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Abstract
There is a lot of prospect for production of novel bioactive metabolites for
application in medicine, pharmaceutical, agricultural and other industry from endophytic bacteria associated with medicinal plants. Actinobacteria are spore forming
that can form a stable and persistent population in various ecosystems. Actinobacteria especially Streptomyces are prolific producers of several agriculturally important
secondary metabolites that can be use as plant growth promoting and biocontrol
agents. Endophytic actinobacteria associated with medicinal plants can directly promote the growth of plants through production of indole acetic acid, siderophore,
solubilization of inorganic phosphate and fixing of free nitrogen. They can promote
the plant under stress conditions by production of aminocyclopropane-1-carboxylic
acid deaminase. They can also act as an agent for improving phytoremediation of
toxic metals and organic pollutants. They may indirectly promote the plant growth
by production of antifungal antibiotics and cell wall degrading enzymes. It is expected that endophytic actinobacteria associated with medicinal plants may produce
bioactive metabolites that differ significantly from the soil dwelling actinobacteria.
They may also participate in the host metabolic pathway and gain some genetic
information and produce secondary metabolites similar to the host plants. Intensive
research on characterization and identification of the untapped bioresource from
endophytic bacteria, especially actinobacteria, is of outmost important for application in agriculture as the use of synthetic chemical pose serious risk to human health
and environment. The use of plant growth promoting endophytic actinobacteria can
emerge as novel sustainable and alternative tools.

Advances in Biotechnology

Keywords: Endophytic actinobacteria; medicinal plants; Streptomyces; plant growth promoting activities

Tamreihao K

1. Introduction
Ethno-medicinal plants are the backbone of traditional medicine that has been used by
mankind to treat a number of diseases since time immemorial. Numerous studies on the bioactivity of medicinal plants are still underway, since they constitute a rich source for production of novel secondary metabolites, for application in pharmaceutical, agricultural and other
industries. In the past, research on medicinal plants focussed primarily on their ingredients;
however, recently the focus has shifted to include the structure and function of several medicinal plant microbiomes. Endophytic bacteria associated with the medicinal plants may directly
or indirectly involve in the production of bioactive phytochemicals [1]. Surprisingly, not only
the plants themselves were able to produce compounds with phytotherapeutic properties, but
their associated microbes, in particular endophytes, could as well [1,2].
Endophytes are microorganisms that reside within the interior tissues of plants without
exhibiting negative effects on the host plant or the environment. However, some seemed to
be latent pathogens and, conditionally, either induce or participate in host plant infection [3].
Almost all the plants have been found to be associated with one or more endophytes. They
are able to associate with the host at a very early stage of plant development [4]. Endophytic
bacteria have been isolated from various parts of the plants. However, majority of them are
isolated from roots tissues followed by stem and leaf. The woody plants conferred far greater
diversity in comparison to herbaceous plants. Plants that grow at tropical region harbour greater diversity than that grow at temperate region [5,6,7].
It is widely believed that the potential of secondary metabolites with biological activities from endophytic bacteria is just as great as that achieved from soil bacteria [8]. As a consequence of long term association of endophytes with the host plant, bacteria may participate in
metabolic pathways and/ may gain some genetic information from the host plant, and produce
biologically active compound(s) similar to the host plant [7,9,10,11]. Endophytes associated
with medicinal plants have great potential to produce unique secondary metabolites, which can
be exploited for application in pharmaceutical, agricultural and other industries.

Actinobacteria are aerobic spore forming gram-positive bacteria containing high guanine-cytosine (57-75%) in their genome, and belong to the order Actinomycetales that grow as
branching filaments consisting of vegetative mycelia and aerial hyphae. They are ubiquitous
and form a stable and persistant population in various ecosystems and play an important ecological role in soil nutrient cycling [12,13,14]. They are well known for the production of wide
range of secondary metabolites, for use not just in pharmaceutical industries but agriculture as
2
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well. The most extensively studied actinobacteria belong to genera Streptomyces. Actinobacteria are prolific producers of several agriculturally important secondary metabolites and several
members have been considered as plant growth promoting (PGP) and biocontrol agents [15,
16,17].
Actinobacteria can stimulate plant growth directly or indirectly. The main mechanisms
by which they directly contribute to the plant growth are production of phytohormones such as
indole-3-acetic acid (IAA), cytokinins and gibberellins; enhancing plant nutrition by solubilization of minerals such as phosphorus (P) and iron, production of siderophores and 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase [17,18]. They indirectly benefit the plant
by biocontrol of deleterious pathogens through the production of antibiotics and volatile compounds (VOCs), synthesis of fungal cell wall degrading extracellular enzymes, induction of
systemic resistance and competition for nutrients and niches [17,18,19].
3. Actinobacteria from Medicinal Plants
Actinobacteria are able to associate with the host plant as endophyte at the early stage
of plant development [4]. Outer plant tissues have greater diversity compared to other plant
tissues [8,20,21,22]. Majority of actinobacteria are isolated from root tissues followed by stem
and leaf [23-30]. The high rate of occurrence of actinobacteria in roots may be due to the fact
that the actinomycetes are natural dwellers of soil and hence easily come in contact with the
roots of plants, and may form symbiotic association with the host by entering the plant tissues.
[5-7].
Among endophytic actinobacteria recovered from medicinal plants, Streptomyces accounts for the most abundant genus [5-7,26,28,30-34] followed by Micromonospora, Actinopolyspora, Nocardia, Saccharopolyspora, Streptosporangium, Promicromonospora and
Rhodococcus [25,26,30,31]. Some rare genera, like Dietzia, Microtetraspora, Actinocorallia, Verrucocsispora, Isoptericola and Kytococcus [35,36] were also reported from medicinal
plants.
Actinobacteria isolated from medicinal plants are producers of growth promoting metabolites, insect and pest repellents, antimicrobials against plant pathogens and protectors in
stress conditions [7,10,11,16,28,37]. They also exhibited antimicrobial activity against multi
drug resistant pathogens [38], antiviral [39], larvicidal [40], antimalarial [41,42] and other
important activities such as antitumor [43], antidiabetic [44] and antioxidant [30].
4. Direct Plant Growth Promotion
Endophytic bacteria especially actinobacteria may directly contribute to growth of
plants through PGP activities such as P solubilization, IAA, ACC deaminase and siderophore
3
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production, and nitrogen (N) fixation [27,29,44-46] (Table 1). Out of 81 endophytic actinobacteria isolates from medicinal plant Rhynchotoechum ellipticum, 36 strains were positive
for IAA production in the range of 7.4 to 52.3 µg/ml. Majority of IAA producer belong to
genus Streptomyces and some to Actinomycetes, Microbacterium, Micromonospora, Leifsonia, Brevibacterium, Pseudonocardia, Promicromonospora, Kocuria and Amycolatopsis [30].
Similarly, Gangwar et al. [47] also found actinobacteria, mostly Streptomyces sp, capable of
producing IAA in the range of 9.0–38.8 µg/ ml. Khamna et al. [48] reported that Streptomyces
spp. isolated from medicinal plants produced IAA in the range of 11–144 µg/ml. Liu et al. [49]
reported that 88 % endophytic actinobacteria isolated from medicinal plants Ferula songorica
could fix free N while 19 % solubilize P. Dochhil et al. [50] demonstrated that IAA producing endophytic Streptomyces sp. CA10 and CA26 isolated from a folk ethno-medicinal plant
Centella asiatica enhanced seed germination and seedling growth of French bean.
Endophytic bacteria having multiple PGP activities could successfully colonized the
internal tissues and promote the growth of plants under greenhouse and field conditions. Streptomyces sp. En-1 endophytic to medicinal plant Taxus chinensis synthesize IAA via indole-3acetamide (IAM) pathway. The strain could successfully colonize the intercellular tissue and
promote the growth of Arabidopsis [51]. Endophytic bacteria strains Sphingomonas, Pantoea,
Bacillus and Enterobacter isolated from the roots of elephant grass could solubilize inorganic
P, fix N, and produce IAA and ammonia. Similarly, those strains were able to successfully colonized the roots of Hybrid Pennisetum and significantly promote the growth under salt stress
conditions [52]. Endophytic bacterial strains Paenibacillus and Bacillus sp. (isolated from
medicinal plant Lonicera japonica) possessing positive results for P solubilization, IAA, Siderophore, ACC deaminase productions enhance the growth and chlorophyll content of wheat
plants under pot conditions [53]. Similarly, treatment of chilli and tomato with endophyte
Streptomyces sp. having multiple PGP activities significantly enhance the growth under greenhouse conditions [36].
ACC deaminase producing endophytic bacteria can promote the growth of host plants
by degrading the ACC, precursor of stress hormone ethylene, before its oxidation by plant
ACC oxidase thus blocking stress ethylene production. As a result, bacteria can protect the
host when plant is exposed to either biotic or abiotic stress conditions. ACC deaminase producing endophytic actinobacteria can effectively protect the host plants growth inhibition by
flooding, high salt, drought, presence of pathogens, high levels of toxic metals and organic
pollutants and low temperature [54,55].
Plant growth promotion by ACC deaminase producing endophytic bacteria was demonstrated by Sun et al. [56]. ACC deaminase producing wild type Burkholderia phytofirmans
could promote the elongation of the roots of canola seedlings. Whereas, ACC deaminase
(acds) gene deleted mutant strain failed to promote the growth of root growth. Tomato plant
4
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treated with the ACC deaminase producing endophytic bacteria (Pseudomonas ﬂuorescens
and Pseudomonas Migulae) were more healthier than those plants treated with the mutant
strains deficient in acds gene when grown under salt stress conditions (165 mM and 185 mM)
[57]. The strains also delayed the flowers senescence in Dianthus caryophyllus, whereas senescence were quicker when treated with acds gene deleted strain [58]. Endophyte Bacillus sp.
from medicinal plant Phyllanthus amaru positive for IAA, ACC deaminase and siderophore
production enhance seed germination, vigor index and growth of Phyllanthus amarus under
salt stress conditions (160 mM) [59].
Endophytes have a great potential for use as an agent for improving phytoremediation
and biomass production of non-food crops [60]. Endophytic strain Pseudomonas sp. A3R3
could successfully colonize the interior tissue of Alyssum serpyllifolium and Brassica juncea
and increased the plant biomass and Ni accumulation in both plant when grown in Ni contaminated soils [61].
Table 1. PGP activities of endophytic actinobacteria from medicinal plants
Endophytic actinobacteria

Host

PGP activities

Reference

Streptomyces sp. En-1

Taxus chinensis

IAA production

51

Aloe vera, Mentha arvensis,
Ocimum sanctum

P solubilization,
IAA production

47

Streptomyces roseosporus

Mentha arvensis,
Ocimum sanctum

P solubilization,
IAA production

47

Streptomyces aureus,
Streptomyces griseorubroviolaceous,
Streptomyces globisporus,

Mentha arvensis,
Ocimum sanctum

IAA production

47

Streptomyces viridis

Aloe vera, Mentha arvensis,
Ocimum sanctum

IAA production

47

Streptomyces albosporus,
Streptomyces cinereus,
Micromonospora sp. O6,
Saccharopolyspora sp. O9

Streptomyces olivaceus,
Streptomyces sp. BPSAC101, Streptomyces sp. BPSAC121, Streptomyces
thermocarboxydus

Rhynchotoechum ellipticum

Brevibacterium sp. S10S2,
Janibacter sp. R4S4,
Microbacterium sp. S4S17

Ferula sinkiangensis

IAA and siderophore
production,
N fixation

29

Kocuria sp. R7S1

Ferula sinkiangensis

IAA production,
N fixation

29

P solubilization
IAA and ammonia
production

30

5. Indirect plant growth promotion
Endophytic bacteria, especially actinobacteria, can indirectly promote the growth of
plant by production of antifungal antibiotics, cell wall degrading enzymes and VOCs. Actinobacteria are prolific producers of several agriculturally important secondary metabolites for
use as biocontrol agents. Of about 23,000 bioactive secondary metabolites discovered in end5
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ophytic microorganisms, approximately 10,000 metabolites are produced by endophytic actinobacteria and 7,600 are derive from the genus Streptomyces [62,63,64].
Endophytic actinobacteria isolated from medicinal plant Ferula sinkiangensis inhibit
the growth of fungal pathogen Alternaria alternate [29]. Of 81 endophytic actinobacteria isolated from medicinal plant Rhynchotoechum ellipticum, 72 inhibit the growth of Fusarium
proliferatum, F. oxysporum f. sp. ciceri and F. oxysporum. Majority of the strain showing
antifungal activities belong to Streptomyces spp. viz; Streptomyces olivaceus, Streptomyces
sp. BPSAC101, Streptomyces sp. BPSAC121 and Streptomyces thermocarboxydus. Streptomyces olivaceus and Streptomyces sp. BPSA 121 produce antifungal antibiotics ketoconazol,
fluconazole and miconazole (Table 2). Seventeen strains showed positive results for presence
of antibiotics biosynthetic gene cluster PKSI, PKSII and NRPS [30]. Antibiotic 6-prenylindole
produced by endophyte Streptomyces sp. exhibit signiﬁcant antifungal activity against plant
pathogens, viz; A. brassicicola and F. oxysporum. Antifungal compound ﬁstupyrone from
Streptomyces sp. inhibit the infection of A. brassicicola in spring onion [64]. Li et al. [65]
reported that antibiotic staurosporine extracted from endophytic Streptomyces strain CNS-42
showed a potent effect against F. oxysporum f. sp. cucumerinum. The in-vivo biocontrol assays
showed a significant reduction in disease severity and increases in biomass and growth of cucumber plant. Endophytic Streptomyces sp. showed antifungal activity against Alternaria sp.,
Colletotrichum truncatum, Geotrichum candidum, F. oxysporum and F. udum [46,63]. Four
peptide antifungal compounds Munumbicin A-D obtained from Streptomyces sp NRRL 3052,
endophytic actinobacteria from medicinal plant snakevine, inhibit important agricultural fungal pathogens such as P. ultimum, R. solani, Phytophthora cinnamomi and Sclerotinia sclerotiorum (Table 3). The pepetide compounds contained common amino acids such as threonine,
aspartic acid (or asparagine), glutamic acid (or glutamine), valine and proline, in varying ratios
[40].
Production of fungal cell wall degrading enzymes by endophytic bacteria especially
actinobacteria, and their biocontrol activities against important plant fungal pathogens have
been well documented in a number of literatures [27,30,50]. Endophytic bacteria isolated from
ethnomedicinal plants exhibited antifungal activity against F. oxysporum through production
of chitinase, pectinase and cellulase [44]. Similarly, cellulase and pectinase producing endophytic strains Paenibacillus and Bacillus sp. isolated from medicinal plant Lonicera japonica
inhibit the growth of F. oxysporum [53]. Cell wall degrading enzymes and HCN producing endophytic actinobacteria such as Streptomyces sp. DBT204, Streptomyces sp. DBT 207, Nocardiopsis sp., and Streptomyces thermocarboxydus inhibit the growth of R. solani, F. oxysporum,
F. proliferatum, F. graminearum and Colletotrichum capsici [36]. Chitinase producing endophytic Streptomyces sp. isolated from maize plant showed antifungal activity against Fusarium
sp., Pythium aphanidermatum, R. solani and Sclerotinia sclerotiorum. The strain reduced the
6
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damping-off incidence caused by P. aphanidermatum in cucumber under greenhouse conditions [66]. Similarly, 3 endophytic actinomycetes isolated from cucumber roots identified as
Actinoplanes campanulatus, Micromonospora chalcea and Streptomyces spiralis significantly
promoted plant growth, yield and reduced seedling damping-off, and root and crown rots of
mature cucumber caused by P. aphanidermatum under greenhouse conditions [67,68]. The
three isolates causes plasmolysis, hyphal lysis and reduced the conidial germination of fungal
pathogens by production of cell wall degrading enzymes such as chitinase, glucanase and cellulase. The strains could successfully colonize the internal tissues of roots, stems and leaves
under field conditions [67,69,70].
Table 2: Antifungal metabolites production by endophytic actinobacteria from medicinal plants
Endophytic actinobacteria

Host

Antifungal metabolite

Target pathogen(s)

Reference

40

Streptomyces sp. NRRL 3052

Kennedia nigriscans

Munumbicins A, B, C
and D

Pythium ultimum,
Rhizoctonia solani,
Phytophthora cinnamomi,
Sclerotinia sclerotiorum

Streptomyces sp. MSU-2110

Monstera sp.

Coronamycin

Pythium ultimum,
Fusarium solani,
Rhizoctonia solani

71

Streptomyces sp. NRRL 30562

Kennedia nigriscans

Munumbicins E-4 and
E-5

Pythium ultimum,
Rhizoctonia solani

41

Streptomyces sp. Hedaya 48

Aplysina fistularis

Saadamycin/5,7-Dimethoxy-4-pmethoxylphenyl coumarin

Fusarium oxysporum

72

73

Streptomyces aurantiacus

Impariens chinensis

-

Fusarium oxysporum,
Curvularia lunata,
Botrytis cinerea

Streptomyces chryseus

Potentilla discolour

-

Botrytis cinerea

73

Streptomyces sp. SAUK6020

Achyranthes aspera

-

Fusarium
graminearum

73

Streptomyces albogriseolus

Cynanchum auriculum

-

Fusarium
graminearum,
Curvularia lunata,
Botrytis cinerea

73

Streptomyces ochraceiscleroticus

Salvia militiorrhiza

-

Curvularia lunata
Botrytis cinerea

73

Micromonospora peucetia

Ainsliaea henryi

Micromonospora sp.
SAUK6030

Stellera chamaejasme

Curvularia lunata,
Botrytis cinerea
Curvularia lunata,
Botrytis cinerea
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Nonomuraea raseola

Ainsliaea henryi

Rhodococcus sp. SAUK6013

Rhizoma arisaematis

Streptomyces sp. BPSAC34,
Leifsonia xyli,
Microbacterium sp. BPSAC21

-

Eupatorium odoratum,
Musa superb,
Mirabilis jalapa,
Curcuma longa,
Clerodendrum colebrookianum,
Alstonia scholaris,
Centella asiatica

Fusarium oxysporum,
Curvularia lunata,
Botrytis cinerea

73

Curvularia lunata

73

Rhizoctonia solani,
Fusarium oxysporum,
Fusarium
graminearum,
Fusarium prolifratum

16

Brevibacterium sp. S1S8

Ferula sinkiangensis

-

Alternaria alternate,
Verticillium dahlia

29

Microbacterium sp S4S17

Ferula sinkiangensis

-

Alternaria alternate

29

Kocuria sp. S3S2

Ferula sinkiangensis

Alternaria alternate

29

Ketoconazol
Fluconazole
Miconazole

Fusarium oxysporum,
Fusarium
proliferatum

30

Fluconazole

Fusarium oxysporum,
Fusarium proliferatum

30

Streptomyces olivaceus,
Streptomyces sp. BPSA 121

Streptomyces thermocarboxydus,
Streptomyces sp. BPSAC101

Rhynchotoechum
ellipticum

Rhynchotoechum
ellipticum

Table 3: Antifungal activity of the Munumbicin A-D from Streptomyces NRRL 3052 against indicated
pathogens (MIC µg/ml) [Adapted from Catillo et al. [40]]
Fungal pathogens

Munumbicin
A

Munumbicin
B

Munumbicin
C

Munumbicin
D

Pythium ultimum

2.0

0.2

4.0

0.4

Rhizoctonia solani

-

8.0

1.5

15.6

Phytophthora cinnamomi

-

6.2

1.5

15.6

Sclerotinia sclerotiorum

8.0

0.2

8.0

2.0

6. Conclusions and future perspectives
Intensive research on characterization and identification of the diverse population of
endophytic actinobacteria associated with medicinal plants is of utmost importance, inorder
to explore the enormous untapped bioresource for bioactive metabolites, for application in
modern medicine, agricultural, pharmaceutical and other industries. It is expected that endophytes may produce novel secondary metabolites that differ significantly from soil-dwelling
actinobacteria or other bacteria. As the use of synthetic pesticide and fertilizers pose serious
8
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threat to human health and environment, the use of plant growth promoting endophytic actinobacteria can emerge as alternative tools for sustainable, organic and environmental friendly
agricultural crop production.
7. Acknowledgements
Authors acknowledge the grant from the Department of Biotechnology (DBT), Government of India, given to the Advanced State Level Biotech Hub (BT/04/NE/2009) that facilitates the writing. KT thanks Phungmila Vashum for proofreading.
8. References
1. Köberl M, Schmidt R, Ramadan EM, Bauer R, Berg G. The microbiome of medicinal plants: diversity and importance
for plant growth, quality, and health. Front Microbiol. 2013; 4: 400.
2. Gunatilaka AA. Natural products from plant-associated microorganisms: distribution, structural diversity, bioactivity,
and implications of their occurrence. J Nat Prod. 2006; 69: 509–526.
3. Gaiero JR, McCall CA, Thompson KA, Day NJ, Best AS, Dunfield KE. Inside the root microbiome: bacterial root
endophytes and plant growth promotion. Am J Bot. 2013; 100: 1738-1750.
4. Hasegawa S, Meguro A, Shimizu M, Nishimura T, Kunoh H. Endophytic actinomycetes and their interactions with
host plants. Actinomycetologica. 2006; 20: 72–81.
5. Strobel G, Daisy B. Bioprospecting for microbial endophytes and their natural products. Microbiol Mol Biol Rev.
2003; 67: 491–502.
6. Qin S, Li J, Chen H, Zhao G, Zhu W, Jiang C, Xu L. et al. Isolation, diversity, and antimicrobial activity of rare actinobacteria from medicinal plants of tropical rain forests in Xishuangbanna, China. Appl Environ Microbiol. 2009; 75:
6176–6186.
7. Golinska P, Wypij M, Agarkar G, Rathod D, Dahm H, Rai M. Endophytic actinobacteria of medicinal plants: diversity
and bioactivity. Antonie van Leeuwenhoek. 2015; 108: 267-289.
8. Matsumoto A, Takahashi Y. Endophytic actinomycetes: promising source of novel bioactive compounds. J Antibiot.
2017; 70: 514-519.
9. Stierle A, Strobel G, Stierle D. Taxol and taxane production by Taxomyces andreanae, an endophytic fungus of paciﬁc
yew. Science. 1993; 260: 214–216.
10. Rai M, Agarkar G, Rathod D. Multiple applications of endophytic Colletotrichum species occurring in medicinal
plants, in novel plant bioresources: Applications in food, medicine and cosmetics. In: Gurib-Fakim. A. (ed.) Novel plant
bioresources. Wiley, Chichester. 2014a; p 227–236.
11. Rai M, Rathod D, Agarkar G, Dar M, Brestic M, Pastore GM, Junior MRM. Fungal growth promoter endophytes: a
pragmatic approach towards sustainable food and agriculture. Symbiosis. 2014b; 62: 63-79.
12. Franco-Correa M, Quintana A, Duque C, Saurez C, Rodríguez MX, Barea J-M. () Evaluation of actinomycete strains
for key traits related with plant growth promotion and mycorrhiza helping activities. Appl Soil Ecol. 2010; 45: 209217.
13. de Jesus Sousa JA, Olivares FL. Plant growth promotion by streptomycetes: ecophysilogy, mechanisms and applications. Chem Biol Technol Agric. 2016; 3: 24.
9

Advances in Biotechnology

14. Bhatti AA, Haq S, Bhat RA. Actinomycetes benefaction role in soil and plant health. Microbial Pathogenesis. 2017;
111: 458-467.
15. Nimaichand S, Tamrihao K, Yang L.-L, Zhu W-Y, Zhang Y-G, Li L, Tang S-K, Ningthoujam DS, Li W-J. Streptomyces hundungensis sp. nov., a novel actinomycete with antifungal activity and plant growth promoting traits. J Antibiot.
2013; 66:205–209
16. Passari Ak, Mishra VK, Gupta VK, Yadav MK, Saikia R, Singh BP. In vitro and in vivo plant growth promoting activities and DNA fingerprinting of antagonistic endophytic actinomycetes associates with medicinal plants. PLoS ONE.
2015b; 10(9): e0139468.
17. Tamreihao K, Ningthoujam DS, Nimaichand S, Singh ES, Reena P, Singh SH, Nongthomba U. Biocontrol and plant
growth promoting activities of Streptomyces corchorusii strain UCR3-16 and preparation of powder formulation for application as biofertilizer agents for rice plant. Microbiol Res. 2016; 192: 260-270.
18. Bhattacharyya PN, Jha DK. Plant growth-promoting rhizobacteria (PGPR): emergence in agriculture. World J Microbiol Biotechnol. 2012; 28: 1327–1350.
19. Podile AR, Kishore GK. Plant growth-promoting rhizobacteria. In: Gnanamanickam SS (ed) Plant-Associated Bacteria. Springer, Netherlands. 2006; p. 195-230.
20. Lundberg DS, Lebeis SL, Paredes SH, Yourstone S, Gehring J, Malfatti S, Tremblay J et al. Deﬁning the core Arabidopsis thaliana root microbiome. Nature. 2012; 488, 86-94.
21. Coomb JT, Franco CM. Visualization of an endophytic Streptomyces species in wheat seed. Appl Environ Microbiol.
2003; 69: 4260–4262.
22. Watt M, Hugenholtz P, White R, Vinall K. Numbers and locations of native bacteria on ﬁeld-grown wheat roots
quantiﬁed by ﬂuorescence in situ hybridization (FISH). Environ Microbiol. 2006; 8: 871-884.
23. Taechowisan T, Peberdy JF, Lumyong S. Isolation of endophytic actinobacteria from selected plants and their antifungal activity. World J Microbiol Biotechnol. 2003; 19: 381–385.
24. Cao L, Qiu Z, You J, Tan H, Zhou S. Isolation and characterization of endophytic Streptomycete antagonistics of
Fusarium wilt pathogen from surface-sterilized banana roots. FEMS Microbiol Lett. 2005; 247: 147–152.
25. Verma VC, Gond SK, Kumar A, Mehra A, Kharwar RN, Gange AC. Endophytic actinomycetes from Azadirachta
indica A. Juss.: Isolation, diversity, and anti-microbial activity. Microb Ecol. 2009; 57: 749–756.
26. Zhao K, Penttinen P, Xiao TG J, Chen Q, Xu J. The Diversity and antimicrobial activity of endophytic actinobacteria
isolated from medicinal plants in Panxi Plateau, China. Curr Microbiol. 2011; 62: 182–190.
27. Kaur T, Sharma D, Kaur A, Manhas RK. Antagonistic and plant growth activities of endophytic and soil actinomycetes. Arch Phytopathol Plant Protec. 2013; 46: 1756-1768.
28. Passari AK, Mishra VK, Saikia R, Gupta VK, Singh BP. Isolation, abundance and phylogenetic affiliation of endophytic actinomycetes associated with medicinal plants and screening for their in vitro antimicrobial biosynthetic potential. Front Microbiol. 2015a; 6: 273.
29. Liu Y, Guo J, Li L, Asem MD, Zhang Y, Mohamad OA, Salam N, Li W. Endophytic bacteria associated with endangered plant Ferula sinkiangensis K.M. Shen in an arid land: diversity and plant growth-promoting traits. J Arid Land.
2017; 9: 432-445.
30. Passari AK, Mishra VK, Singh G, Singh P, Kumar B, Gupta VK, Sharma RK, Saikia R, Donovan AO, Singh BP.
Insights into the functionality of endophytic actinobacteria with a focus on their biosynthetic potential and secondary
metabolites production. Scientific Reports. 2017; 7: 11809.
10

Advances in Biotechnology

31. Qin S, Chen HH, Zhao GZ, Li J, Zhu WY, Xu LH, Jiang JH, Li WJ. Abundant and diverse endophytic actinobacteria
associated with medicinal plant Maytenus austroyunnanensis in Xishuangbanna tropical rainforest revealed by culturedependent and culture-independent methods. Environ Microbiol Rep. 2012; 4: 522–531.
32. Kaewkla O, Franco CMM. Rational approaches to improving the isolation of endophytic actinobacteria from Australian native trees. Microb Ecol. 2013; 65: 384–393.
33. Shutsrirung A, Chromkaew Y, Pathom-Aree W, Choonluchanon S, Boonkerd N. Diversity of endophytic actinomycetes in mandarin grown in northern Thailand, their phytohormone production potential and plant growth promoting
activity. Soil Sc Plant Nutri. 2013; 59: 322-330.
34. Rao HCY, Rakshith D, Satish S. Antimicrobial properties of endophytic actinomycetes isolated from Combretum
latifolium Blume, a medicinal shrub from Western Ghats of India. Fron Biol. 2015; 10: 528-536.
35. Gohain A, Gogoi A, Debnath R, Yadav A, Singh BP, Gupta VK, Sharma R, Saikia R. Antimicrobial biosynthetic
potential and genetic diversity of endophytic actinomycetes associated with medicinal plants. FEMS Microbiol. Lett.
2015; 362(19). Pii: fnv158.
36. Passari Ak, Mishra VK, Leo VV, Gupta VK, Singh BP. Phytohormone production endowed with antagonistic potential and plant growth promoting abilities of culturable endophytic bacteria isolated from Clerodendrum colebrookianum
Walp. Microbiol Res. 2016; 193: 57-73.
37. Zhang X, Ren K, Zhang L. Screening and preliminary identification of medicinal plants endophytic actinomycetes
used for inhibiting penicillin-resistant Staphylococcus aureus. Int J Biol. 2012; 4: 119–124.
38. Wang P, Kong F, Wei J, Wang Y, Wang W, Hong K, Zhu W. Alkaloids from the mangrove-derived actinomycete
Jishengella endophytica 161111. Mar Drug. 2014; 12: 477–490.
39. Tanvir R, Sajid I, Hasnain S. Larvicidal potential of Asteraceae family endophytic actinomycetes against Culex
quinquefasciatus mosquito larvae. Nat Prod Res. 2014; 28: 2048–2052.
40. Catillo UF, Strobel GA, Ford EJ, Hess WM, Porter H, Jensen JB, Albert H et al. Munumbicins, wide-spectrum antibiotics produced by Streptomyces NRRL 30562, endophytic on Kennedia nigricans. Microbiology. 2002; 148: 26752685.
41. Catillo UF, Strobel GA, Mullenberg K, Condron MM, Teplow DB, Folgiano V, Gallo M et al. Munumbicins E-4 and
E-5: novel broad-spectrum antibiotics from Streptomyces NRRL 3052. FEMS Microbiol Lett. 2006; 255: 296-300.
42. Taechowisan T, Chuaychot N, Chanaphat S, Wanbanjob A, Shen Y. Biological activity of chemical constituents isolated from Streptomyces sp. Tc052, an endophyte in Alpinia galanga. Int J Pharmacol. 2008; 4: 95–101.
43. Akshatha V J, Nalini MS, D’Souza C, Prakash HS. Streptomycete endophytes from anti-diabetic medicinal plants of
the Western Ghats inhibit alpha-amylase and promote glucose uptake. Lett Appl Microbiol. 2014; 58: 433–439.
44. Nongkhlaw FMW, Joshi SR. Epiphytic and endophytic bacteria that promote growth of ethnomedicinal plants in the
subtropical forests of Meghalaya, India. Rev Biol Trop. 2014; 62: 1295-1308.
45. Minotto E, Milagre LP, Spadari C, Feltrin T, Ballarini AE, Germani JC, Salamoni SP, et al. Screening endophytic
actinobacteria with potential antifungal activity against Bipolaris sorokiniana and growth promotion of wheat seedlings.
Afr J Microbiol Res. 2016; 10: 1494-1505.
46. Perez-Rosales E, Alcaraz-Meléndez L, Puente ME, Vázquez-Juárez R, Quiroz-Guzmán E, Zenteno-Savín T, Morales-Bojórquez E. Isolation and characterization of endophytic bacteria associated with roots of jojoba (Simmondsia
chinensis (Link) Schneid). Curr Sc. 2017; 112: 396-401.
47. Gangwar M, Dogra S, Gupta UP, Kharwar RN. Diversity and biopotential of endophytic actinomycetes from three
medicinal plants in India. African J Microbiol Res. 2014; 8:184–191.
11

Advances in Biotechnology

48. Khamna S, Yokota A, Peberdy J, Lumyong S. Indole-3-acetic acid production by Streptomyces sp. isolated from Thai
medicinal rhizosphere soils. Eur Asian J Bio Sci. 2010; 4: 23-32.
49. Liu Y-H, Guo J-W, Salam N, Li L, Zhang Y-G, Han J, Mohamad OA, Li W-J. Culturable endophytic bacteria associated with medicinal plant Ferula songorica: molecular phylogeny, distribution and screening for industrially important
traits. 3 Biotech. 2016; 6: 209.
50. Dochhil H, Dkhar MS, Barman D. Seed germination enhancing activity of endophytic Streptomyces isolated from
indigenous ethno-medicinal plant Centella asiatica. Int J Pharm Biol Sci. 2013; 4: 256–262.
51. Lin L, Xu X. Indole-3-acetic acid production by endophytic Streptomyces sp. En-1 isolated from medicinal plants.
Curr Microbiol. 2013; 67: 209-217.
52. Li X, Geng X, Xie R, Fu L, Jiang J, Gao L, Sun J. The endophytic bacteria isolated from elephant grass (Pennisetum
purpureum Schumach) promote plant growth and enhance salt tolerance of Hybrid Pennisetum. Biotechnol Biofuels.
2016; 9: 190.
53. Zhao L, Xu Y, Lai X-H, Shan C, Deng Z, Ji Y. Screening and characterization of endophytic Bacillus and Paenibacillus strains from medicinal plant Lonicera japonica for use as potential plant growth promoters. Braz J Microbiol. 2015;
46: 977-989.
54. Glick BR. Plant growth-promoting bacteria: mechanisms and applications. Hindawi Publishing Corporation. Scientifica. 2012; Article ID 963401.
55. Santoyo G, Moreno-Hagelsieb G, Orozco-Mosqueda M del C. Plant growth-promoting bacterial endophyte. Microbiol Res. 2016; 183: 92-99.
56. Sun Y, Cheng Z, Glick BR. The presence of a 1-aminocyclopropane-1-carboxylate (ACC) deaminase deletion mutation alters the physiology of the endophytic plant growth-promoting bacterium Burkholderia phytofirmans PsJN. FEMS
Microbiol Lett. 2009; 296: 131-136.
57. Ali S, Charles TC, Glick BR. Amelioration of high salinity stress damage by plant growth-promoting bacterial endophytes that contain ACC deaminase. Plant Physiol Biochem. 2014; 80: 160-167.
58. Ali S, Charles TC, Glick BR. Delay of flower senescence by bacterial endophytes expressing 1-aminocyclopropane1-carboxylate deaminase. J Appl Microbiol, 2012; 113: 1139-1144.
59. Joe MM, Devaraj S, Benson A, Sa T. Isolation of phosphate solubilizing endophytic bacteria from Phllanthus amarus Schum & Thonn: evaluation of plant growth promotion and antioxidant activity under salt stress. J App Res Med
Arom Plants. 2016; 3: 71-77.
60. Ryan RP, Germaine K, Franks A, Ryan DJ, Dowling DN. Bacterial endophytes: recent developments and applications. FEMS Microbiol Lett. 2008; 278: 1–9.
61. Ma Y, Rajkumar M, Luo YM, Freitas H. Inoculation of endophytic bacteria on host and non-host plants-effects on
plant growth and Ni uptake. J Haz Mat. 2011; 195: 230-237.
62. Sharma M. Actinomycetes: source, identification, and their applications. Int J Curr Microbiol Appl Sci. 2014; 3:
801–832.
63. Hong-Thao PT, Mai-Linh NV, Hong-Lien NT, Hieu NV. Biological characteristics and antimicrobial activity of
endophytic Streptomyces sp. TQR12-4 isolated from elite Citrus nobilis cultivar Ham Yen of Vietnam. Int J Microbiol.
2016; Article ID 7207818: p 7.
64. Igarashi Y. Screening of novel bioactive compounds from plant-associated actinomycetes. Actinomycetolog. 2004;
18: 63–66.
12

Advances in Biotechnology

65. Li X, Huang P, Wang Q, Xiao L, Liu M, Bolla K, Zhang B et al. Staurosporine from the endophytic Streptomyces
sp. strain CNS-42 acts as a potential biocontrol agent and growth elicitor in cucumber. Antonie van Leeuwenhoek. 2014;
106: 515-525.
66. Costa FG, Zucchi TD, Melo IS de. Biological control of phytopathogenic fungi by endophytic actinomycetes isolated from Maize (Zea mays L.). Brz Arch Bio Technol. 2013; 56: 948-955.
67. El-Tarabily KA, Sivasithamparam K. Nonstreptomycete actinomycetes as biocontrol agents of soil-borne fungal
plant pathogens and as plant growth promoters. Soil Biol Biochem. 2006; 38: 1505 – 1520.
68. El-Tarabily KA, Nassar AH, Hardy GESJ, Sivasithamparam K. Plant growth promotion and biological control of Pythium aphanidermatum, a pathogen of cucumber, by endophytic actinomycetes. J Appl Microbiol. 2009; 106, 13 –26.
69. El-Tarabily KA. An endophytic chitinase-producing isolate of Actinoplanes missouriensis, with potential for biological control of root rot of lupine caused by Plectosporium tabacinum. Aust J Bot. 2003; 51: 257–266.
70. El-Tarabily KA, Hardy GESJ, Sivasithamparam K. Performance of three endophytic actinomycetes in relation to
plant growth promotion and biological control of Pythium aphanidermatum, a pathogen of cucumber under commercial
field production conditions in the United Arab Emirates. Eur J Plant Pathol. 2010; 128: 527-539.
71. Ezra D, Castillo UF, Strobel GA, Hess WM, Porter H, Jensen JB, Condron MAM, et al. Coronamycins, peptide
antibiotics produced by a verticillate Streptomyces sp. (MSU-2110) endophytic on Monstera sp. Microbiology. 2004;
150: 785–793.
72. El-Gendy MMA, EL-Bondkly AMA. Production and genetic improvement of a novel antimycotic agent, saadamycin, against dermatophytes and other clinical fungi from endophytic Streptomyces sp. Hedaya48. J Ind Microbiol Biotechnol. 2010; 37: 831–841.
73. Zhao K, Penttinen P, Guan T, Xiao J, Chen Q, Xu J, Lindström K et al. The diversity and anti-microbial activity of
endophytic actinomycetes isolated from medicinal plants in Panxi Plateau, China. Curr Microbiol. 2010; 62: 182–190.

13

