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Abstract Most plants co-exist with fungal and bacterial

endophytes. Generally, endophytes are beneficial

microorganisms that colonize the internal tissues of their

host plants. Plants derive several advantages from endo-

phytic colonization, such as the biocontrol of phy-

topathogens and growth-promoting factors. In this review,

we discuss the current knowledge of endophytic bacteria

and their potential as natural biocontrol agents for plants.
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Introduction

Plants have evolved complex mechanisms that mediate

defense responses and communication with their environ-

ment (Lee et al. 2015). Endophytes are plant-associated

microorganisms that live in plant tissues without causing

any detrimental effects to their hosts (Ryan et al. 2008;

Schulz and Boyle 2006). Due to the various benefits of

endophytes, the interest in endophytes has been growing in

recent years, and many results have been published.

Endophytes are known to enhance plant nitrogen fixation

or secrete plant hormone-like substances to promote

growth (Hurek and Reinhold-Hurek 2003; Iniguez et al.

2004; Sevilla et al. 2001), and also to produce versatile

secondary metabolites, which have medical and industrial

applications (Hardoim et al. 2015; Ryan et al. 2008). In

addition, plant disease control by endophytes is one of the

useful properties because endophytes can support sustain-

able agriculture and they do not cause environmental pol-

lution or harmful toxic effects unlike chemical pesticides.

Diversity and localization of endophytic bacteria

Approximately 300,000 plant species have one or more

endophytes (Strobel et al. 2004). Endophytic bacteria have

been observed inside plant tissues such as leaves, roots,

seeds, stems, fruits, ovules, and tubers (Benhizia et al.

2004; Hallmann et al. 1997; Sturz et al. 1997), and they are

commonly localized in intercellular spaces and xylem

vessels (Reinhold-Hurek and Hurek 1998; Sprent and

James 1995). The most extensively studied endophytes

occur in three major phyla: Firmicutes, Proteobacteria, and

Actinobacteria. Important endophytic genera include

members of Bacillus, Pseudomonas, Burkholderia, Azoar-

cus, Herbaspirillum, Gluconobacter, and Klebsiella (James

2000).

Rosenblueth and Martı́nez-Romero (2004) reported that

roots contain larger endophyte populations compared with

those of aerial tissues (Rosenblueth and Martı́nez-Romero

2004). The population sizes of endophytic and epiphytic

bacteria are highly variable and depend on the bacterial

species, inoculum density, environmental conditions, and

host genotype and developmental stage (Pillay and Nowak

1997; Tan et al. 2003). Hallmann et al. (1997) observed

that the development of an individual endophytic popula-

tion depended on the physiological status of the host plant.
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For example, diazotrophic endophytes of the Azoarcus

genus have been restored from nitrogen-deficient soil and

used to support the cultivation of salt-tolerant Kallar grass

in Pakistan (Reinhold-Hurek et al. 1993). Endophytic and

rhizospheric microbial populations are regulated by biotic

and abiotic conditions (Rosenblueth and Martı́nez-Romero

2006). However, endophytic bacteria are more protected

from biotic and abiotic stresses than rhizospheric bacteria

due to their residence in plant internal tissues (Rosenblueth

and Martı́nez-Romero 2006). There is still some debate

about whether the benefits derived from endophytic bac-

teria are more valuable for plants than those derived from

rhizobacteria and whether it is more advantageous for

bacteria to have an endophytic or rhizospheric lifestyle.

Further research on molecular mechanisms involved in

plant–microbe interactions will be needed to answer these

questions.

Biocontrol activity of endophytic bacteria

Endophytic bacteria inhabit plant internal tissues in a

similar niche as phytopathogens, and they may compete

with bacterial pathogens as biocontrol agents (Berg et al.

2005; Hallmann et al. 1997). Inoculation of plants with

beneficial endophytes can inhibit disease symptoms caused

by viral, insect, fungal, and bacterial pathogens (Berg and

Hallmann 2006; Kerry 2000; Ping and Boland 2004; Sturz

et al. 2000). The beneficial effects derived from endophytic

bacteria are similar to those from rhizosphere bacteria

(Ryan et al. 2008); however, it is anticipated that endo-

phytic bacteria are more suitable as biocontrol agents

because they sustainably transmit to the next generation.

The endophytic fungus Taxomyces andreanae synthesizes

the valuable compound taxol, which is a well-known

antitumor agent (Strobel et al. 1993). The Bt toxin syn-

thesized by B. thuringiensis is currently one of the most

effective, commercially available bioinsecticides (Jeong

et al. 2016). Streptomyces spp., Pseudomonas viridiflava,

Serratia marcescens, and Paenibacillus polymyxa are

endophytic bacteria that produce active metabolites with

antimicrobial and antifungal activities (Beck et al. 2003;

Castillo et al. 2002; Guan et al. 2005; Li et al. 2007; Miller

et al. 1998; Strobel et al. 1993, 2004). Moreover endo-

phytic bacteria with biocontrol activities have been isolated

from various plant species (Table 1). We recently reported

that the leaf-inhabiting endophytic KB strains isolated from

Arabidopsis suppressed phytopathogen-induced disease

symptoms (Hong et al. 2016a; Hong et al. 2015). The B.

thuringiensis KB1 strain displayed antagonistic activities

against Fusarium oxysporum and P. syringae pv. tomato

DC3000 in vitro and/or in planta (Hong et al. 2015). We

found that Rhodococcus sp. KB6 strain reduced symptoms

of black rot disease in sweet potato leaves caused by the

fungal pathogen Ceratocystis fimbriata (Hong et al.

2016b). These results support the hypothesis that endo-

phytic bacteria act as biocontrol agents in plants. Although

the biocontrol activity of endophytic bacteria has been

studied, the complex mechanisms and inter-species sig-

naling pathways involved in biocontrol activities have not

been elucidated (Rosenblueth and Martinez-Romero 2006).

Further research is required for the development of prac-

tical biocontrol agents using endophytic bacteria.

Endophytic bacterial genomes

Genomic analyses have identified beneficial traits related to

biocontrol activities in the genome sequences of several

endophytic bacterial species, including Azoarcus sp. BH72,

Azospirillum sp. B510, Bacillus subtilis BSn5, Burkholde-

ria phytofirmans PsJN, Enterobacter sp. 638, Gluconace-

tobacter diazotrophicus Pal5, Herbaspirillum seropedicae

SmR1, Klebsiella pneumoniae 342, Pseudomonas putida

W619, Pseudomonas stutzeri A1501, Serratia proteamac-

ulans 568, and Stenotrophomonas maltophilia R551-3

(Bertalan et al. 2009; Deng et al. 2011; Fouts et al. 2008;

Han et al. 2011; Kaneko et al. 2010; Krause et al. 2006;

Malfanova et al. 2013; Pedrosa et al. 2011; Taghavi et al.

2009; Taghavi et al. 2010; Weilharter et al. 2011; Yan et al.

2008). We recently published a draft genome sequence of

endophytic KB strains and predicted beneficial secondary

metabolites of B. thuringiensis KB1 and Rhodococcus sp.

KB6 (Hong et al. 2016a; Jeong et al. 2016). Genomic

analysis showed that most of these endophytes had gene

clusters that could synthesize metabolites that helped the

plant to absorb nitrogen or increase disease resistance.

Interestingly, in the case of KB1, the gene group generating

the toxin was deleted. In the future, further genome

sequencing analysis of endophytic bacteria will provide

deeper insights into their biochemical functions and the

interactions with plants.

Concluding remarks

Endophytic bacteria provide important benefits to plants,

such as directly and indirectly promoting plant growth

through nutrient acquisition and phytopathogen suppres-

sion. It is expected that control of plant diseases using

endophyte will be a great help to future agriculture in the

situation where environmental pollution and destruction

caused by agrochemicals are a big problem today. In this

review, we discussed the current state of knowledge

regarding endophytic bacteria as biocontrol agents for

plants. In recent years, the endophyte studies have been
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carried out deeply through the metagenomics in the model

plants, Arabidopsis, and these results have increased our

understanding of interactions between plants and endo-

phyte (Bai et al. 2015). However, we still do not know how

a plant accepts endophytes, how to keep them in the

internal side, and how to use them to fight pathogens. To

address this, we need to establish an understanding of the

interactions of environments, plants, endophytes, and

phytopathogens.
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R, Rondinelli E, von Krüger W, Martins O, Baldani JI, Ferreira

PCG (2009) Complete genome sequence of the sugarcane

nitrogen-fixing endophyte Gluconacetobacter diazotrophicus

Pal5. BMC Genom 10:1–17

Canova SP, Petta T, Reyes LF, Zucchi TD, Moraes LAB, Melo IS

(2010) Characterization of lipopeptides from Paenibacillus sp.

(IIRAC30) suppressing Rhizoctonia solani. World J Microbiol

Biotechnol 26:2241–2247

Table 1 List of reported endophytic bacteria showing biocontrol activities

Endophytic bacteria Host plants Target pathogens References

P. polymyxa GS01 Panax ginseng Rhizoctonia solani Cho et al. (2007)

Bacillus sp. GS07 Panax ginseng R. solani Cho et al. (2007)

Pseudomonas poae JA01 Panax ginseng R. solani Cho et al. (2007)

B. amyloliquefaciens

subsp. plantarum

Panax notoginseng Fusarium oxysporum, Ralstonia sp.,

Meloidogyne hapla

Ma et al. (2013)

B. methylotrophicus Panax notoginseng F. oxysporum, Ralstonia sp., M. hapla Ma et al. (2013)

B. subtilis Triticum aestivum L. Gaeumannomyces graminis var. tritici Liu et al. (2009)

B. licheniformis Platycodon grandiflorum Phytophthora capsici, F. oxysporum, R.

solani, Pythium ultimum

Asraful Islam et al. (2010)

B. pumilus Platycodon grandiflorum,

Codonopsis lanceolata

P. capsici, F. oxysporum, R. solani, P.

ultimum

Asraful Islam et al. (2010),

Kang et al. (2013)

Paenibacillus sp. Manihot esculenta R. solani Canova et al. (2010)

P. aeruginosa Piper nigrum L P. capsici Aravind et al. (2009)

P. putida Piper nigrum L P. capsici Aravind et al. (2009)

B. megaterium Piper nigrum L P. capsici Aravind et al. (2009)

B. thuringiensis KB1 A. thaliana F. oxysporum, P. syringae pv. tomato

DC3000

Hong et al. (2015)

Rhodococcus sp. KB6 A. thaliana Ceratocystis fimbriata, P. syringae pv.

tomato DC3000

Hong et al. (2016a)

P. polymyxa AC-1 Capsicum annuum P. capsici, C. fimbriata, P. syringae pv.

tomato DC3000

Hong et al. (2016b)

Plant Biotechnol Rep (2016) 10:353–357 355

123



Castillo UF, Strobel GA, Ford EJ, Hess WM, Porter H, Jensen JB,

Albert H, Robison R, Condron MAM, Teplow DB, Stevens D,

Yaver D (2002) Munumbicins, wide-spectrum antibiotics pro-

duced by Streptomyces NRRL 30562, endophytic on Kennedia

nigriscansa. Microbiology 148:2675–2685

Cho KM, Hong SY, Lee SM, Kim YH, Kahng GG, Lim YP, Kim H,

Yun HD (2007) Endophytic bacterial communities in ginseng

and their antifungal activity against pathogens. Microb Ecol

54:341–351

Deng Y, Zhu Y, Wang P, Zhu L, Zheng J, Li R, Ruan L, Peng D, Sun

M (2011) Complete genome sequence of Bacillus subtilis BSn5,

an endophytic bacterium of Amorphophallus konjac with

antimicrobial activity for the plant pathogen Erwinia carotovora

subsp. carotovora. J Bacteriol 193:2070–2071

Fouts DE, Tyler HL, DeBoy RT, Daugherty S, Ren Q, Badger JH,

Durkin AS, Huot H, Shrivastava S, Kothari S, Dodson RJ,

Mohamoud Y, Khouri H, Roesch LFW, Krogfelt KA, Struve C,

Triplett EW, Methé BA (2008) Complete genome sequence of

the N2-fixing broad host range endophyte Klebsiella pneumoniae

342 and virulence predictions verified in mice. PLoS Genet

4:e1000141

Guan S-H, Sattler I, Lin W-H, Guo D-A, Grabley S (2005)

p-Aminoacetophenonic acids produced by a mangrove endo-

phyte: Streptomyces griseus subsp. J Nat Prod 68:1198–1200

Hallmann J, Quadt-Hallmann A, Mahaffee WF, Kloepper JW (1997)

Bacterial endophytes in agricultural crops. Can J Microbiol

43:895–914

Han JI, Choi HK, Lee SW, Orwin PM, Kim J, Laroe SL, Kim TG,

O’Neil J, Leadbetter JR, Lee SY, Hur CG, Spain JC, Ovchin-

nikova G, Goodwin L, Han C (2011) Complete genome

sequence of the metabolically versatile plant growth-promoting

endophyte Variovorax paradoxus S110. J Bacteriol

193:1183–1190

Hardoim PR, van Overbeek LS, Berg G, Pirttila AM, Compant S,

Campisano A, Doring M, Sessitsch A (2015) The hidden world

within plants: ecological and evolutionary considerations for

defining functioning of microbial endophytes. Microbiol Mol

Biol Rev 79:293–320

Hong CE, Jo SH, Moon JY, Lee J-S, Kwon S-Y, Park JM (2015)

Isolation of novel leaf-inhabiting endophytic bacteria in Ara-

bidopsis thaliana and their antagonistic effects on phy-

tophathogens. Plant Biotechnol Rep 9:451–458

Hong CE, Jeong H, Jo SH, Jeong JC, Kwon SY, An D, Park JM

(2016a) A leaf-inhabiting endophytic bacterium, Rhodococcus

sp. KB6, enhances sweet potato resistance to black rot disease

caused by Ceratocystis fimbriata. J Microbiol Biotechnol

26:488–492

Hong CE, Kwon SY, Park JM (2016b) Biocontrol activity of

Paenibacillus polymyxa AC-1 against Pseudomonas syringae

and its interaction with Arabidopsis thaliana. Microbiol Res

185:13–21

Hurek T, Reinhold-Hurek B (2003) Azoarcus sp. strain BH72 as a

model for nitrogen-fixing grass endophytes. J Biotechnol

106:169–178

Iniguez AL, Dong Y, Triplett EW (2004) Nitrogen fixation in wheat

provided by Klebsiella pneumoniae 342. Mol Plant Microbe

Interact 17:1078–1085

James EK (2000) Nitrogen fixation in endophytic and associative

symbiosis. Field Crops Res 65:197–209

Jeong H, Jo SH, Hong CE, Park JM (2016) Genome sequence of the

endophytic bacterium Bacillus thuringiensis strain KB1, a

potential biocontrol agent against phytopathogens. Genome

Announc 4(2):e00279–16

Kaneko T, Minamisawa K, Isawa T, Nakatsukasa H, Mitsui H,

Kawaharada Y, Nakamura Y, Watanabe A, Kawashima K, Ono

A, Shimizu Y, Takahashi C, Minami C, Fujishiro T, Kohara M,

Katoh M, Nakazaki N, Nakayama S, Yamada M, Tabata S, Sato

S (2010) Complete genomic structure of the cultivated rice

endophyte Azospirillum sp. B510. DNA Res 17:37–50

Kang YM, Lee CK, Cho KM (2013) Diversity and antimicrobial

activity of isolated endophytic bacteria from Deodeok

(Codonopsis lanceolata) of different locatioins and ages. Afr J

Microbiol Res 7:1015–1028

Kerry BR (2000) Rhizosphere interactions and the exploitation of

microbial agents for the biological control of plant-parasitic

nematodes. Annu Rev Phytopathol 38:423–441

Krause A, Ramakumar A, Bartels D, Battistoni F, Bekel T, Boch J,

Bohm M, Friedrich F, Hurek T, Krause L, Linke B, McHardy

AC, Sarkar A, Schneiker S, Syed AA, Thauer R, Vorholter

F-J, Weidner S, Puhler A, Reinhold-Hurek B, Kaiser O,

Goesmann A (2006) Complete genome of the mutualistic, N2-

fixing grass endophyte Azoarcus sp. strain BH72. Nat

Biotechnol 24:1–7

Lee SM, Chung J-H, Ryu C-M (2015) Augmenting plant immune

responses and biological control by microbial determinants. Res

Plant Dis 21:161–179

Li J, Beatty PK, Shah S, Jensen SE (2007) Use of PCR-targeted

mutagenesis to disrupt production of fusaricidin-type antifungal

antibiotics in Paenibacillus polymyxa. Appl Environ Microbiol

73:3480–3489

Liu B, Qiao H, Huang L, Buchenauer H, Han Q, Kang Z, Gong Y

(2009) Biological control of take-all in wheat by endophytic

Bacillus subtilis E1R-j and potential mode of action. Biol

Control 49:277–285

Ma L, Cao YH, Cheng MH, Huang Y, Mo MH, Wang Y, Yang JZ,

Yang FX (2013) Phylogenetic diversity of bacterial endophytes

of Panax notoginseng with antagonistic characteristics towards

pathogens of root-rot disease complex. Antonie Van Leeuwen-

hoek 103:299–312

Malfanova N, Kamilova F, Validov S, Chebotar V, Lugtenberg B

(2013) Is l-arabinose important for the endophytic lifestyle of

Pseudomonas spp.? Arch Microbiol 195:9–17

Miller CM, Miller RV, Garton-Kenny D, Redgrave B, Sears J,

Condron MM, Teplow DB, Strobel GA (1998) Ecomycins,

unique antimycotics from Pseudomonas viridiflava. J Appl

Microbiol 84:937–944

Pedrosa FO, Monteiro RA, Wassem R, Cruz LM, Ayub RA, Colauto

NB, Fernandez MA, Fungaro MHP, Grisard EC, Hungria M,

Madeira HMF, Nodari RO, Osaku CA, Petzl-Erler ML, Terenzi

H, Vieira LGE, Steffens MBR, Weiss VA, Pereira LFP,

Almeida MIM, Alves LR, Marin A, Araujo LM, Balsanelli E,

Baura VA, Chubatsu LS, Faoro H, Favetti A, Friedermann G,

Glienke C, Karp S, Kava-Cordeiro V, Raittz RT, Ramos HJO,

Ribeiro EMSF, Rigo LU, Rocha SN, Schwab S, Silva AG,

Souza EM, Tadra-Sfeir MZ, Torres RA, Dabul ANG, Soares

MAM, Gasques LS, Gimenes CCT, Valle JS, Ciferri RR,

Correa LC, Murace NK, Pamphile JA, Patussi EV, Prioli AJ,

Prioli SMA, Rocha CLMSC, Arantes OMN, Furlaneto MC,

Godoy LP, Oliveira CEC, Satori D, Vilas-Boas LA, Watanabe

MAE, Dambros BP, Guerra MP, Mathioni SM, Santos KL,

Steindel M, Vernal J, Barcellos FG, Campo RJ, Chueire LMO,

Nicolás MF, Pereira-Ferrari L, da Conceição Silva JL, Gioppo

NMR, Margarido VP, Menck-Soares MA, Pinto FGS, Simão

RdCG, Takahashi EK, Yates MG, Souza EM (2011) Genome

of Herbaspirillum seropedicae strain SmR1, a specialized

diazotrophic endophyte of tropical grasses. PLoS Genet

7:e1002064

Pillay VK, Nowak J (1997) Inoculum density, temperature, and

genotype effects on in vitro growth promotion and epiphytic and

endophytic colonization of tomato (Lycopersicon esculentum L.)

seedlings inoculated with a pseudomonad bacterium. Can J

Microbiol 43:354–361

356 Plant Biotechnol Rep (2016) 10:353–357

123



Ping L, Boland W (2004) Signals from the underground: bacterial

volatiles promote growth in Arabidopsis. Trends Plant Sci

9:263–266

Reinhold-Hurek B, Hurek T (1998) Interactions of gramineous plants

with Azoarcus spp. and other diazotrophs: identification, local-

ization, and perspectives to study their function. Crit Rev Plant

Sci 17:29–54

Reinhold-Hurek B, Hurek T, Gillis M, Hoste B, Vancanneyt M,

Kersters K, De Ley J (1993) Azoarcus gen. nov., nitrogen-fixing

proteobacteria associated with roots of Kallar Grass (Leptochloa

fusca (L.) Kunth), and description of two species, Azoarcus

indigens sp. nov. and Azoarcus communis sp. nov. Int J Syst Evol

Microbiol 43:574–584

Rosenblueth M, Martinez-Romero E (2006) Bacterial endophytes and

their interactions with hosts. Mol Plant Microbe Interact

19:827–837

Rosenblueth M, Martı́nez-Romero E (2004) Rhizobium etli maize

populations and their competitiveness for root colonization. Arch

Microbiol 181:337–344

Rosenblueth M, Martı́nez-Romero E (2006) Bacterial endophytes and

their interactions with hosts. Mol Plant Microbe Interact J

19:827–837

Ryan RP, Germaine K, Franks A, Ryan DJ, Dowling DN (2008)

Bacterial endophytes: recent developments and applications.

FEMS Microbiol Lett 278:1–9

Schulz B, Boyle C (2006) Microbial root endophytes. Springer, Berlin

Sevilla M, Burris RH, Gunapala N, Kennedy C (2001) Comparison of

benefit to sugarcane plant growth and 15N2 Incorporation

following inoculation of sterile plants with Acetobacter dia-

zotrophicus wild-type and Nif- mutant strains. Mol Plant

Microbe Interact 14:358–366

Sprent JI, James EK (1995) N2-fixation by endophytic bacteria:

questions of entry and operation. In: Fendrik I, del Gallo M,

Vanderleyden J, de Zamaroczy M (eds) Azospirillum VI and

related microorganisms: genetics—physiology—ecology.

Springer, Berlin, pp 15–30

Strobel G, Stierle A, Stierle D, Hess W (1993) Taxomyces andreanae

a proposed new taxon for a bulbilliferous hyphomycete associ-

ated with Pacific yew. Mycotaxon 47:71–78

Strobel G, Daisy B, Castillo U, Harper J (2004) Natural products from

endophytic microorganisms. J Nat Prod 67:257–268

Sturz VA, Christie RB, Matheson GB, Nowak J (1997) Biodiversity

of endophytic bacteria which colonize red clover nodules, roots,

stems and foliage and their influence on host growth. Biol Fertil

Soils 25:13–19

Sturz AV, Christie BR, Nowak J (2000) Bacterial endophytes:

potential role in developing sustainable systems of crop produc-

tion. Crit Rev Plant Sci 19:1–30

Taghavi S, Garafola C, Monchy S, Newman L, Hoffman A, Weyens

N, Barac T, Vangronsveld J, van der Lelie D (2009) Genome

survey and characterization of endophytic bacteria exhibiting a

beneficial effect on growth and development of poplar trees.

Appl Environ Microbiol 75:748–757

Taghavi S, van der Lelie D, Hoffman A, Zhang Y-B, Walla MD,

Vangronsveld J, Newman L, Monchy S (2010) Genome

sequence of the plant growth promoting endophytic bacterium

Enterobacter sp. 638. PLoS Genet 6:e1000943

Tan Z, Hurek T, Reinhold-Hurek B (2003) Effect of N-fertilization,

plant genotype and environmental conditions on nifH gene pools

in roots of rice. Environ Microbiol 5:1009–1015

Weilharter A, Mitter B, Shin MV, Chain PSG, Nowak J, Sessitsch A

(2011) Complete genome sequence of the plant growth-promot-

ing endophyte Burkholderia phytofirmans strain PsJN. J Bacteriol

193:3383–3384

Yan Y, Yang J, Dou Y, Chen M, Ping S, Peng J, Lu W, Zhang W,

Yao Z, Li H, Liu W, He S, Geng L, Zhang X, Yang F, Yu H,

Zhan Y, Li D, Lin Z, Wang Y, Elmerich C, Lin M, Jin Q (2008)

Nitrogen fixation island and rhizosphere competence traits in the

genome of root-associated Pseudomonas stutzeri A1501. Proc

Natl Acad Sci 105:7564–7569

Plant Biotechnol Rep (2016) 10:353–357 357

123


	Endophytic bacteria as biocontrol agents against plant pathogens: current state-of-the-art
	Abstract
	Introduction
	Diversity and localization of endophytic bacteria
	Biocontrol activity of endophytic bacteria
	Endophytic bacterial genomes
	Concluding remarks
	Acknowledgements
	References




