the additional complication of environmental variables such as 

soil type and plant species constituting the rhizosphere. Exposure to predation by 

protozoans may also account for a significant loss of inoculated microbes. These 

difficulties often result in the decline of bacterial populations following inoculation 

(Bashan, 1998). Given the potential for failure of the PGPB to provide sustained benefits, 

the tailoring of inocula to both the strain of bacterium and the environmental conditions is 

a critical part of bio-fertilizer application. This section will attempt to cover advances in 

types of inoculation and the advantages of each. 

FREE PGPB INOCULATION 

 In many lab trials of inoculants, seed coat sterilization and inoculation is the 

method imposed for PGPB treatment. This method primes the seed allowing the 

germinating seedling to become colonized. Studies using this method in field trials have 

also seen significant increases in growth of the host and increased yield (Díaz-Zorita and 

Fernández-Canigia, 2009). Carriers used for inocula in seed coat treatment may be liquid 

or solid. Comparisons of different bacterial carrier materials including sand, sawdust, 
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vermiculite and liquid waste from the cosmetic industry were used to test the ability of 

these materials to successfully transfer PGPB after prolonged periods of inactivity 

(Maheshwari et al., 2015). These carriers were treated with strains of PGPB and mixed in 

a solution containing the thickening agent carboxymethyl cellulose in order to be used as 

seed coating inoculants. Seeds were treated with the different carriers for a period of up 

to a year after the initial inoculation of the carrier materials. Vermiculite was found to 

contain the highest amount of viable cells after a year and also had the greatest increase 

in growth and yield. This capacity to harbor viable endospores was attributed to the high 

water holding capacity of the mineral. These carriers were chosen for their cheap cost and 

potential use in broad field treatments. More testing would be required to verify field use 

but the results were promising as even cosmetic waste proved to be an efficient carrier of 

PGPB after a year of storage. 

 In-furrow inoculation refers to treating the soil with liquid inoculations before 

planting. This method used in legumes has been shown to allow inoculated endophytic 

bacteria a greater advantage in colonizing the host, out competing wild nodule-forming 

competitors (Bogino et al., 2011). These treatments were compared with seed coating 

treatments, in which the native endophytes composed the bacteria found in nodules in all 

trials. This suggests that in order to establish a desired endophyte, in-furrow inoculation 

is advantageous. In another study comparing in-furrow and seed inoculation of legumes, 

no significant increase in host growth was exhibited between the two applications. 

However when seeds were treated with fungicide, in-furrow treatment resulted in 



23 

 

significantly increased plant growth and yield as compared with seed coating inoculation 

(Zilli et al., 2010).  

In-furrow, liquid inoculations have the advantage of being uniform, easily 

handled and bringing about a quick response in the inoculated plant. However, because 

inoculated PGPB are exposed to the environment and microorganisms of the soil, these 

effects can be limited. Even when using sterilized soil, as in the previously mentioned 

study of nematode suppression by PGPB (Mahgoob and El-Tayeb, 2010), effects were 

seen to decrease after the soil was treated, as inoculated bacteria could not be established 

with the crop. 

ENCAPSULATED PGPB INOCULATION 

 When inoculating with endophytic PGPB, open treatments which consist of 

spraying soil or seed coats with culture media are effective as the environment sought out 

by the bacterium is ultimately within the plant. However these same treatments used with 

PGPB which inhabit the rhizosphere become limited as, depending on the soil and level 

of competition therein, the inoculated microbes may not survive long and offer little help 

to the plant. In order to protect PGPB from the challenges faced in fields and furrows, 

encapsulation of inocula in synthetic polymers serves as a barrier, giving the PGPB with 

nutrients to sustain them and separate them from the external soil environment. The 

polymers used are organic in nature, and as they are degraded, the inoculant PGPB are 

released into the rhizosphere. This release is therefore gradual and can extend the 

inoculation process over a greater span of time, allowing more benefit to be provided to 
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the host crop (Bashan, 1998). The shelf life of encapsulated PGPB is much longer than 

free inoculants, with viable cells being able to be produced after 14 years of storage 

(Bashan and Gonzalez, 1999). The use of encapsulation is effective for use in general 

PGP such as nutrient provision or more specific applications such as pathogen 

antagonism and abiotic stress tolerance (Wu et al., 2011). 

 Alginate is a material well studied in the use of encapsulation of PGPB. It is a 

polysaccharide formed by β-1,4-linkages of L-glucuronic and D-mannuronic acid and is 

produced by macroalgae and some bacteria. It has a high water absorbing capacity 

making it ideal for harboring microorganisms. Beads of alginate can be freeze-dried after 

bacterial encapsulation and PGPB are able to be reactivated when the beads absorb water. 

In lab trials using sterile soil, alginate encapsulated bacteria used in inoculation were 

found to perform as well in enhancing growth as in-furrow style treatments using direct 

liquid inoculant on the soil (Rekha et al., 2007). Encapsulation using alginate can be 

enriched with the addition of nutrient sources, which may increase activity or longevity 

of the internal PGPB. The addition of humic acid to the alginate bead composite showed 

significantly enhanced growth of the host as compared with PGPB inoculation alone 

(Young et al., 2006). This was attributed to the PGPB being stimulated with extra 

nutrients as soon as they were reactivated by the absorption of water by the alginate 

beads. 

 The release of PGPB from capsules is initiated by degradation of the bead 

material by both the encapsulated bacteria and external bacteria in the environment. 
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However, in the initial absorption of water by freeze-dried capsule, swelling of the beads 

accounts for a considerable loss of PGPB cells into the soil. Soil factors that affect 

absorption include pH, temperature and salt content. Blending alginate with starch and 

clay (bentonite) affects the release of cells through altering the ability of the beads to 

swell on contact with moisture. Starch has many hydroxide groups which interact with 

water molecules increasing the swelling of beads, corresponding with the percentage of 

starch added to the composite. This results in more cells released. The addition of clay 

reduces swelling and cell release, likely because of mechanical strengthening of the beads 

(Wu et al., 2012). The increased release of cells exhausts the beads internal PGPB 

population more quickly, therefore depending on the application this may be undesirable. 

Clay is capable of prolonging the release of cells, with a lessened initial release. The 

addition of other materials to the beads also reduces cost, as less alginate is needed in a 

composite (He et al., 2015). 

 Polycaprolactone (PCL) is another polymer of interest in PGPB encapsulation. 

PCL is a biodegradable plastic, more difficult to degrade for microbes than alginate but 

not to the point of causing environmental build up over time. Similar to alginate, the 

addition of starch and clay (montorillonite) can be used to amend the release of cells from 

the bead, with starch and clay increasing and decreasing cell release, respectively. 

However, PCL is hydrophobic and the release is accounted for by microbial degradation, 

especially by the internal PGPB. The addition of starch reduces the strength of PCL and 

increases permeability while clay increases mechanical strength (Wu, Wu and Chang, 
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2007). PCL can be used in a multiphase encapsulation method to offer internal PGPB 

extra protection against external competitors and predation. Enclosing cells suspended in 

alginate with PCL has no negative impacts on cell viability and can increase the 

encapsulated PGPB biosynthesis of desired compounds. By encapsulating lactic acid 

bacteria in multiphase beads with PCL, production of lactic acid production was nine 

times higher than in free inoculants. Lactic acid is antagonistic to nematodes and the 

capsules were found to be effective in suppression of nematode parasitization (Takei et 

al., 2008). 

 The hydrophobic nature of biodegradable plastics creates difficulty when making 

a composite bead, hence the multiphase encapsulation using alginate. The first phase, 

alginate encapsulation, can be carried out with an aqueous solution and the second, PCL 

encasement, with an oil based solution. In another example of a hydrophobic polymer, 

polybutylene succinate (PBSU), the addition of starch to the material composite was 

accomplished with the grafting of an acrylic acid to the polymer, increasing 

hydrophilicity while retaining the degradative qualities of the polymer (Wu, 2008). As 

before, the addition of starch could subsequently be used to decrease the strength of the 

beads and increase biodegradability/cell release. 

CONSORTIA 

 Multiple bacterial species may be used in the same inoculant to increase PGP. 

These are referred to as consortia and their combined activity can have greater effects on 

plant growth through additional PGPB activities or through synergistic effects on a 
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particular activity (Yu et al., 2012). Inoculation with two strains of endophytic bacteria 

can improve colonization of both strains of PGPB (Maheshwari et al., 2010). However 

this is not always the case as competition and antagonism can potentially exist among 

consortia. When inoculating sugarcane with five species of endophytic PGPB, the 

population of individual species within the host varied with which bacteria were present 

among the five species. Though most of the species colonization improved with the 

addition of others, Gluconacetobacter diazotrophicus populations were highest when 

inoculated alone (Oliveira, 2009).  

 Encapsulation may also be used with this method to effectively combine PGPB 

activities. This includes examples of indirect methods of enhancing plant growth such as 

abiotic stress and pathogen antagonism (Guo et al., 2012) and direct enhancement 

through increasing availability of limiting nutrients (Mishra et al., 2011) with evident 

synergistic effects given the environmental conditions. This suggests the potential of 

broader uses of inoculants when incorporating multiple strains. Certain considerations 

must be taken into account when encapsulating more than one strain as the capsule 

environment may need to be adjusted to accommodate both. If strains are of the same 

species this consideration is often unnecessary (Bashan, 1998).  

 Other biosynthetic activities could be used in consortia to the advantage of PGPB 

survival. Azotobacter is a genus which includes species of PGPB able to fix nitrogen and 

produce phytohormones. These PGPB are also capable of producing an alginate 

exopolysaccharide (EPS). EPSs form biofilms which encase bacteria in the same method 
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as encapsulating materials, protecting from predation and environmental conditions. They 

also serve as adhesive material for bacteria to the surface of the host plant. This 

protective barrier could offer the same shelter to other inoculated PGPB, prolonging their 

survival in the soil and beneficial activity (Gauri, Mandel and Pati, 2012). 

Though this review has focused solely on growth promotion by bacteria, it is 

important for this topic to discuss the advantages of inoculation of PGPB with mutualistic 

fungi of plants. Fungi offer the decomposition of organic compounds in the soil, 

providing nutrients to the host (Vassilev et al, 2015). This degradation can also provide 

energy for high cost of biosynthetic activities of PGPB, such as nitrogen fixation (El-

Katatny, 2010). Fungi may also carry out other PGP activities such as phytohormone 

production. A strain of endohyphal bacteria, living within an endophytic fungal host, was 

found to increase IAA production by the fungus, enhancing growth of the all-

encompassing plant host. Interestingly, the bacteria do not produce IAA on their own, but 

only enhance fungal synthesis. This interaction is somewhat complex, i.e. a bacterium 

within a fungus enhancing growth within a plant, but an excellent illustration of the 

complexity of inter-microbial relationships and the potential use of consortia of both 

fungi and bacteria (Hoffman et al., 2013). Of course, antagonism is also a possibility 

when forming consortia between different microbial organisms. In fact environment 

variables such as soil pH can determine whether the relationship between fungus and 

PGPB is cooperative or antagonistic (Sousa et al., 2015).   
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  Conclusions 

 The practical use of PGPB as bio-fertilizers offers many advantages to crops but 

many of the applications discussed previously require more testing and the ability to be 

produced on a large scale in order for the average farmer to consider their use. Seed 

treatments and liquid inoculations offer quick results but lack longevity. Encapsulation 

can offer the prolonged benefit of PGPB inoculation but costs of producing encapsulated 

bacteria remain high. And all potential inocula, whether single strain or consortium, 

require background testing and tailoring to the strains and crops intended for cultivation 

(Tomic, Milivojevic and Pesakovic, 2015). However most of this information is not 

difficult to collect, especially if the product of interest is in trial use. BioGro is one 

example of bio-fertilizers which are currently available. Testing on inoculant products is 

still being carried out to increase efficiency with different crop varietals and reduce cost 

through timing of applications (Hien et al., 2014).  

Inoculation of soy bean with rhizobia and wheat/maize inoculation with 

Azospirillum have been reported to take place in Central and South America on an 

estimated 25 million and 500,000 hectares, respectively. Though vast areas are affected, 

the introduction of PGPB has been found to have much less of an effect on soil 

community composition than environmental filtering (e.g. moisture and temperature) and 

host filtering (e.g. root exudates) (Castro-Sowinski et al., 2007). This evidence fits with 

the Baas-Becking hypothesis, that microbes are universal, everything is everywhere but 

the environment selects. Some previously discussed studies included the use of transgenic 
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microorganisms the field use of which is more complicated. Although the same rules of 

filtering apply to transgenic bacteria, their effect on community structure in the soil is of 

greater concern, especially considering conjugation and the ability of bacteria to 

horizontally transfer genetic material. This entails tracking diversity and community 

structure along with the prevalence of the transgene following the introduction of the 

PGPB strain (Lynch et al., 2004). Gathering information about this would be needed 

before any field trials of potential transgenic inoculant strains. 

 Until more products are available for a wider range of crops, reduction in the use 

of chemical fertilizers through the use of organic manure and crop-waste fertilizers can 

help increase microbial diversity. Diverse microbial communities are also more 

functionally diverse and therefore offer more benefits to crops without inoculation. Soil 

microbial communities play an integral role in nutrient cycling and the transfer of energy 

through ecosystems. As chemical fertilizers reduce diversity and inhibit activity of soil 

microbes along with causing environmental damage, any reduction in their use builds 

towards a more functional soil community and healthier crops. 
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Glossary 

 

Chelation – The binding of an organic compound with a metal ion. 

Endophyte – Organism which lives within plant tissues. 

Mutualism – Relationship between two organisms in which both are benefitted. 

Parasitism – Relationship between two organisms in which one benefits and the other is 

negatively affected. 

Phytopathogen – Disease causing microbe, specifically of plants.  

PGPB – Plant growth promoting bacteria, a mutualistic part of the plant microbiome 

which may be endophytic or external and stimulates growth in the host. PGP is 

also used herein as shorthand for plant growth promotion. 

Quorum sensing – The excretion of a signaling molecule by all individuals of a bacterial 

population which allows each individual to sense the density of the population. 

Higher concentrations of the signal therefore bring about responses by the entire 

population unanimously. 

Siderophore – Low molecular weight organic chelators which have a very high binding 

specificity for Fe(III) ions, however the binding of other metal ions has also been 

identified. 

Symbiotic – Relationship in which the organisms involved are intimately associated, e.g. 

one living within the other. 

Rhizosphere – Soil which surrounds the surface of a root and is exposed to the 

compounds which it extrudes.  

Vermiculite – A naturally occurring mineral with insulating properties. 

Virulence – The relative capacity of a pathogen to cause disease. 
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Vita 

As a former field hand on an organic farm, my interests in botany have remained 

closely tied to the development of practices which can reduce our effect on the natural 

world. I’ve seen high yield and the proliferation of a variety of crops without the use of 

agricultural chemicals, this is already a reality for many farms using only organic sources 

of nutrient addition and pest management. The further development of inoculation could 

do a great deal of good, both for smaller scale and industrial scale agriculture. 
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