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The rhizosphere is the active zone where plant roots communicate with the soil microbiome, each re-
sponding to the other’s signals. The soil microbiome within the rhizosphere that is beneficial to plant 
growth and productivity is known as plant growth-promoting rhizobacteria (PGPR). PGPR take part 
in many pivotal plant processes, including plant growth, development, immunity, and productivity, 
by influencing acquisition and utilization of nutrient molecules, regulation of phytohormone biosyn-
thesis, signaling, and response, and resistance to biotic- and abiotic-stresses. PGPR also produce secon-
dary compounds and volatile organic compounds (VOCs) that elicit plant growth. Moreover, plant 
roots exude attractants that cause PGPR to aggregate in the rhizosphere zone for colonization, improv-
ing soil properties and protecting plants against pathogenic factors. The interactions between PGPR 
and plant roots in rhizosphere are essential and interdependent. Many studies have reported that 
PGPR function in multiple ways under the same or diverse conditions, directly and indirectly. This 
review focuses on the roles and strategies of PGPR in enhancing nutrient acquisition by nutrient fix-
ation/solubilization/mineralization, inducing plant growth regulators/phytohormones, and promoting 
growth and development of root and shoot by affecting cell division, elongation, and differentiation. 
We also summarize the current knowledge of the effects of PGPR and the soil microbiota on plants.
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Introduction

Plant–microbe interactions occur in the rhizosphere and 

endosphere (Fig. 1). Endophytic bacteria are those that colo-

nize the internal tissues of plants without having negative 

effects on their host [99]. Endophytes often promote plant 

growth and development [29]. The rhizosphere is the active 

microbial region surrounding the root system and is influ-

enced by root exudates (Fig. 1) [47, 112]. The rhizosphere 

bacterial population is estimated to be 10 to 100 times higher 

than the bulk soil population [17]. Root exudates contain 

abundant ions, oxygen, water, and carbon-containing com-

pounds [72, 112]. Root exudates can serve as attractants or 

repellents that accumulate favorable microbes or protect 

plants from pathogens, according to the physiological con-

dition of the plant [5]. The various plant–microbiome inter-

actions in the rhizosphere affect plant growth and develop-

ment, influencing crop yields [18, 102]. Beneficial bacteria 

in the rhizosphere, termed plant growth-promoting rhizo-

bacteria (PGPR), enhance plant health, growth, and yield [64, 

107, 109].

PGPR affect plant growth and development via direct and 

indirect mechanisms (Fig. 1) [43, 48]. PGPR directly/in-

directly affect plant developmental and metabolic processes, 

not only by the bacteria themselves but also by the pro-

duction and secretion of various compounds, including phy-

tohormones, anti-oxidants, proline, antifreeze proteins, vola-

tile organic compounds (VOCs), antibiotics, and lytic 

enzymes. In direct mechanisms, the PGPR and their prod-

ucts improve the mobility and availability of nutrients for 

easy uptake by plants [76], regulating plant growth and 

development. Indirectly, PGPR products induce abiotic 

stress tolerance, change the properties of the soil environ-

ment by attracting a beneficial microbiome or repelling phy-

topathogens, and modify soil structure by solubilizing or se-

questering heavy metal elements [2, 76]. Table 1 lists recent 

studies of PGPR. In this review, we update the information 

on the important effects of PGPR for enhancing plant growth 

directly by facilitating resource acquisition and stimulating 

phytohormones.

- Review -
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Fig. 1. Direct and indirect mechanisms of the effects of PGPR on plants. PGPR inhabit the rhizosphere or are endophytes and 

affect cell growth, including cell proliferation, expansion, and differentiation, thereby modifying plant growth and fitness. 

Direct mechanisms increase the availability of essential nutrients and the production or release of phytohormones. The indirect 

mechanisms improve plant tolerance of abiotic or biotic stresses. VOCs can also promote PGPR hormone production directly. 

The solid arrows and boxes indicate direct mechanisms; the dashed arrows and boxes indicate indirect mechanisms of PGPR 

on host plants; and the dotted arrow shows the effect of VOCs on hormone-producing PGPR. A middle gray box at the 

bottom shows an example of the direct signals between rhizobacteria and plant roots.

PGPR and nutrient acquisition

Numerous factors affect plant growth, including external 

and internal cues. Nutrients are important factors that in-

duce plant growth and productivity and increase plant 

biomass. PGPR improve the mobility of nutrients in the soil 

and rhizosphere, which facilitates plant uptake. The follow-

ing paragraphs outline the mechanisms by which PGPR in-

crease the bioavailability of soil-borne nutrients.

Biological nitrogen fixation

Nitrogen (N) is an essential constituent of proteins and 

nucleic acids [104] and is the most important plant nutrient. 

More than 78% of all N is present in gaseous form. PGPR 

can reduce N2 in the atmosphere to ammonia (NH3), a usable 

organic form, through biological nitrogen fixation (BNF) via 

nitrogenase [63]. At mild temperatures, PGPR induce BNF 

[96]. There are two main groups of BNF bacteria: symbiotic 

(endophytic) (Rhizobium, Bradyrhizobium, Sinorhizobium, 

Mesorhizobium, and Frankia) [117], and non-symbiotic 

(free-living) (Azoarcus, Azotobacter, Acetobacter, Azospirillum, 

Burkholderia, Cyanobacteria, Enterobacter, Gluconacetobacter, 

and Pseudomonas) BNF bacteria [19]. The symbiotic BNF bac-

teria are responsible for more than 80% of global BNF, and 

the remaining 20% is supplied by non-symbiotic free-living 

BNF bacteria [32].

Bio-available phosphorous for plant uptake

Phosphorus (P) plays a key role in energy transfer, photo-

synthesis, macromolecule biosynthesis, and vital metabolic 

processes in plant growth [9, 51]. P is present in both organic 

and inorganic forms [61]. However, the mobility of P is af-

fected by the soil structure and soil quality, and the amount 

of usable P in soil is low. PGPR can solubilize and activate 
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the P from soil. Phosphate-solubilizing bacteria (PSB) can 

convert phosphate from many unavailable forms, such as 

rock phosphate and mono-calcium or di-calcium phosphate, 

into available forms by producing enzymes and acids [25, 

88]. PGPR involved in the solubilization and mineralization 

of P including Arthrobacter, Bacillus, Burkholderia, Enterobacter, 

Erwinia, Flavobacterium, Microbacterium, Pseudomonas, and 

Rhizobium (Table 1). Recent studies have shown that the per-

formance of PSB is affected by external factors, particularly 

stress conditions [4, 65].

Potassium solubilization

Potassium (K) is important for photosynthesis, enzyme 

activation, and protein synthesis. K deficiency causes poor 

root structure, represses growth, and lowers productivity. 

Soluble K is present in soil in low concentrations and more 

than 90% of K is in inactive forms such as silicate minerals 

and rocks [39, 90]. Bacillus mucilaginosus, Bacillus edaphicus, 

Burkholderia sp., Acidithiobacillus ferrooxidans, Pseudomonas sp., 

and Paenibacillus sp. are PGPR that release soluble K from 

K-bearing soil (Table 1) [69]. The application of PGPR as 

K bio-fertilizer to reduce the use of chemical fertilizers and 

support eco-sustainable agriculture has been reported [100].

Iron chelate produced by siderophores

Iron (Fe) is an essential protein co-factor involved in vital 

metabolic processes such as photosynthesis and respiration 

[30, 89]. Fe is mainly present as ferric ions (Fe3+), which liv-

ing organisms cannot absorb [8]. Fortunately, some rhizo-

sphere bacteria increase the solubility of iron by producing 

siderophores, a ferric-iron-specific chelating agent [41, 114]. 

Representative PGPR that produce siderophores include 

Pseudomonas, Azotobacter, Bacillus, Enterobacter, Serratia, Azo-

spirillum, and Rhizobium. The siderophore complex reduces 

ferric ions (Fe3+) into ferrous ions (Fe2+), which easily enter 

cells (Table 1) [95]. These siderophores also form complexes 

with other metals such as molybdenum, manganese, cobalt, 

and nickel, increasing their availability to plants and other 

microorganisms.

Zinc solubilization

In plants, zinc (Zn) deficiency affects membrane integrity, 

protection against abiotic stress, and the synthesis of chlor-

ophyll, carbohydrates, auxins, and nucleotides [56, 106]. The 

majority of Zn in soil is in insoluble sphalerite form (ZnS) 

or in various mineral ores; a minority is in soluble form, 

and plants can acquire divalent zinc. Communication among 

PGPR is involved in the solubilization and activation of Zn 

through soil acidification, proton and siderophore pro-

duction, and oxidoreductive systems, which increase the 

ability of plants to absorb Zn [44]. Zn-solubilizing PGPR in-

clude Pseudomonas aeruginosa, Bacillus aryabhattai, Gluconace-

tobacter diazotrophicus, Pseudomonas striata, Pseudomonas fluo-

rescence, Burkholderia cenocepacia, Serratia liquefaciens, Serratia 

marcescens, and Bacillus thuringiensis (Table 1). Inoculation 

with these Zn-solubilizing bacteria increased the Zn content 

of straw and grains, promoting growth and increasing yield 

in soybean, rice, maize, and wheat (Table 1) [1].

PGPR produce phytohormones

Plants synthesize phytohormones to regulate their devel-

opmental and physiological processes and to recognize in-

ternal and external environmental changes as signals and 

ligands.  There are 11 classes of phytohormones: auxins, ab-

scisic acid (ABA), cytokinins (CKs), gibberellins (GAs), ethyl-

ene, brassinosteroids, jasmonates (JA), nitric oxides, poly-

amines, salicylic acids, and strigolactones [12, 20]. Many 

studies of genetic mutants of Arabidopsis have recognized 

the interactions between plants and particular phytohormones. 

The beneficial microbiota stimulates the biosynthesis of phy-

tohormones, which promotes plant growth and nutrient 

acquisition. The interactions of plants with symbiotic or 

non-symbiotic bacteria influence plant growth, develop-

ment, health, and yield by producing and secreting various 

metabolically active compounds [11, 38]. Not surprisingly, 

microbial regulators, which are very similar to phyto-

hormones, affect plants. These microbial phytohormones 

have similar effects on the supply of exogenous phyto-

hormones. The PGPR genera Arthrobacter, Bradyrhizobium, 

Mesorhizobium, Bacillus, Rhizobium, Rhanella, Pantoea, Pseudo-

monas, Herbaspirillum, Enterobacter, Brevundimonas, and Bur-

kholderia can produce phytohormones (Table 1), which af-

fects cell division and differentiation and the root structure, 

ultimately altering plant growth and development (Fig. 1) 

[11, 38].

Auxin

Auxins are important hormones that contribute to the 

overall architecture of the plant from the cellular to the in-

dividual plant level. Auxins participate in polar signaling 

in the elongation of sub-apical meristem cells, organ for-
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Table 1. Recent studies on the interaction of plant-PGPR and plant-growth promoting effects

Category Function PGPR Plant Ref.

Nutrient
acquisition

Nitrogen

- Enhance root nodule and nitrogen uptake Bradyrhizobium Soybean [7]

- Enhance total N in shoot and nodule Bradyrhizobium japonicum 
(CIAT88, CIAT89, CIAT104 and 
CIAT105)

Soybean [111]

- Enhance N content and total yield Burkholderia vietnamiensis MGK3 Rice [46]

- Enhance N uptake and total biomass Herbaspirillum seropedicae Z67 Rice [53]

Phosphate

- Produce hydrogen cyanide 
- Release exopolysaccharide compounds
- Enhance N and P content and grain yield

Azotobacter chroococcum
Pseudomonas striata
Glomus fasciculatum

Wheat [119]

- Produce NH3 
- Enhance salinity tolerance
- Promote pharmaceutical content

Pseudomonas florescence CL12 Turmeric [66]

- Produce hydrogen cyanide 
- Release exopolysaccharide compounds
- Increase N and P content and seed yield 

and protein

Pseudomonas aeruginosa PS1 Mung bean [3]

- Produce siderophore 
- Enhance root and shoot elongation
- Enhance toxic heavy metal tolerance

Pseudomonas sp. NBRI 4014 Soybean

 

[49]

- Active the detoxification process 
(induction of element P, K, S, Ca)

- Enhance toxic heavy metal tolerance
- Enhance biomass and grain yield

Azospirillium lipoferum 137
Arthobacter mysorens 7
Agrobacterium radiobacter 10 
Flavobacterium sp. L30

Barley [16]

- Produce Enzymes (phosphatase and 
phytase)

- Enhance total organic P and K content

Bacillus amyloliquefaciens
Bacillus flexus
Bacillus licheniformis
Bacillus methylotrophicus
Bacillus pumilus
Bacillus subtilis
Bacillus tequilensis
Brevibacillus formosus

Wheat, 
Rice, 

Banana, 
Maize, 

Sorghum

[13]

- Promote potassium solubilization
- Enhance total organic P, K content
- Inhibit pathogenic microorganisms

Paenibacillus kribensis CX-7 Wheat [122]

Potassium

- Promote nutrient uptake
- Enhance total N-P-K content in seedling, 

plant dry weight

Agrobacterium tumefaciens
Burkholderia cepacia
Enterobacter asburiae
Enterobacter aerogenes
Enterobacter cloacae
Klebsiella variicola
Microbacterium foliorum
Myroides odoratimimus
Pantoea agglomerans

Tobacco [123]

Iron

- Produce hydrogen cyanide 
- Release exopolysaccharide compounds
- Enhance grain yield

Azotobacter chroococcum
Glomus fasciculatum
Pseudomonas striata

Wheat [119]

- Enhance salinity tolerance
- Promote pharmaceutical content.

Pseudomonas florescence CL12 Turmeric [66]

- Produce hydrogen cyanide 
- Release exopolysaccharide compounds
- Increase Zn, chlorophyll, leghemoglobin 

content, seed yield, and seed protein

Pseudomonas aeruginosa PS1 Mung
bean

[3]

Zinc

- Promote P solubilization, 
- Produce siderophore 
- Enhance ACC-deaminase activity
- Improve grain yield 

Bacillus thuringiensis
Serratia liquefaciens
Serratia marcescens

Wheat [1]
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Table 1. Continued

Category Function PGPR Plant Ref.

Phytohormone 
production

Auxin

- Promote root morphogenesis Aeromonas punctate PNS-1
Arabidopsis 

thaliana
[52]

- Dehydrogenase activity
- Enhance Fluorescein diacetate hydrolysis
- Enhance Plant growth and yield

Alcaligenes sp. WRB10
Anabaena oscillarioides WRC3
Anabaena torulosa WRC4
Providencia sp. WRB4
Triticum aestivum variety PBW343

Wheat [74]

- Enhance salinity tolerance
- Promote pharmaceutical content

Pseudomonas florescence CL12 Turmeric [66]

CK

- Increase shoot and root weight Bacillus sp.739
Bacillus subtilis IB-15
Bacillus subtilis IB-22

Lecture [10]

- Promote antioxidant biosynthesis
- Delay leaf senescence
- Enhance tolerance to severe drought stress

Sinorhizbium meliloti Alfalfa [115]

GA

- Up regulate GA4 and SA production
- Enhance chlorophyll content under 

osmotic and salinity stress

Acinetobacter calcoacetius SE370
Burkholderia cepacia SE4
Promicromonospora sp. SE188

Cucumber [59]

- Regulate 3β‐hydroxylated GAs production
- Enhance endogenous GA synthesis

Bacillus pumilus
Bacillus licheniformis

Alder [50]

- Enhance endogenous salicylic acid Bacillus amyloliquefaciens RWL-1 Rice [101]

- Up regulate GAs and ABA production
- Enhance salinity tolerance

Azospirillum lipoferum USA 59b Maize [27]

Abscisic
acid

- Down regulate the ABA production
- Enhance chlorophyll content under 

osmotic and salinity stress

Acinetobacter calcoacetius SE370
Burkholderia cepacia SE4
Promicromonospora sp. SE188

Cucumber [59]

- Enhance proline level and photosynthesis 
under drought condition

Azospirillum brasilense Sp245 Arabidopsis 
thaliana

[28]

- Decrease endogenous ABA and JA
- Enhance endogenous salicylic acid

Bacillus amyloliquefaciens RWL-1 Rice [101]

Ethylene

- Produce ACC deaminase 
- Promote root morphogenesis

Aeromonas punctate PNS-1 Arabidopsis 
thaliana

[52]

- Metabolize ACC by ACC deaminase
- Decrease ACC level in rosette leaves

Variovorax paradoxus 5C-2 Arabidopsis 
thaliana

[68]

Promotion of 
cell growth

Root

- Produce acetoin and volatiles compounds Bacillus megaterium UMCV1
Bean, 

Arabidopsis
thaliana

[71]

- Regulate expression of auxin and 
ethylene signaling related genes

Burkholderia phytofirmans PsJN
Arabidopsis 

thaliana
[94]

- Local ethylene emission activation Phyllobacterium brassicaearum 
STM196

Arabidopsis 
thaliana

[40]

- Enhance auxin regulated gene expression Pseudomonas fluorescens WCS417
Arabidopsis 

thaliana
[120]

- Produce substrate lumichrome
- Increase number of nodules

Mesorhizobium loti Lotus [45]

Shoot
(Leaves
& Stem)

- Up regulate 3β‐hydroxylated GAs 
Bacillus licheniformis 
Bacillus pumilus

Alder [50]

- Release lipo-chitooligosaccharide
- Release lumichrome

Bradyhizobium japonicum Maize, 
Soybean

[62]

- Release lumichrome Sinorhizobium melioti
Maize, 

Sorghum
[77]

- Up regulate GAs and ABA Azospirillum lipoferum USA 59b Maize [27]

- Produce lumichrome Sinorhizobium melioti
Soybean, 
Cowpea

[77]

Yield

- Promote solubilization
- Produce siderophore
- Enhance ACC-deaminase activity

Bacillus thuringiensis
Serratia liquefaciens
Serratia marcescens

Wheat [1]

- Release lumichrome Glomus intraradices/Glomus mossea Tomato [45]

- Release rhizobacterial VOCs
- Regulate auxin homeostasis

Bacillus sbutilis GB03
Arabidopsis 

thaliana
[121]
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mation, shoot elongation, and root development via photo-

tropism and gravitropism. Auxin signaling and plant bio-

synthesis are tightly regulated [33, 37]. The most essential 

auxin is indole-3-acetic acid (IAA), which has major effects 

in intact plants and is the most potent native auxin [67, 105, 

110]. IAA is biosynthesized by both PGPR and pathogenic 

bacteria [37, 54, 91]. IAA-producing bacteria have the poten-

tial to interfere with plant auxin homeostasis. Whether bacte-

rial IAA promotes or inhibits plant growth depends on the 

plant endogenous IAA level and amount of bacterial IAA 

produced [75, 91]. Some reports describe the negative effects 

of bacterial IAA, such as reduced root motility, debilitation 

of the plant defense system by loosening the plant cell wall 

and altering the hypersensitive response, and promoting 

pathogen colonization [83, 91]. However, most research has 

found that auxin-producing bacteria positively affect im-

portant steps in plant growth and development. Rhizobac-

teria producing IAA promote plant growth when bacterial 

IAA is within an ideal concentration range. IAA-producing 

bacteria, such as Agrobacterium, Bradyrhizobium, Enterobacter, 

Klebsiella, Pseudomonas, and Rhizobium, promote root elonga-

tion and lateral root formation in canola, Medicago, and 

wheat in host specific- and dose-dependent manners as 

PGPR (Table 1) [91, 104]. PGPR producing IAA also promote 

root hair formation, resulting in root system development, 

improved water and nutrient acquisition, and root anchoring 

in the soil as well as increased plant biomass. Some research 

shows that auxin-producing PGPR can directly stabilize the 

auxin level of host plants by supplying auxin in root nodules 

[41]. Most auxin-producing rhizobial knock-out mutants are 

still involved in plant growth and development, suggesting 

the existence of other mechanisms that act in combination 

with IAA biosynthesis, such as 1-aminocyclopropane-1-car-

boxylate (ACC) deaminase, phosphate solubilization, or di-

nitrogen fixation, on biomass [35]. ACC deaminase pro-

duction by PGPR represses the inhibition of root growth by 

converting ACC into ammonia and alpha-ketobutyrate [35]. 

Bacterial IAA induces the activation of key enzymes in the 

tricarboxylic acid cycle, which enhances nitrogen fixation in 

plant nodules and increases plant biomass [124]. IAA is also 

a reciprocal signaling molecule that sustains symbiotic rela-

tionships that have co-evolved between plants and bacteria. 

Despite the characterization of IAA synthesis pathways from 

isolated IAA-producing bacteria, the details of the inter-

actions between plants and PGPR are still unclear. Neverthe-

less, the co-cultivation of plants and IAA-producing bacteria 

should improve biofertilization, phytostimulation, and bio-

control to reduce the use of chemical fertilizers and 

herbicides.

Cytokinin 

Cytokinin (CK) is also an important hormone that is in-

volved in developmental processes throughout plant life, in-

cluding meristematic cell division and differentiation, organ 

formation, root hair induction, and leaf expansion and sen-

escence delay in plants [24, 33]. CK is also involved in chlor-

oplast and xylem differentiation, apical dominance, bloom-

ing and fruiting, nutrient signals, and plant–pathogenic 

bacteria interactions [98]. CK produced by Bacillus subtilis 

accumulates in plants, resulting in increased plant growth 

and weight (Table 1) [10]. Several CK-producing bacteria 

have been shown to improve the drought tolerance of alfalfa 

and enhance rhizobacterial colonization in the rhizosphere 

[115]. The increased CK concentration under abiotic stress 

is linked to a stay-green phenotype and improved grain fill-

ing and antioxidant production (Table 1) [22, 80, 108].

Gibberellin

Gibberellins (GA), which are synthesized from diterpe-

noid acids via the terpenoid pathway, stimulate stem elonga-

tion [36, 118] and promote chlorophyll biogenesis and the 

photosynthetic rate of plants [60, 116]. GA production has 

been detected in both fungi and bacteria [23]. The fungus 

Gibberella fujikuroi GA pathway is distinct from the host plant 

pathway [21]. GA have been also detected in Achromobacter 

xylosoxidans, Acinetobacter calcoaceticus, Azotobacter spp., Azo-

spirillum spp., Bacillus spp., Gluconobacter diazotrophicus, Her-

baspirillum seropedicae, and Bradyrhizobium and Rhizobium 

strains (Table 1) [34]. Some nitrogen-fixing bacteria, includ-

ing a soybean symbiont (Bradyrhizobium japonicum) and a 

broad-host-nodulating species (Sinorhizobium fredii), contain 

a putative GA biosynthetic operon/gene cluster necessary 

to produce GA9 [85], suggesting that a GA biosynthetic path-

way evolved independently in bacteria (Table 1). Under 

abiotic stress, especially osmotic stress in plants, the pres-

ence of GA can promote antioxidant enzyme production by 

reducing the level of reactive oxygen species, thereby im-

proving the plant host fitness [73].

Abscisic acid

Abscisic acid (ABA) is biosynthesized in plants by an in-

direct pathway in which ABA is converted from the car-
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otenoid lycopene enzymatically [82]. ABA plays roles in 

abiotic stress protection (salinity, drought, and metal tox-

icity), bud dormancy, fruit ripening, stomata opening and 

closing, suppression of seed germination, and inhibition of 

root elongation [33, 103]. Based on many in vitro studies, 

it was proposed that PGPR produce ABA [26], including 

Azospirillum brasilense and Bradyrhizobium japonicum. Azospir-

illum brasilense grown on defined media produced ABA. In 

vitro, the ABA concentration doubled in plant tissues when 

Arabidopsis seedlings were treated with Azospirillum brasi-

lense suspension, indicating that PGPR promote plant ABA 

levels (Table 1) [26]. A similar result was reported when 

aseptic maize seedlings were inoculated with Azospirillum 

lipoferum USA59b, which may help to alleviate water stress 

in plants [27].

Ethylene 

Ethylene or ripening hormone plays an important role in 

physiological processes, including stimulation of fruit ripen-

ing, cell expansion, seed germination, and senescence [33]. 

Ethylene represses primary root elongation and lateral root 

formation [84, 92]. Recent research focused on the effect of 

rhizobacteria on plant ethylene levels via ACC deaminase 

[42, 78, 81], which is found in 34 bacterial genera, and 

Azospirillum brasilense Sp245 was one of the best-known 

PGPR [15]. This enzyme is a key factor in PGPR activity 

to stimulate root elongation via a reduction in endogenous 

ethylene.

PGPR affect plant growth and development

Through direct (such as the production of phytohormones 

and facilitation of soil nutrient acquisition) and indirect 

(such as competition with pathogens and improvement of 

soil properties) mechanisms, PGPR affect host plant growth 

and development, from the molecular level to crop yield. 

Because PGPR inhabit the rhizosphere, many studies have 

focused on the effects of PGPR on root systems. Of the vari-

ous hormones produced by PGPR, auxins influence root ar-

chitecture [113] and development [55] by altering cell divi-

sion and differentiation. Auxin-producing PGPR evoked 

transcriptional changes in root elongation induction and cell 

wall-related genes and increased root biomass and stomata 

size, while reducing stomata density [70].

PGPR affect both cell division at the root meristem and 

the sites of lateral root formation in cell division and differ-

entiation. Inoculating Arabidopsis seedlings with PGPR, 

such as Bacillus megaterium UMCV1 or Pseudomonas simiae 

WCS417, altered maintenance of the root stem cell niche and 

the transition from cell proliferation to cell differentiation 

(Table 1) [71, 120]. Pseudomonas simiae increases cell division 

in the root meristematic zone [120], whereas Bacillus mega-

terium decreases cell division [71]. However, inoculation 

with these bacteria caused a decrease in primary root length, 

due to decreased cell elongation in the elongation zone by 

40% and 50%, respectively [71, 120]. PGPR also affect the 

formation of root hairs, which emerge closer to the root tip. 

The changes in root development caused by PGPR result 

from modification of the plant hormone response. Pseudomo-

nas simiae WCS417 induced increased meristematic cell divi-

sion and lateral root numbers, suggesting increased aux-

in-responsive gene expression. By contrast, Bacillus mega-

terium UMCV1 induced decreased meristematic cell division 

(Table 1) [71, 120]. The cellular and genetic effects of PGPR 

on the root system accompany changes in the endogenous 

phytohormone response. Inoculating plants with IAA-pro-

ducing rhizobacteria strains induced growth in root length 

and leaves under saline conditions [6]. Bacillus subtilis GB03, 

which produces IAA, initiated growth by modifying auxin 

homeostasis and cell-wall-loosening enzymes [97, 121].

Bacteria, including PGPR, produce and secret quorum- 

sensing molecules, which are involved in cell-to-cell commu-

nication to monitor cell density and the composition of the 

microbial community in the extracellular environment by 

adjusting their gene expression and physiological processes 

[113]. Quorum sensing negatively regulates IAA production 

in bacteria. A few strains of Azospirillum lipoferum produce 

quorum-sensing N-acyl-homoserine lactone (AHL) mole-

cules that reduce IAA production via AHL inactivation [113]. 

AHL alters root development in Arabidopsis by inhibiting 

primary root growth, altering lateral root formation, and 

causing the proliferation of root hairs, thereby increasing the 

absorptive surface [86, 87]. Depending on the concentration 

and length of AHLs, AHL-producing rhizobacteria induce 

distinct changes in root systems. For example, high AHL 

concentrations promote lateral root development and inhibit 

primary root growth, perhaps by altering cytokinin signaling 

rather than the auxin response [86]. Conversely, at low con-

centrations, short-chain AHLs promote primary root elonga-

tion by inducing increased numbers of meristematic cells 

and increasing cell size in the elongation zone [124]. 

Similarly, VOCs produced by PGPR affected the growth of 
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Arabidopsis thaliana [121] and Lactuca sativa [79] by up-regu-

lating the expression of auxin synthesis genes, modifying 

the cell well by promoting the expression of expansion genes 

(EXP1, EXP6, and EXPA5), and regulating auxin homeo-

stasis (Table 1). PGPR are also reported to affect other plant 

parts, such as leaves and stems. Tomato plants inoculated 

with the PGPR Promicromonospora sp. SE188 had longer 

shoots and greater biomass, exhibiting GA-production and 

phosphate-solubilization activities [57]. GA-deficient mutant 

soybean plants had increased total weight, plant height, and 

chlorophyll content when inoculated with GA-producing 

Pseudomonas putida H-2-3 [58]. The PGPR Burkholderia phyto-

firmans PsJN enhanced primary root growth, root hair devel-

opment and growth, and aerial growth, including increasing 

the size of leaf epidermal cells [93]. The secondary metabo-

lites and VOCs produced by PGPR can improve plant 

growth and development. PGPR-produced VOCs accelerate 

increased shoot length and biomass [14], shorten leaf emer-

gence, or increase leaf size via lumichrome and riboflavin 

[31]. Many studies have reported that PGPR exudates, VOCs, 

secondary metabolites, and phytohormones influence root 

permeation and the transport of nutrients to the shoot, and 

promote cell division and expansion, ultimately resulting in 

increased plant growth. Although further studies of the 

physiological, molecular, and genetic interactions between 

plants and PGPR are required, the appropriate coordination 

of crop species and PGPR should provide renewable meth-

ods to enhance crop yield.

Conclusion

Plants have evolved reciprocally beneficial interactions in 

the rhizosphere with various rhizobacteria and have used 

them to recognize and adapt to changes in the external 

environment. This review summarized the effects of PGPR 

in promoting various characteristics of plant growth via di-

rect mechanisms. PGPR help to increase the availability of 

essential nutrients by mobilizing, solubilizing, or producing 

siderophore compounds, thereby promoting plant growth. 

Phytohormones produced or released by PGPR play dual 

roles: modifying the physiological processes of the host and 

protecting plant processes under biotic or abiotic stresses. 

Rhizobacteria-produced exudates, including secondary me-

tabolites, VOCs, and quorum-sensing molecules, can modify 

the physical, chemical, and biological properties of the rhizo-

sphere environment. These modifications directly or in-

directly stimulate cell division and expansion, facilitate nu-

trient acquisition, and activate defenses against abiotic and 

biotic stresses. However, the details of the mechanisms of 

the effects of PGPR on plants at the cellular, genetic, and 

molecular levels remain poorly understood. It is important 

to investigate these effects of PGPR under controlled con-

ditions to reveal the precise mechanisms by which PGPR 

promote plant growth and increase crop yields. Ultimately, 

PGPR are a promising approach to replace chemical fertil-

izers, synthesized hormones, and chemical pesticides in 

agriculture.
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록：식물생장 진 근권미생물의 향에 한 연구 황  망

후인르티엔투1†․ 상은2†․김경태1,2*

(1동아대학교 대학원 응용생명과학과, 2동아대학교 분자유전공학과)

근권은 식물 뿌리와 토양 미생물이 서로의 신호를 주고 받으며 끊임없이 상호반응하는 역동적인 장소이다. 근

권 주위에서 식물의 생장과 생산성에 유익한 토양 미생물을 식물생장촉진근권미생물(Plant Growth Promoting 

Rhizobacteria, PGPR)이라 칭하며, 이 PGPR은 식물 전 생장기간동안 생물학적 및 비생물학적 스트레스에 대한 

저항성, 식물 호르몬 조절, 영양분의 흡수와 이용 등에 영향을 끼침으로써 식물의 생장과 발달, 면역, 생산력 등중

요한 생명 과정에 관여한다. 그리고, PGPR은 식물 생장을 유도하는 2차 대사산물이나 휘발성 유기 화합물을 생산

하고, 식물의 뿌리 역시 식물 유해한 인자 혹은 병원성 인자에 대항하여 자신을 보호하거나 토양 성질 개선을 

위해, PGPR을 유인하고 정착시키기 위한 물질을 생산, 분비한다. 그러므로, 식물과 PGPR 사이의 상호작용은 필

수적이면서도 상호의존적이다. 현재까지, PGPR에 대한 많은 연구는 직간접적 개념에 대하여 공통적 또는 다양한 

조건들에서 여러 방식으로 PGPR의 기능을 밝히는 방향으로 전개되어 왔다. 본 총설에서는 세포분열과 팽창, 분화

에 의한 식물의 생장과 발달의 촉진, 식물생장조절인자와 호르몬의 유도, 영양물질의 고정, 용해, 무기화를 촉진하

기 위한 PGPR의 역할과 전략을 소개하였다. 또한 PGPR와 토양 미생물군의 효과에 대한 현재까지의 연구 정보를 

요약하였다.

spheric soil and their effect on tobacco plants. Appl. Soil. 

Ecol. 82, 18-25.

124. Zhao, Q., Zhang, C., Jia, Z., Huang, Y., Li, H. and Song, 

 S. 2015. Involvement of calmodulin in regulation of primary 

root elongation by N-3-oxo-hexanoyl homoserine lactone 

in Arabidopsis thaliana. Front. Plant Sci. 5, 1-11.


