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Chapter I: Introduction
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Page 1

1.1. General Introduction

Plants are generally associated with diverse microorganisms. Different types of microbial

populations such as bacteria and fungi are present inside the plant tissues and live in symbiotic or

mutualistic association without causing any infection or environmental stress (Schulz and Boyle,

2006). Plants constitute a vast and diverse niche for endophytic microorganisms. Of the nearly

300000 plant species that exist on the earth and each individual plant is a host to one or more

endophytes (Strobel and Daisy, 2003). The term endophyte was proposed by De Bary (1866),

which involve the survival of microorganisms inside the plant tissues without causing any

immediate or overt negative effects. Galippe, (1987) reported that microorganisms like bacteria,

fungi, actinomycetes and unicellular eukaryotes such as algae present freely in soil environment

and they migrated into the vegetable plants, where they might play a beneficial role for the host

plant are called endophytes. Recently, Petrini, (1991) defined endophytes as the microorganisms

residing inside the plant organs and then complete their life cycle inside plant tissues without

causing any disease infection to their host. This group has been reported to produce growth

promoting metabolites, insect and pest repellents, antimicrobials against plant pathogens,

protectors in stress conditions (Staniek et al., 2008; Rai et al., 2014a, b). Only a few of these

plants have ever been completely studied relative to their endophytic biology. Thus, the

opportunity to search new and beneficial endophytic microbial communities inhabiting the plants

in different ecosystems is considerable.
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Actinomycetes are diverse group of gram-positive, aerobic and mostly filamentous

bacteria widely distributed in nature with high guanine and cytosine (GC) content (60-75%) in

their DNA and distributed in terrestrial and aquatic ecosystems (Ludwig and Klenk, 2005). They

belong to the class actinomycetes divided in 4 subclasses, 5 orders, 14 suborders and 51 families

with more than 230 genera. Though they do not have distinct cell wall but they produced a non

septate mycelium (Rosenberg, 2014). They are playing an important role in decomposition of

complex materials from dead plants, animals, algae and fungi as well as decomposed of organic

materials such as cellulose and chitin. Thus, they play a vital part in recycling the supply of

nutrients in the soil, resulting in humus formation (Sharma, 2014). Morphologically colonies are

powdery and stick firmly to solid agar surface, producing hyphae and conidia/sporangia like

fungi in culture media. Actinomycetes consist of branching unicellular microorganisms, most of

which are aerobic-forming mycelium known as substrate and aerial. The aerial mycelium is

much thicker than the substrate mycelium. Actinomycetes is a large and well studied group for

the production of bioactive metabolites including antimicrobial, anticancer and other

pharmaceutical compounds as well as for the production of biological active substances like

vitamins, alkaloids and enzyme inhibitors (Fiedler et al., 2008; Schulz et al., 2009). Out of

23,000 total bioactive metabolites produced by microorganisms 45% i.e. 10,000 are produced by

actinomycetes alone and out of this 76% i.e. 7600 are produced by a single genus Streptomyces

sp. (Berdy, 2012). Actinomycetes have greatly contributed to the health and well-being of people

throughout the world (Demain and Sanchez, 2009). With years passing, the frequency of

isolation of actinomycetes with structurally new compounds is decreasing (Berdy, 2005). The

internal tissues of higher plants pose to be a relatively interesting location to explore for

actinomycetes.
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The actinomycetes bacteria that reside in the tissue of living plants without causing any

apparent disease symptoms and has great role in plants growth and development are known as

endophytic actinomycetes (Stone et al., 2000). These microbes live in different organs (roots,

stems, leaves, flowers, fruits and seeds) of the host plants, mainly in inter or intracellular spaces.

They are promising biological control agents for use in agriculture, and also in pharmaceutical

industry and have been isolated from various plant species. As a result of these long-held

associations, endophytic microorganisms and plants have developed good information transfer

systems (Strobel, 2003). Endophytic actinomycetes are of great importance because they have

the ability to produce the bioactive compounds inhibiting some of the pathogenic fungi and

bacteria (Sardi et al., 1992).

A variety of endophytic actinomycetes inhabit a wide range of plants as symbionts,

parasites or saprophytes were reported and most of them belong to the genus Streptomyces and

Microbispora (Matsumoto et al., 1998; Dhanasekaran and Jiang, 2016). In general, Streptomyces

sp. was the most predominant species and Microbispora, Micromonospora, Nocardioides,

Nocardia and Streptosporangium are the common genera. Streptomyces is an excellent producer

of bioactive metabolites and serves as an important source for the discovery of novel bioactive

products (Ryan et al., 2008; Golinska et al., 2015). Besides Streptomyces sp., other genera like

Tsukamurella and Corynebacterium isolated from Maytenus austroyunnanesis (Qin et al., 2012),

Actinomycete sp. from Mirabilis jalapa (Passari et al., 2015a), Leifsonia sp. from C.

colebrokianum (Passari et al., 2015a) and Brevibacterium isolated from Centella

asiatica and Conyza canadensis (Kim et al., 2012) were also reported as rare endophytic

actinomycetes from medicinal plants. Some other rare genera like Dietzia, Microtetraspora,
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Actinocorallia, Verrucocsispora, Isoptericola and Kytococcus (Qin et al., 2009; El-Shatoury et

al., 2013) were also isolated as endophytes from medicinal plants. Culture independent studies of

microbes associated with medicinal plant Mallotus nudiflorus also showed that actinomycetes as

most dominant microbe having 37.7% of total endophytic isolates (Wang et al., 2008). There are

very few recent reports regarding the microbial studies on the endophytic actinomycetes residing

in the traditional medicinal plants. Medicinal plants are a potent source of endophytic

actinomycetes with broad biological actions against pathogenic fungi as well as Gram positive

and Gram negative bacteria (Wu et al., 2010). Thus, this habitat deserves close examination for

potential and novel microbes that could produce compounds with desired bioactivities (Gangwar

et al., 2014). Endophytes of medicinal plants probably participate in metabolic pathways of

medicinal plants and produce analogous or novel bioactive compounds, for example, Taxol is

been isolated from an endophytic fungi Taxomyces andreanae, isolated from Taxus chinensis

var. mairei (Strobel et al., 1999). Similarly, Zhao et al. (2011) screened the endophytic

actinomycetes of medicinal plants from Panxi plateau based on the medicinal function of the

plants to identify their potential as biocontrol agents for phytopathogens and bacteria.

Many endophytic actinomycetes, especially those from medicinal plants possess the

ability of inhibiting a wide variety of harmful microorganisms like pathogenic bacteria, fungi and

viruses (Qin et al., 2011). Endophytic actinomycetes, recovered from healthy surface sterilized

tissues in particular are considered as potential source for the production of secondary

metabolites, various natural products with antimicrobial, antioxidants and plant growth

promoting activities (Nimnoi et al., 2010; Merckx et al., 1987). To overcome the mounting

threats of drug resistance against human and plant pathogens, screening of endophytic
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actinomycetes for their functional role is a promising approach (Tan and Zou, 2001). It has been

well documented that medicinal plants with an established ethno-botanical history are promising

candidates because the medicinal values of the plant are related to the population of endophytic

microorganisms (Yu et al., 2010). For example, Qin et al. (2009) isolated 46 antimicrobial

endophytic actinomycetes from medicinal plants of tropical rain forest and they showed that

medicinal plants are the reservoir of novel endophytic actinomycetes for the isolation of

biologically active compounds. Zhao et al. (2011) isolated 560 endophytic actinomycetes from

medicinal plants of China and stated that isolates were displaying broad spectrum antimicrobial

activity and proved that endophytic actinomycetes are important pool for bioactive compounds.

Recently, Passari et al. (2015a) reported that 42 endophytic actinomycetes isolated from seven

medicinal plants of Mizoram and checked for their biosynthetic antimicrobial potential activity

against some human bacterial pathogens. Endophytic microbial communities associated within

medicinal plants has been proven to have great potential for the search of unique secondary

metabolites, which can be exploited for pharmaceutical, agriculture and other industries (Rai et

al, 2014b; Golinska et al., 2015; Qin et al., 2011). Thus, endophytes isolation from medicinal

plants has an immense significance.

Doroghazi and Metcalf, (2013) reported that the biosynthetic genes might be responsible

for the production of secondary metabolites and were formed biosynthetic gene clusters in

genome of actinomycetes. While, the whole genome sequence of the endophytic actinomycetes

is not reported anywhere in the database, on the other hand, Goodfellow and Fiedler, (2010)

showed that the whole genome sequencing of non-endophytic actinomycetes contains more than

20 natural product biosynthetic gene clusters responsible for the production of known or
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expected secondary metabolites. The biosynthetic potential of actinomycetes associated with

medicinal plants can be estimated by the detection and expression of polyketide synthase (PKS I

and II) and non-ribosomal peptide synthetase (NRPS) genes (Janso and carter, 2010; Gohain et

al., 2015). Passari et al., (2015a) reported that antimicrobial activity and antibiotic sensitivity

assay along with amplification of biosynthetic genes coding for polyketide synthase (PKS-I) and

nonribosomal peptide synthetase (NRPS) showed that the endophytic actinomycetes associated

with medicinal plants has broad-spectrum antimicrobial activity.

Recently several researchers have reported that the endophytic actinomycetes are been

used as a biological control agent against several phytopathogens (Cao et al., 2005; Misk and

Franco, 2011) and promoting plant growth as well as provide benefits to their host through biotic

and abiotic stresses (Sziderics et al., 2007; Qin et al., 2009). Endophytic actinomycetes may

promote plant growth directly or indirectly, including solubilization of nutrients, nitrogen

fixation, production of phytohormones, siderophores, antibiotics and hydrolytic enzymes (Qin et

al., 2011; Kim et al., 2012; Rungin et al., 2012). Moreover, PGP are also useful to promote plant

growth due to their production of the enzyme 1-aminocyclopropane-1-carboxylic acid (ACC)

deaminase which was precursor of ethylene in plants. It can convert ACC into ammonia and α-

ketobutyrate and that can be reduced plant ethylene levels and promote the plant growth (Rashad

et al., 2015). These studies indicated that bacteria having ACC deaminase activity decrease the

ethylene levels and as a result the better growth of plants under various stresses conditions

(Kuffner et al., 2010; Khan et al., 2011). Due to the crucial roles they play in producing such

plant growth promoting compounds and antimicrobial agents the exploration of endophytic

microorganisms has been gaining prime attention. Genus Streptomyces showed significant
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growth inhibitory activity against phytopathogens including Rhizoctonia solani, Verticillium

dahlia, Fusarium oxysporum, Colletotrichum orbiculare (Evangelista-Martinez, 2014; El-

Tarabily et al., 2009; Taechowisan et al., 2005). Ezziyyani et al., (2007) reported that the

Streptomyces rochei in combination with Trichoderma harzianum was used to control root rot in

pepper. Streptomyces aureofaciens protected mango plant due to anthracnose disease which is

caused by Colletotrichum goeosporioides (Haggag and Abdall, 2011) and Streptomyces griseus

was used to control Fusarium wilt in tomato (Anitha and Rabeeth, 2009). Recently, few efforts

have been found to explore endophytic actinomycetes isolated from tomato and showed the

potential as biocontrol agents (De-Oliveira et al., 2010) and also showed the production of

extracellular enzymes like cellulases, amylase or chitinase (De-Oliveira et al., 2010). Passari et

al., (2015b) reported that endophytic actinomycetes are used as potential biocontrol agents and

showed their effectiveness in planta.

Many of the endophytic actinomycetes need to be explored around the world. Thus,

identification, characterization and documentation of the gene pool of endophytic actinomycetes

are essential. Molecular systems are helpful in characterization of genetic relationship or

differences amongst several species for the evaluation of genetic fidelity. Today, devoid of the

misleading environmental influences or mistake prone pedigree accounts, it is possible to create

the right inferences in relation to genetic divergence and inter-relationships amongst endophytic

actinomycetes at DNA level. It has become possible to genetically assess endophytic

actinomycetes through the advancement of a range of molecular marker systems. The common

function of molecular markers is to expose the genome wide variability (Gantait et al., 2014).

Various molecular techniques such as 16S rRNA gene sequencing, amplification of repetitive
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extragenic palindromic-PCR (REP-PCR) like enterobacterial repetitive intergenic consensus-

PCR (ERIC-PCR) and BOX-PCR are progressively used for identification and comparative

analysis (Ishii and Sadowsky, 2009; Kumar et al., 2014).

North Eastern Region of India is a big bio-prospecting area. North–Eastern India is the

best known for its rich biodiversity and its un-tapped bioresources has been identified as the

Indo-Burma Mega Hot Spot by Conservation International (Mayer et al., 2000). Therefore,

existence of agriculturally and industrially potential actinomycetes strains with diverse genetic

resources cannot be ruled out. It is well recognized that the diversity of microbial community

especially endophytic actinomycetes in North-Eastern region remains unexplored and

uncharacterized. Moreover, report on the genetic diversity and antimicrobial activities of

endophytic actinomycetes of these areas are scanty. Therefore, it is very important to study and

preserve the genetic diversity of endophytic actinomycetes associated with medicinal plants in

this region to understand the role of endophytic actinomycetes in plants.
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1.2. Objectives of the proposed research

The following aims are set forth to carry out the proposed work for this study:

 Isolation and identification of endophytic actinomycetes associated with some

ethnomedicinal plants from protected forest areas of Mizoram.

 Phylogenetic analysis of isolates by using Random Amplified Polymorphic DNA

(RAPD), BOX-PCR and 16S rDNA-RFLP markers.

 Screening of isolates for antimicrobial activity against important bacterial and fungal

phytopathogens.
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The search of novel bioactive compounds to prevent or cure human ailments will never

end. The continuously changing environmental conditions and emergence of new complications

in human health continue to maintain the pressure on scientific community to develop new and

affective solutions to these problems. The emergence of multi-drug resistant pathogens which

cause complications in several metabolic disorders shows our inadequacy to cope up with these

medical problems. The situation continues to place challenges before the medical community to

discover and develop desirable treatment and therapies. Natural products have been well known

for their contribution in the medicine field from ancient times. It is also reported that 80% of the

bioactive compounds used in drug industry are natural products or their derivatives (Strobel and

Daisy, 2003). The natural products were recovered either from plants or microorganisms on a

broad classification. Since both of these sources have been extensively explored, it is obvious

that plants and microbes from unexplored unique habitat may be examined in search for the

novel drugs to tackle the upcoming challenges of microbial infections and metabolic disorders.

As actinomycetes are well known as the excellent source of bioactive compound, it is predicted

that such organisms from unique habitat may prove useful for this purpose and one such habitat

could be the plant endosphere. In view of extensive diversity of plants, it could be expected that

there would be a vast reservoir of unique actinomycetes, which might turn out to be a goldmine

for the search of new bioactive compounds.

2.1. What are endophytes?

Plants harbor several microorganisms in and on their surfaces. The microorganisms

resides within the plant tissues include endophytes. The term “endophyte” is derived from the

Greek words “endon” (within) and “phyte” (plant). Initially, this term was applied only to fungi
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(Carroll, 1988). The endophytic fungi include three classes of symbionts: Class 1 endophytes

consists of mycorrhizal fungi also known as clavicipitaceous fastidious endophytes that mainly

resides in the endosphere of cool season grasses (Read, 1999; Schardl et al., 2004), Class 2

endophytes know as fungal symbionts which infect both monocot and eudicot plants (Petrini,

1996; Rodriguez et al., 2005). Class 3 endophytes are true endophytes which includes bacteria

(Kado et al., 1992). According to Reinhold-Hurek and Hurek (1998), bacteria that are isolated

from the surface-disinfected tissues, with their concurrent microscopic visualization within the

plant tissues and can re-infect the disinfected seedlings are termed as “true endophytes”. But

those isolates that are not subjected to microscopic validation are called as “putative

endophytes.” While the obligate endophytes are vertically transmitted and complete their life

cycle strictly within the host, however the facultative endophytes are those which can survive

outside the host as well.

There are various definitions of endophytes: Microorganisms living within plant tissues

for full or a part of their life cycle without causing any visible symptoms of their presence are

defined as endophytes (Wilson, 1993). Bacon and White (2000) defined endophytes as 'microbes

that colonize living, internal tissues of plants without causing any immediate, overt negative

effects'. A mutualistic endophyte acts as a "biological trigger" to activate the stress response

system more rapidly and strongly than non mutualistic plants. Many reports found in literature

strongly suggest that the endophytes have an excellent potential to be used as plant growth

promoters with legumes and non-legumes (Kiers et al., 2003). Plants benefits extensively by

harboring these endophytic microbes and confer enhanced resistance to various pathogens by

producing antibiotics and other bioactive secondary metabolites (Clay and Schardl, 2002; Ezra et
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al., 2004; Taechowisan et al., 2005). They inhabit majority of healthy and symptom less plants,

in various tissues like seeds, roots, stems and leaves (Taechowisan et al., 2003). Majority of

endophytes reported so far have been fungi though the number of actinomycetes has increased in

recent years. Endophytes colonize living internal tissues of plants, as symbionts, as mutualists or

sometimes as mild pathogens. However, these properties are often tested in a single plant species

or within groups of closely related plant genotypes, but rarely over a taxonomically wide

spectrum of plant species. Also, the environmental conditions wherein plant-endophyte

interactions are studied are often narrow. A few studies demonstrated that interactions between

taxonomically related microbial endophytes can shift whole populations inside the plant

(Andreote et al., 2009; Elasri et al., 2001). Bacterial and fungal endophytic communities are

commonly investigated separately, but the interaction between both groups inside plants can

become a fascinating new field in endophyte research (Frey-Klett et al., 2011). Thus research on

microbial endophytes holds great promise for discovering new forms of microbes; fungi, bacteria

and actinomycetes as novel microorganisms as a source of novel bioactive compounds, it also

has enormous potential for discovery of new types of natural products with agricultural,

industrial and medical applications.

2.2. Classification and History of Endophyte definitions

In 1809, the German botanist Heinrich Friedrich Link was the first to describe

endophytes (Link, 1809). At that time, they were termed “Entophytae” and were described as a

distinct group of partly parasitic fungi living in plants. Generally in the 19th century, the belief

was that healthy or normally growing plants are sterile and thus free of microorganisms

(Compant et al., 2012). Nevertheless, Galippe reported the occurrence of bacteria and fungi in
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the interior of vegetable plants and postulated that these microorganisms derive from the soil

environment and migrate into the plant, where they might play a beneficial role for the host plant

(Galippe, 1887). Nowadays, it is a well-established fact that plants are hosts for many types of

microbial endophytes, including bacteria, fungi, actinomycetes and unicellular eukaryotes, such

as algae (Tremouillaux-Guiller et al., 2002) and amoebae (Muller and Doring, 2009). Since, then

many definitions have been proposed by different workers (Kado, 1992; Wilson, 1995; Di-Fiore

and Gallo, 1995; Azevedo, 1988; Bacon and White, 2000; Stone et al., 2000), essentially all

pertaining to microorganisms which for all or part of their life cycle invade tissues of living

plants without causing disease. First, this definition is more suitable for cultivated endophytes, as

only with those is it possible to assess pathogenicity. However, in most cases, pathogenicity

assays are not performed, or they are performed with only one plant species, although

pathogenicity might occur with a different plant genotype or under different conditions. Second,

it is well known that some bacteria may live as latent pathogens within plants and become

pathogenic under specific conditions or are pathogens of other plants. Third, it has been shown

that bacterial strains belonging to a well-known pathogenic species of a specific plant host may

even have growth-promoting effects on another plant (Reiter et al., 2002; Coombs and Franco,

2003). These findings demonstrate that it is not trivial to clearly distinguish a nonpathogenic

endophyte from a pathogen and that properties such as pathogenicity or mutualism may depend

on many factors, including plant and microbial genotype, microbial numbers, and quorum

sensing or environmental conditions.
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2.3. Association of endophytes with plants

The endophytic bacteria are capable of entering plants and could establish mutualistic

associations (Hallmann et al., 1997; Azevedo et al., 2000). Quadt-Hallmann et al. (1997) and

Coombs et al. (2004) reported the site and spread of endophytic colonization in various plant

tissues, their mode of entry, and mechanisms that control the colonization behavior. Though the

lack of penetrating bacterial appendages and thick epidermal plant cells usually acts as barriers,

the endophytes entry into the hosts is similar to that of pathogens. The plant pathogens gain their

access via germinating seed radical, stomata, lenticels, and lesions in the lateral roots created by

mechanical injury and those actively growing undifferentiated meristem cells. However, the

beneficial actinomycetes can colonize the plants passively. Plants contain variable amounts of

cellulose, hemicellulose, and pectin in their cell walls that offer several advantages to prevent or

overcome the pathogenic infections. The microbial interaction initiates all the processes

necessary to encounter the complex sugars at first. The cytochemical studies along with

transmission electron microscopy show that the endogluconase activity is critical to the bacterial

invasion. Pectin hydrolysis mediated by microbial pectinase can further lead to the colonization

of endophytic bacteria. Seed application of bacterial strains showed that they could colonize the

root surface, grooves between the epidermal cells, and intercellular spaces of roots and cortical

parenchyma cells. The endophytic bacteria make their way through invagination of root hair cells

or the junction between root hair cells and epidermis or by enzymatic hydrolysis of cell wall

polysaccharides. They also move through epidermis by passive plant uptake and spread to

various tissues via intercellular spaces or conducting cells. These endophytic bacteria generally

colonize the intercellular spaces, and they have been isolated from all plant compartments such
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as roots, stems, leaves, fruits, tubers, ovules, and even inside legume nodules (Posada and Vega,

2005). The actinomycetes endophytic entry into host plants is also reported by infection of seed.

Truyens et al. (2015) reported that seeds of 13 out of 30 plant species were actively colonized by

25 different genera of actinomycetes. They suggested that many seedlings were colonized prior

to germination and seedling development. The seed-borne endophytes inherited from parents to

progeny are gaining prime importance (Selosse and Schardl, 2007); the host plants select them to

gain resistance against pathogens. Even within fruits, the endophytic actinomycetes populations

may arise by entry through flowers and then it can proliferate to other above ground parts

(Compant et al., 2011). They can spread systemically into shoots without causing any symptom

of plant damage/injury (Hurek et al., 1994). Thus, a competent endophyte does not colonize

locally but spread systemically throughout the entire plant (Dong et al., 2003; Zakria et al.,

2007). Similar to pathogens, endophytic bacteria also trigger hypersensitive reactions which in

turn can induce systemic resistance against pathogens (Harish et al., 2008) and/or insect pests.

The plant-associated, obligate endophytic actinomycetes are critical to plant fitness under any

given environment.

2.4. Endophytic colonization within endosphere of plants
The population densities of endophytic bacteria are extremely variable depending on the

bacterial species, host genotypes, host developmental stages, and environmental conditions (Tan

et al., 2003). For example, bacterial colony forming units (CFU) recovered from the alfalfa

xylem tissue varied from 6.0×103 to 4.3× 104 per g (Gagne et al., 1987), 1×102 to 11×103 per g in

the cotton xylem tissue (Misaghi and Donndelinger, 1990), 3.3×103 to 7.0×105 per g in the sugar

beet tissue (Jacobs et al., 1985), and 0 to 1.6×104 per g in the potato tubers (De Boer and

Copeman, 1974). The endophytic actinomycetes population in Ocimum sanctum is about
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10.4×105 per g (Karthikeyan et al., 2008). The plant-associated endophytic actinomycetes impart

antimicrobial activities in several medicinal plants (Passari et al., 2015b). The roots and other

below ground tissues tend to yield the highest numbers of CFU of bacteria compared with the

above ground tissues (Rosenblueth and Martinez-Romero, 2004); this clearly indicates the

upward path of bacteria from roots to stem during the plant development (Gagne et al., 1987).

The endophytic actinomycetes were isolated from a large diversity of plants. Among various

endophytes, actinomycetes comprise of 20 % of total endophytic population including 102

genera. The predominant endophytic genera include members of genus Streptomyces,

Microbacterium, Mycobacterium, Arthrobacter, and Curtobacterium. These are known to

produce diverse antimicrobial compounds such as coronamycins, alnumycin, munumbicins,

kakadumycins, and goadsporin.

2.5. General description of actinomycetes
Actinomycetes are a diverse group of Gram-positive bacteria that range in shape from

unicellular organisms to branching filaments stretching to form a complex network called a

mycelium which is divided into substrate and aerial. The aerial mycelium is usually thicker than

the substrate mycelium (Figure 1A). The aerial mycelium shows sufficient differentiation that a

miscellaneous assortment of isolates can be segregated into a number of groups having similar

morphological characteristics under fixed condition. This is designated as one of the most

important criteria for the classification of the genus Streptomyces into species, comprising

structure (cottony, velvety, or powdery), formation of rings or concentric zones, and

pigmentation. The substrate mycelium of actinomycetes varies in size, shape, and thickness

(Figure 1B). Its color ranges from white or virtually colorless to yellow, brown, red, pink,

orange, green, or black. These bacteria contain a high amount of guanine plus cytosine content
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(60% G+C) in their DNA (deoxyribonucleic acid). They do not have distinct cell wall, but they

produce a mycelium that is non-septate and more slender. Many actinomycetes produce

specialized reproductive structures called spores which are resistant to ultraviolet light and

survive well under dry conditions. However, unlike endospores which are produced inside the

cell by other Gram-positive bacteria such as Bacillus and Clostridium, actinomycetes spores are

external and not particularly resistant to high temperatures. Actinomycetes colonies show

powdery consistency and stick firmly to agar surface, producing hyphae and conidia/sporangia-

like fungi in culture media. Actinomycetes are mainly found in terrestrial ecosystems; however,

they are also distributed in marine and aquatic environments. Most actinomycetes are free-living

microorganisms, although several species are also reported as important plant and animal

pathogens (Dhanasekaran and Jiang, 2016)

Figure 1 Growth pattern of actinomycetes isolate on starch casein agar medium. A. Aerial

mycelium. B. Reverse side of plate showing substrate mycelium.
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Studies have demonstrated that some actinomycetes can form intimate associations with

plants and colonize their inner tissues. The actinomycetes that reside in the tissue of living plants

and do not visibly harm the plants are known as endophytic actinomycetes (Stone et al., 2000).

These microbes live in different organs (roots, stems, leaves, flowers, fruits and seeds) of the

host plants, mainly in inter or intracellular spaces. It is noteworthy that, of the nearly 300,000

plant species on the earth, each individual plant is considered to host one or more type of

endophytes (Strobel and Daisy, 2003), creating an enormous biodiversity. However, only a few

of these plants associated endophytic actinomycetes have been studied, indicating the

opportunity to find interesting species and related natural products among myriads of plants in

different niches and ecosystems is great. Recent studies have revealed a large richness of

endophytic actinomycetes species and diverse compounds with different functions (Coombs and

Franco, 2003; Ryan et al., 2008). In some cases, they can act as biological control agents (Cao et

al., 2005), enhance plant growth (Igarashi et al., 2002) and promote plant establishment under

adverse conditions (Hasegawa et al., 2006). These actinomycetes are relatively unstudied and

potential sources of novel natural products for exploitation in medicine, agriculture and industry

(Strobel et al., 2004). Generally, the endophytic actinomycetes include Streptomyces, but the

genera Streptoverticillium, Nocardia, Micromonospora, Kitasatospora, Pseudonocardia,

Microbispora, Kibdelosporangium, Actinopolyspora, Nocardioides, Brevibacterium,

Actinomadura, Glycomyces Plantactinospora, Polymorphospora, Promicromonospora, and

Streptosporangium are also found in the plants, such as Palicourea longifolia, Calycophyllum

acreanum, Monstera spruceana, Croton lechleri, Cantua buxifolia, Siparuna crassifolia , and

Eucharis cyaneosperma.
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2.6. Isolation of endophytic actinomycetes
A variety of methods have been used by researchers for the isolation of endophytic

actinomycetes. The method of isolation depends on different factors which includes species of

the host plant, age and type of tissue, geographical and habitat distribution, sampling season,

surface sterility, selective media and culture conditions. Isolation protocol is very important since

isolation represents the most crucial step for obtaining pure endophytic cultures (Zhang et al. ,

2006). Hallman et al. (2006) has reviewed some detailed isolation protocols and Coombs and

Franco (2003) have introduced some of these methods.

Firstly, plant parts are collected from various sources. These plant parts like leaves, roots,

stem etc. Should be used freshly or else stored at 4 0C until isolation is initiated. An obligatory

step is surface sterilization of the explants to kill all the surface living organisms. The commonly

used sterilizing agents include ethanol (70-95%), sodium hypochlorite (3-10%), and hydrogen

peroxide. (Hallman et al., 2006). The explants are then rinsed with distilled water. The plant

tissues can then be soaked in 10% NaHCO3 to inhibit fungal growth which could otherwise

overgrow the plates and mask the actinomycetes (Nimnoi et al., 2010). The sterilization

procedure especially the time should be standardized for each plant, as sensitivity differs with

plant species, age and organs (Qin et al., 2011).

Next comes pretreatment of plant tissue which is also an important step. Bacteria present

on surface sterilized plant samples are killed by drying at 80 0C to 100 0C for 15 to 30 minutes.

The explants are divided into small sections and inoculated onto prepared culture media. Or the

tissues may also be grinded by a blender, or by using a mortar pastel with phosphate buffer or

extraction solution (Hallmann et al., 1997). Different combined enzymatic hydrolysis and

differential centrifugation bacterial cell enrichment methods are highly recommended for
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isolation of rare species. It is serially diluted and the preparation is spread on media for isolation

of actinomycetes. Antifungal antibiotics such as nystatin and cycloheximide are supplemented in

the media to stop fungal growth. The plates are incubated at 26 ±2 0C for 15-30 days, after this

period, individual colonies of actinomycetes isolates which have distinct morphology will be

selected. Pure cultures are obtained by repeated streaking the isolates on fresh nutritional media

plates (Golinska et al., 2015).

Media composition and culture conditions play an important role for growth of the

actinomycetes. A variety of growth media have been described by certain authors for the

isolation of endophytic actinomycetes which include starch casein (Kuster and Williams, 1964);

starch casein nitrate (SCNA) (Passari et al., 2015a); soyabean, actinomycetes isolation agar

(Williams and Davis, 1965); chitin vitamin B (Hayakawa, 1990); tap water yeast extract

(TWYE) (Crawford et al., 1993); humic acid vitamni B (HV), yeast extract casamino acid

(YECA) (Mincer et al., 2002); modified Gausse (Ivantiskaya et al., 1978) and glycine-glycerol

media (Kuster, 1959).

2.7. Diversity of endophytic actinomycetes
Endophytic actinomycetes have been isolated from a large variety of plants including

crop plants, woody trees, ferns and club mosses. The woody trees exhibited more vast diversity

of actinomycetes than herbaceous plants. Different parts of the plant vary in diversity (Nimnoi et

al., 2010). Most of the isolates were recovered from roots followed by stem and the least in

leaves (Qin et al., 2009). It is common that roots have a highest diversity of actinomycetes

because they are in close contact with the soil flora and they may form symbiotic associations.

In the diversity study of Taechowisan et al. (2003) based on morphology and amino acid

composition of whole-cell extract the percentage of endophytic actinomycetes recovered from
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different explants were analyzed as 64% from roots, 29% from leaves and 6% from stems of 36

different medicinal plant species. The studies of Strobel and Daisy (2003) suggested that the

greatest diversity of actinomycetes was found in tropical and temperate regions. Passari et al.

(2015a) reported that the highest endophytic actinomycetes were recovered from Dampa tiger

reserve forest area due to low temperature and green tropical forest.

Attempts were made to isolate actinomycetes as endophytes from various plants, where

they live in symbiotic manner without causing any apparent damage to the host plant (Stone et

al., 2000). Biological control ability of endophytic actinomycetes has been reported both in vitro

and in vivo (Cao et al., 2005; Passari et al., 2015b). Evidences indicate that new endophytic

actinomycetes were isolated from various organs of medicinal plants, and produced various

bioactive compounds with a novel chemical structure, which would further increase the potential

effectiveness as biological control agent (Nimnoi et al., 2010). Therefore, there is need for the

isolation and characterization of actinomycetes from different geographical locations is

important in order to identify new and commercially valuable genetic resources (Evangelista-

Martinez, 2014).

A new genus of actinomycetes, Actinosynnema was probably the first reported

actinomycete isolated from a plant i.e. Grass blade (Hasegawa et al., 1978). Wang et al. (2008)

reported that actinomycetes are the most dominant microorganisms accounting for about 37.7%

of total endophytic isolates in their study of the diversity of uncultured microbes associated with

the medicinal plant Mallotus nudiflorus. The most predominant species are Streptomyces sp. and

the most commonly found genera are Microbispora, Micromonospora, Nocardioides, Nocardia

and Streptosporangium (Zhao et al., 2011). Tan et al. (2006) isolated 619 actinomycetes from

different cultivars of tomato and all belongs to Streptomyces sp. Eighty one endophytic
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actinomycetes consisting of 8 genera were isolated from Chinese cabbage roots and

Microbispora spp. was the most dominant followed by Streptomyces spp. and Micromonospora

spp. (Lee et al., 2008). Taechowisan et al. (2003) isolated 330 strains belonging to Streptomyces,

Microbispora, Nocardia and Micromonospora from 36 medicinal plant species of Thailand.

Similarly, Du et al. (2013) reported 600 actinomycetes belonging to 34 genera and 7 unknown

taxa from the analysis of 37 medicinal plants. Janso and Carter (2010) isolated 123 endophytic

actinomycetes, classified to six families and 17 different genera and found that 85% were unique

at the strain level. Rare genera such as Sphaerisporangium and Planotetraspora were quite

prevalent, these were never reported before. 2174 endophytic actinomycetes belonging to 10

different suborders and 32 genera including at least 19 new taxa were isolated from medicinal

plants in China (Qin et al., 2009). Passari et al. (2015a) isolated 42 strains belonging to

Streptomycetaceae (68.18%), followed by Microbacteriaceae (22.7%), Brevibacteriaceae and

Actinomycetaceae (4.5% each) from seven medicinal plant of Mizoram, India.

The culture-independent techniques depend more on the nucleic acid-based approaches

that reveal the structure of the microbial community. The analyses include a selection of rRNA

genes and the whole microbial genomes. The phylogenetic and functional diversity of microbial

community can be studied using approaches either for partial community analysis or whole

community analysis. The partial community analysis includes the polymerase chain reaction

(PCR) - based methods where the PCR amplification of a product from the community of

DNA/RNA reflects a mixture of gene signatures from a targeted group of organisms present in a

sample. In addition to rDNA, other conserved genes such as recombinase A (RecA), gyrase beta

subunit (gyrB), and RNA polymerase beta subunit (rpoB) have been used to study the microbial

community structures (Ghebremedhin et al., 2008). The amplified products of targeted genes can
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be analyzed by various genetic fingerprinting techniques such as amplified ribosomal DNA

restriction analysis (ARDRA), terminal restriction fragment length polymorphism (T-RFLP),

denaturing gradient gel electrophoresis (DGGE), REP-PCR (BOX-PCR and ERIC-PCR) and

RAPD-PCR fingerprinting to generate microbial community profile on the basis of either

sequence or length polymorphism. These techniques demonstrate the differences between

microbial communities but fail to provide direct taxonomic identities. Most information obtained

currently on the endophytic bacterial diversity is by the culture dependent approaches. But the

microbial diversity accounted for by the conventional cultivation techniques is less than 1 % of

the total bacterial species present. To overcome the limitations of culture-dependent approaches,

the culture-independent molecular approaches based on 16S rRNA gene analysis such as PCR

amplification of 16S rDNAs, ARDRA, DGGE, and T-RFLP techniques have been successfully

used.

16S rRNA-RFLP technique is a widely used powerful tool in grouping actinomycetes

species and genera when studying the diversities of microbial isolates (Zhang et al., 2014). This

method is accepted as rapid and accurate method for the study of bacterial phylogenetic

relationships and the diversity of microbial communities, because of the high conservation of the

molecule. The banding patterns can be used to detect any structural changes and diversity in

microbial community (Willems et al., 2003). Restriction patterns produced 29 different

genotypes among the 41 endophytic actinomycetes analysed by using 16S rRNA RFLP (Yuan et

al., 2008). A higher diversity of Streptomyces scabei related species in Mehlige muhlviertler

variety was indicated by group-specific analysis of actinomycetes (Sessitsch et al., 2004). RFLP

analysis of 100 randomly chosen clones resulted in 18 major restriction patterns, from which 45

representative clones were chosen for sequencing (Tian et al., 2007). Through the use of RFLP
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technique for sequencing and phylogenetic analysis, the selected 33 culturable isolates were

identified as belonging to ten genera of actinomycetes including Streptomyces, Micromonospora,

Saccharomonospora, Mycobacterium, Actinomycetospora, Nonomuraea, Verrucosispora,

Nocardiopsis, Microbacterium and Glycomyces (Wu et al., 2010). The 16S rRNA genes of 60

isolates were digested by restriction endonucleases Hae-III and Rsa-I and the isolates were

assigned to 12 groups at the similarity level of 90% (Zhao et al., 2011). Sessitsch et al. (2004)

suggested that T-RFLP of 16S rRNA genes proved to be an appropriate tool for investigation of

endophytic actinomycetes and to detect population shifts of bacteria in different plant tissues, the

use of group specific PCR primers avoided the problem of chloroplast and mitochondria derived

sequence confusion and proved to be an excellent tool for analysis of endophytes.

Random amplified polymorphic DNA technique has been widely used in many plant

species for cultivar analysis, population studies and genetic linkage mapping (Willams et al.,

1991). RAPD markers have been successfully used to study genetic diversity of several genera in

endophytic actinomycetes. The basis of this method is the differential PCR amplification of

genomic DNA. This molecular marker is based on the PCR amplification of random locations in

the genome of the endophytic actinomycetes. The number of amplification product is directly

related to the number and orientation of the sequences that are complementary to the primer in

the genome. The availability of such a simple, safe and fast RAPD technique has been of great

importance for diversity studies in various genus of actinomycetes especially for which the DNA

sequence information is not available (Nimnoi et al., 2010). The DNA polymorphisms created

through rearrangements or deletions at or between oligonucleotide primer binding sites  in the

genome via short random oligonucleotide sequences which are usually 10 bases long (Williams

et al., 1991). It generated specific patterns corresponding to particular genotypes of the genera
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Streptomyces, Nonomuraea, Actinomaruda, Pseudonocardia and Nocardia and was used in a

study which was the first published report that actinomycetes can be isolated as endophytes

within Aquilaria crassna and that they are capable of producing IAA and siderophores, RAPD

proved to be a little more discriminatory than ERIC- PCR (Nimnoi et al., 2010).

Repetitive sequence-based polymerase chain reaction (rep-PCR) is a genomic

fingerprinting technique that has proven useful for molecular typing and identification of

bacterial species (Versalovic et al., 1991; Rademaker et al., 2000). The technique is based on

PCR amplification of DNA sequences located between specific interspersed repeated sequences

in prokaryotic genomes, followed by computer-assisted analysis of agarose gels. Several families

of interspersed repetitive sequences are present in the genomes of bacterial species, e.g. the

repetitive extragenic palindromic (REP) sequence, the enterobacterial repetitive intergenic

consensus (ERIC), and the BOX element (Rademaker et al., 2000; De-Bruijn, 1992). Although

rep-PCR primers were developed for repetitive elements in prokaryotic genomes, these primers

have been applied with success in the fingerprinting of eukaryotic genomes (Van Belkum et al.,

1998). Nimnoi et al. (2010) showed discriminatory fragment pattern of ERIC-PCR fingerprinting

on different isolates of endophytic actinomycetes isolated from Aquilaria crassnamore. BOX-

PCR is also used in DNA fingerprinting of endophytic actionomycetes, for generating DNA

fingerprints, it allows inequity between closely related bacterial strains (Versalovic et al., 1991).

136 actinomycetes were isolated from the nitrogen-fixing root nodules of Lupinus angustifolius

and high resolution fingerprints were obtained, BOX-PCR fingerprinting has shown to be a

significant tool in discriminating highly related strains and a high degree of genetic variation was

found among Micromonospora strains isolated and this indicated that the strains were not clones

but represented different bacterial genotypes (Trujillo et al., 2010). In our study clearly
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mentioned that REP-PCR (BOX-PCR and ERIC-PCR) was the most powerful technique to

differentiate endophytic actinomycetes isolates upto species level (Passari et al., 2015b).

2.8. Application of endophytic actinomycetes
Endophytes colonizing inside plants usually get nutrition and protection from the host

plants. In response, they confer severely improved strength to the host plants by producing a

variety of bioactive metabolites.

2.8.1. Antimicrobial potential

Many endophytic actinomycetes especially isolated from medicinal plants which have

capacity to inhibit a wide variety of micro-organisms like pathogenic bacteria, fungi and viruses.

Hence, there is very important to develop an antimicrobial drugs from endophytic actinomycetes.

Isolate Streptomyces sp. TP-A0456 was isolated from twig of cedar plant which has produced

two antimicrobial compounds cedarmycins A and B. Cedarmycins A and B showed significant

in-vitro antifungal activity against Candida glabrata with the MIC value of 0.4 μg/ml (Igarashi,

2004). Antifungal compound actinomycin D was isolated from an endophytic strain

Streptomyces sp. Tc022 isolated from roots of Alpinia galanga which has strongly inhibited

Colletotrichum musae and Candida albicans (Taechowisan et al., 2006). Castillo et al. (2006)

isolated two chromophoric peptides antibiotics; munumbicins E-4 and E-5 from endophytic

Streptomyces NRRL 30562, which also produced broad-spectrum antibiotics munumbicins A-D.

Both compounds showed strong broad-spectrum activity against gram-positive and gram-

negative bacteria. Zhang et al. (2012) reported that out of 65 isolate, 12 strains of endophytic

actinomycetes belongs to Streptomyces and Glycomyces isolated from plants Achyranthes

bidentata, Paeonia lactiflora, Radix platycodi and Artemisia argyi which has ability to inhibit
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penicillin resistant Staphylococcus aureus. Wang et al. (2014) showed a moderate antiviral

activity against influenza virus type A subtype H1N1 of perlolyrine, 1-hydroxy-b-carboline,

lumichrome, 1H-indole-3-carboxaldehyde from Jishengella endophytica with IC50 value of

38.3, 25.0, 39.7, and 45.9 µg ml-1 respectively.

Doroghazi and Metcalf, (2013) suggested that the endophytic actinomycetes having

biosynthetic gene clusters which is responsible for the production of secondary metabolites and

were always found as a cluster in the genome. While, there is no data reported about whole

genome sequencing on actinomycetes from medicinal Plants. Some researchers reported that

whole genomes of Streptomyces sp. and non-Streptomyces actinomycetes such as Streptomyces

avermitilis MA-4680 (Omura et al., 2001; Ikeda et al., 2003) and Streptomyces coelicolor A(3)2

(Bentley et al., 2002) as well as Saccharopolyspora erythraea NRRL 23338 (Oliynyk et al.,

2007), Salinispora tropica CNB-440 (Udwary et al., 2007) having around 20 or more

biosynthetic gene clusters which helps for the production of  secondary metabolites (Goodfellow

and Fiedler, 2010). Janso and Carter (2010) reported that endophytic actinomycetes showed

strong antimicrobial activity against bacterial pathogens and might be responsible for the

detection of polyketide synthase (PKS I and II) and nonribosomal peptide synthetase (NRPS)

genes. The author has been observed that 66% and 79% of isolates showed of PKSI and PKSII

gene respectively, whereas, all 29 isolates showed the presence of NRPS genes. However, some

of the pathways encoded by these genes may not be functional. Out of 22, 10 endophytic

actinomycetes isolates showed the presence of PKS type I (45%), whereas NRPS candidate

amplicons were detected in 13 isolates (59%) (Passari et al., 2015a).
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2.8.2. Plant Growth Promoting (PGP) potential
Endophytic actinomycetes are also known for their ability to promote plant growth by

producing plant growth promoting compounds such as indole acetic acid, nitrogen fixation,

phosphate solubilisation and siderophore production (Golinska et al., 2015; Nimnoi et al., 2010).

IAA is a commonly natural compound which is a product of L-Tryptophan metabolism in

microorganisms. Auxin represent wide group of the derivatives of indole ring compounds. This

compound has the ability to improve plant growth by stimulating cell elongation, root initiation,

increase seed germination and seedling growth (El-Tarabily, 2008). There are many reports

which demonstrated the ability of endophytic Streptomycetes to produce indole acetic acid and

thus promote plant growth (Solans et al., 2009). A total of 252 endophytic actinomycetes isolates

were recovered from Citrus reticulata L. Out of 252, 64 isolates were evaluated for their indole-

3-acetic acid (IAA) production. Genus Nocardiopsis showed very high ability to produce IAA

among other actinomycetes genera with values ranging from 71.0 to 197 g/ml (Shutsrirung et al.,

2014). Out of 22 isolates 20 endophytic actinomycetes (90.9%) were positive for IAA production

with the range of 10 - 32 µg/ml; among them the 14 isolates belongs to Streptomyces sp. (Passari

et al., 2015b). In addition, the IAA-producing endophytic Streptomyces atrovirens, Streptomyces

olivaceoviridis, Streptomyces rimosus, Streptomyces rochei and Streptomyces viridis also

improve seed germination, root elongation, and growth (El-Tarabily, 2008; Khamna et al., 2010).

Nitrogen is very important component for plant nutrition and its deficiency is reduced the

agricultural productivity. The molecular nitrogen (N2) is present freely in the atmosphere.

During the biological nitrogen fixation process, only few microorganisms can convert the

atmospheric nitrogen to ammonia and supplied to the plant. The microorganisms that fix nitrogen

are referred to as diazotrophs and are capacity of fixing nitrogen either free-living conditions or
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in symbiotic association with higher plants. In the symbiotic relationships, two different types of

bacteria interact with vascular plants: Rhizobia (α-proteobacteria) with leguminous plants of

Fabaceae family and Frankia (actinomycetes) with eight angiosperm families, viz., Betulaceae,

Casuarinaceae, Coriariaceae, Datiscaceae, Elaeagnaceae, Myricaceae, Rhamnaceae, and

Rosaceae (Huss-Danell, 1997). Lechevalier (1994) reported that Frankia produces nitrogen-

fixing vesicles and reproductive spores and entered either intracellularly or intercellularly in the

root cortex. The N2 fixation process is mediated by the oxygen-sensitive nitrogenase (coded by

nif genes) enzyme complex present in bacteria. Gtari et al. (2012) demonstrated that nifH genes

were detected in some non-frankial actinomycetes such as Slackia exigua, Rothia mucilaginosa,

and Gordonibacter pamelaeae. The free living, diazotrophic Thermomonosporaceae and

Micromonosporaceae can also colonize Casuarina equisetifolia (Valdes et al., 2005). Recently,

Micromonospora is reported to influence the rhizobial symbiosis in alfalfa plant (Martinez-

Hidalgo et al., 2014).

Hamdali et al. (2008) reported that isolate Streptomyces cavourensis, Streptomyces

griseus and Micromonospora aurantiaca showed phosphate solubilization efficiency with 83.3,

58.9 and 39 mg/100 ml respectively. It was reported that the phosphate solubilizing strains plays

an important role in acidification of the medium and the pH and the soluble phosphate

concentration were inversely proportional (Chen et al., 2006). Passari et al. (2015b) reported that

63.6% (14 out of 22) isolates were identified as phosphate solubilizers. This may be either due to

the acidification of external medium by production of low molecular weight organic acids like

gluconic acid (Oteino et al., 2015). Hence, endophytic actinomycetes with phosphate

solubilization efficiency play an important role in the improvement of plant growth. Goldstein et

al. (1995) described the ability of phosphate solubilizing microorganisms for their ability to
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solubilize inorganic tricalcium phosphate Ca3 (PO4)2. Microbial solubilization of phosphate in

soil can be correlated with the ability of microbes to produce selected organic acids and

extracellular polysaccharides.

Iron is abundant in the Earth’s crust but most of it is in the form of insoluble ferric

hydroxide and thus unavailable to soil organisms and plants. Some of the endophytic bacteria are

the capacity to take iron from the soil solution and the organic iron complexes through

siderophores, a specific ferric iron (Fe3þ) carrier (Neilands and Nakamura, 1991). Hence, they

can mediate the nutritional competition for iron and inhibit the growth of plant pathogens under

conditions of low iron availability (Kloepper et al., 1980). However, under acidic conditions (pH

< 6), iron availability increases, and siderophores become less effective (Neilands and

Nakamura, 1991). Siderophore production is another feature that promotes plant growth by

binding to the available iron form (Fe3+) in the rhizosphere making iron unavailable to the

phytopathogens (Siddiqui et al., 2005). Siderophores display considerable structural variability

and affinity for iron that determines the growth of a microbe under competitive conditions when

iron availability itself is a limiting factor (Cao et al., 2005). Streptomyces species are well known

for the production of hydroxamate-type siderophores, which can inhibit phytopathogen growth

by competing for iron in rhizosphere soils (Khamna et al., 2009). Tan et al. (2006) suggested that

the production of siderophore is an important factor for phytopathogen antagonism and

developing growth of the plant. The maximum amount of catechol type and hydroxamate type

siderophores were produced by isolate Streptomyces sp. 34 (5.4 and 36.4 µg/ml) (Passari et al.,

2015b). Nimnoi et al. (2010) demonstrated that Pseudonocardia halophobica isolated from the

roots of Aquilaria crassna have high capacity for hydroxymate type siderophore production

(39.30 µg/ ml). Khamna et al. (2009) has showed that Streptomyces CMU-SK 126 isolated from
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Curcuma mangga rhizospheric soil exhibited high amount of siderophore, catechol type and

hydroxamate types production. Tan et al. (2011) reported that the Streptomyces sp. E36 and Y30

strain has the capacity to produce ACC deaminase activities. Francis et al. (2010) suggests that

bacterial ACC deaminase activity has the capacity to promote and increase plant growth under

adverse environmental conditions by the decrease of stress-induced ethylene in plants. Hence, all

potential isolates might be present inside the host plants can benefit the host by reducing the

stress and increasing the plant growth.

2.8.3. Antagonistic potential

Now a days, researchers are very much interested to search a potential endophytic

actinomycetes which was used as biocontrol agents to protect plants against different soil-borne

plant pathogens, including Rhizoctonia solani, Verticillium dahliae, Plectosporium tabacinum,

Gaeumannomyces graminis var. tritici, F. oxysporum, Pythium aphanidermatum and

Colletotrichum orbiculare (Krechel et al., 2002; El-Tarabily, 2003; Coombs et al., 2004; Cao et

al., 2005; El-Tarabily et al., 2009; Shimizu et al., 2009). El-Tarabily and Sivasithamparam,

(2006) suggested that endophytes producing bioactive compounds such as antibiotics, cell wall

degrading enzyme and competition for nutrients. Additionally, endophytic actinomycetes have

also been found to hold the ability of triggering plant induced systemic resistance (ISR).

Endophytic Streptomyces sp. EN27 and Micromonospora sp. strain EN43 was increased

resistance capacity in Arabidopsis thaliana leaves against pathogens, Erwinia carotovora and F.

oxysporum, and triggered the expression of defense genes related to salicylic acid (SA) or

jasmonic acid/ethylene-dependent signaling pathways in the absence of a pathogen (Conn et al.,

2008). New bioactive compound, 6-prenylindole isolated from Streptomyces sp. which showed
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significant antifungal activity against plant pathogens, Alternaria brassicicola and Fusarium

oxysporum (Igarashi, 2004). Similarly, Zhang et al. (2014) showed antifungal activity of one new

prenylated indole derivative and tree known hybrid isoprenoids with IC50 values in range of

30.55–89.62 against phytopathogenic fungi Colletotrichum orbiculare, Phytophthora capsici,

Corynespora cassiicola and Fusarium oxysporum. Lu and Shen (2003; 2007) reported antifungal

activity of naphthomycins A and K extracted from Streptomyces sp. CS against Penicillium

avellaneum UC-4376.

2.8.4. Other applications in pharmaceutical industry

Streptomyces sp. was isolated from Artemisia herba-alba, Echinops spinosus, Balotta

undulate and Mentha longifolia which showed larvicidal activity reported by El- Shatoury et al.

(2006). Out of 41, 27 endophytic actinomycetes showed strong cytotoxic effect against larvae of

Artemia salina. Among them, nine isolates exhibited high mortality rate reaching to 100 % death

after 12 h. Castillo et al. (2002) reported that munumbicins type D antibiotics was very strong

activity against the parasite Plasmodium falciparum, the most pathogenic Plasmodium causing

malaria, with IC50 of 4.5 ngml-1. Igarashi et al. (2006) reported that Streptomyces hygroscopicus

TPA0451 was isolated from Pteridium aquilinum which has inhibited human cancer cell lines

NCI-H522, OVCAR-3, SF539, and LOX-IMVI with IC50 in the presence of 2.9, 3.9, 5.0 and 7.1

mM respectively. Lu and Shen (2003; 2007) reported cytotoxic activity of naphtomycin A from

Streptomyces sp. CS isolated from Maytenus hookeri against P388 and A549 human tumor cells

with IC50 0.07 and 3.17 mM, respectively. Caruso et al. (2000) reported an anticancerous drug

paclitaxel from endophytic actinomycete Kitasatospora sp. isolated from inner cortical tissues of

Taxus baccata. Endophytic actinomycete Nonomuraea sp. was isolated from Artemisia vulgaris
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which has produced anticancer compound named brartemicin, a trehalose-derived metabolite.

This new compound was capable of inhibiting the invasion of murine colon carcinoma 26-L5

cells with an IC50 value of 0.39 lM without any cytotoxicity (Igarashi et al., 2009). Endophytic

actinomycetes S. longisporoflavus and Streptomyces sp. isolated from antidiabetic medicinal

plants Leucas ciliate and Rauwolfia densiflora which has been used as alpha-amylase inhibitor.

Alpha-amylase inhibitors demonstrated antidiabetic activity similar to alphaglucosidase

inhibitors (Akshatha et al., 2014). These actinomycetes extracts did not show insulin-releasing

ability; instead it improved the ability of available insulin to pass glucose into muscles.

Endophytic Streptomyces sp. was isolated from Alpinia oxyphylla which showed antioxidant

activity by the production of two active compounds 2, 6-dimethoxy terephthalic acid and

yangjinhualine A (Zhou et al., 2013; 2014). Taechowisan et al. (2006) confirmed that two

compound 5, 7-dimethyloxy- 4-p methoxylphenylcoumarin and 5, 7- dimethoxy-4-

phenylcoumarin produced by Streptomyces aureofaciens as anti-inflammatory agents.
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3.1. Introduction

Endophytic microorganisms reside in the internal tissues, and subsist in symbiotic or

mutualistic association with their host plant without causing apparent symptoms of infection.

Endophytes are ubiquitous and present in almost all plant species on earth and moreover, it is

commonly speculated that they contribute to the evolutionary fitness of their host by producing a

range of secondary metabolites, which provide resistance against diseases and survival (Strobel

et al., 2004). Plants have developed a good information transfer from endophytes such as

increased tolerance to stresses or plant growth promotion as well as decreased disease symptoms

caused by plant pathogens (Marcedo-Blanco and Lugtenberg, 2014; Rai et al., 2014a; Stainiek et

al., 2008). The species composition of bacterial population depends on the genotype,

environmental conditions, type of soil and growth stage of the host plant (Donn et al., 2014;

Schreiter et al., 2014; Gupta et al., 2014). Actinomycetes are the most frequently isolated

endophytes followed by gram-positive and gram-negative bacteria, explored as a novel source

for the production of bioactive compounds. Actinomycetes are aerobic, gram positive bacteria

comprising a group of branching unicellular microorganism, which play a significant role in the

breakdown of organic matter into more easily obtainable nutrients.  They are also known for the

production of many secondary metabolites including various antibiotics, antitumor and plant

growth hormones, which are important for pharmaceutical and agricultural industries (Fiedler et

al., 2008).

Endophytic microbial communities associated within medicinal plants has been proven to

have great potential for the search of unique secondary metabolites, which can be exploited for

pharmaceutical, agriculture and other industries (Rai et al., 2014b; Golinska et al., 2015). Thus,

endophytes isolation from medicinal plants has an immense significance. Endophytic
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actinomycetes, recovered from healthy surface sterilized tissues in particular are considered as

potential source for the production of secondary metabolites, various natural products with

antimicrobial, antioxidants and plant growth promoting activities (Nimnoi et al., 2010; Lam,

2006; Merckx et al., 1987). Among endophytic actinomycetes recovered from medicinal plants,

Streptomyces accounts as the most abundant genus followed by Micromonospora,

Actinopolyspora, Nocardia, Saccharopolyspora, Streptosporangium, Promicromonospora and

Rhodococcus (Qin et al., 2009; Passari et al., 2015; Verma et al., 2009; Zhao et al., 2011). Some

rare genera like Dietzia, Microtetraspora, Actinocorallia, Verrucocsispora, Isoptericola and

Kytococcus were also isolated as endophytes from medicinal plants (Qin et al., 2009; El-

Shatoury et al., 2013; Gohain et al., 2015). Culture independent studies of microbes associated

with medicinal plant Mallotus nudiflorus also showed that actinomycetes as most dominant

microbe having 37.7% of total endophytic microorganisms (Wang et al., 2008). There is

increasing evidences for the existence of new endophytic actinomycetes within various tissues of

medicinal plants, and some produce bioactive compounds with novel chemical structures

(Nimnoi et al., 2010; Qin et al., 2008). However, information is scarce on the tissue distribution

and biodiversity of endophytic actinomycetes associated with traditional medicinal plants from

unique environments.

It has been observed that the genes responsible for the production of individual secondary

metabolites were present in the genome of actinomycetes in the form of biosynthetic gene

clusters (Doroghazi and Metcalf, 2013). Although, there is no data available for the whole

genome sequence of the endophytic actinomycetes recovered from medicinal plants, but from the

whole genome sequencing of non-endophytic actinomycetes, Goodfellow and Fiedler, 2010

showed that actinomycetes contains more than 20 natural product biosynthetic gene clusters
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responsible for the production of known or expected secondary metabolites. The biosynthetic

potential of actinomycetes associated with medicinal plants can be estimated by the detection

and expression of polyketide synthase (PKS I and II) and non-ribosomal peptide synthetase

(NRPS) genes (Janso and carter, 2010; Passari et al., 2015; Gohain et al., 2015).

Screening of endophytic actinomycetes for their functional role is a promising approach

to overcome the mounting threats of drug resistance against human and plant pathogens (Tan and

Zou, 2001). It has been well documented that medicinal plants with an established

ethnobotanical history are promising candidates for the isolation of potent endophytic

microorganisms as these microorganism also plays a significant role in the development of

medicinal property of the plants (Yu et al., 2010). For instance, Qin et al. (2009) isolated 46

antimicrobial endophytic actinomycetes from medicinal plants of tropical rain forest and they

showed that medicinal plants are the reservoir of novel endophytic actinomycetes for the

isolation of biologically active compounds.  Recently, Zhao et al. (2011) also isolated 560

endophytic actinomycetes from medicinal plants of China and stated that isolates were

displaying broad spectrum antimicrobial activity and proved that endophytic actinomycetes are

an important pool for bioactive compounds.

Different ecological environments greatly influence the biological diversity and species

distribution among the host plants (Hou et al., 2009; Sheil, 1999). Previous studies, have

examined the diversity and antimicrobial potential from many medicinal plants from various

parts of the world (Qin et al., 2009; Verma et al., 2009). In this study we isolated and

characterise the diversity of endophytic actinomycetes and their biosynthetic potential associated

with some ethnobotanical medicinal plants from Mizoram, Eastern Himalaya.
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3.2. Materials and Methods

3.2.1. Sampling of medicinal plants

Healthy medicinal plants were collected from Phawngpuii National Park [Phawngpuii

NP] (22°40′N; 93°03′E) and Dampa Tiger Reserve Forest [Dampa TRF] (23°25′N; 92°20′E) in

Mizoram, India during November, 2012 (Figure 1 and 2). The distance between the selected

sites is 242 miles. From seven selected plants, 560 tissues of leaf, stem, root, flower (if present)

and petiole were taken. Roots were collected by digging the soil adjacent of the main stem and

collecting samples about 0.6 cm diameter and 5-6 cm in length. The cut ends were sealed with

wax, and then all samples were brought into the laboratory in an icebox and used for isolation

within 48 h.

Figure 1: Seven healthy medicinal plants collected from Phawngpuii National Park and Dampa

Tiger Reserve Forest of Mizoram. A. Mirabilis jalapa (Artukhuan); B. Curcuma longa (Aieng);

C. Musa superba Roxb (Changel); D. Alstonia scholaris (Thuamriat); E. Eupatorium odoratum

(Tlangsam); F. Centella asiatica (Lambak) and G. Clerodendrum colebrookianum (Phuihnam).

Beckets are indicated local name of the plant.
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Figure 2. Map showing the locations of the sampling sites: Dampa Tiger Reserve forest and

Phawngpuii National Park, Mizoram, India.
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3.2.2. Isolation of endophytic actinomycetes and relative abundance

Collected plant materials were separated into individual organs i.e. leaves, stems, roots,

flowers and petioles by cutting with a scalpel. All samples were washed carefully in tap water for

3-5 min to remove soil and organic debris, and successively cut into pieces of 1cm2, rinsed in

0.1% Tween 20 for a few seconds, and transferred to clean conical flasks. Samples were surface

sterilized by immersing them sequentially in 70% ethanol for 3 min, followed by 0.4% NaOCl

for 1 min, 70% ethanol for 2 min, followed by three washes with sterile distilled water for 1 min

each. Samples were dried in a laminar airflow chamber and by using sterile scalpel, outer tissues

were removed; the inner tissue of 0.5 cm size was carefully dissected. It was placed on Petri

dishes containing different isolation media supplemented with nystatin and cycloheximide (60

µg/ml) to suppress fungal growth. The media was amended with nalidixic acid and K2Cr2O7,

both in a final concentration of 60 µg/ml to restrict the grown of non-actinomycetes. The plates

were incubated at 26±2 0C in BOD incubator for 2 - 4 weeks. Bacterial colonies growing out of

the plated tissue segments were transferred onto ISP2 media slants and repeatedly sub-cultured

until pure cultures were obtained, and maintained at 4 0C.

3.2.3. Isolation media and conditions

The following five isolation media were used, all supplemented with 2.0% agar, nystatin

and cycloheximide to suppress fungal growth, nalidixic acid and K2Cr2O7 to inhibit fast growing

bacteria, all in final concentration of 60µg/ml: 1. Starch Casein Nitrate Agar (SCNA); 2.

Actinomycetes Isolation Agar (AIA); 3. Tap Water Yeast Extract Agar (TWYE); 4. Yeast Malt

Extract Agar (ISP2); 5. Glycerol Asparagine Agar (ISP5) as described by Taechowisan and

Lumyong, 2003.
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To validate the efficacy of surface sterilization and to prove that the isolates indeed

emerged from internal tissues of the host plants fingerprints of the surface sterilized tissues were

taken on ISP2 agar media plates and incubated at 26±2 0C, and in addition, surface sterilized

tissues were washed in sterilized distilled water at least three times, soaked in water for 1 min

with continuous stirring. A 0.1 ml aliquot of the last wash was inoculated again on ISP2 media.

If no microbial growth was observed on the agar plates, the sterilization was considered as

effective (Schulz et al., 1993).

3.2.4. Preliminary identification of actinomycetes

Analysis of the morphological and cultural characteristics of endophytic actinomycetes

was carried out according to the International Streptomyces Project (Shirling and Gottlieb, 1966).

All the isolates were identified up to genus level; including colour of aerial and substrate

mycelium, colour and characteristics of the colony on the Petri plate, spore mass colour,

production of diffusible pigment, utilization of carbon sources and spore chain morphology for

identification up to genus level (Goodfellow and Haynes, 1984). The structure of mycelium was

observed using an oil immersion microscope. The spore chain morphology and surface of spore

were examined by Field Emission Gun - Scanning electron microscopy (FEG-SEM) of 10-day

old cultures grown on ISP1 media. The organism was identified by following the keys of

Bergey’s Manual of Determinative Bacteriology (Bergey et al., 2000).

3.2.5. Screening for antimicrobial activity

Antimicrobial screening was performed against Staphylococcus aureus (MTCC-96),

Pseudomonas aeruginosa (MTCC-2453), Escherichia coli (MTCC-739) and Candida albicans

(MTCC-3017). The cultures were obtained from Microbial Type Culture Collection (MTCC),

Chandigarh, India. Endophytic actinomycetes were inoculated in Tryptone yeast extract broth
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medium (ISP medium 1) and incubated at 28 0C, 250 rpm for 7-10 d. Cells were harvested by

centrifugation at 8,000 rpm and the supernatant was collected into a fresh tube and tested for

antimicrobial activity by the agar well diffusion method (Saadoun and Muhana, 2008). The test

pathogenic microbes were inoculated on nutrient agar plate and wells of 6 mm diameter were

prepared by using sterile cork borer. In each of the plates, wells were filled with 50 µl of clear

supernatant of endophytic actinomycetes and the plates were incubated at 28±2 0C for 24 h. All

experiments were performed in triplicates.

3.2.6. Antibiotic sensitivity test

Ten different standard antibiotic discs were used against endophytic actinomycetes

isolates to check the antibiotic sensitivity pattern on Muller Hinton agar medium. The isolates

were inoculated in ISP 2 broth and incubated at 28±2 0C, 250 rpm for 7-10 d. The grown cultures

were distributed with a sterile spreader over the plates of Muller Hinton agar. The antibiotic discs

were placed on the plate and incubated at 28±2 0C for 24h. All experiments were performed in

triplicate. Antibiotic sensitivity was observed by measuring inhibition zone diameters as

described earlier (Williams et al., 1989). Actinomycetes isolates were either considered as

sensitive (S), intermediate (I) or resistant (R) to an antibiotic.

3.2.7. DNA isolation, 16S rRNA gene amplification and phylogenetic analysis

Genomic DNA was extracted using Fast Prep kit (MP Biomedical, USA) according to the

manufacturer’s protocol. All the isolates were subjected to the amplification of 16S rRNA gene

by using universal primers (forward 16S rRNA primer 5’-AGAGTTTGATCCTGGCTCA-3’ and

reverse 16S rRNA primer 5’-ACGGCTACCTTGTTACGACT-3’) (Cui et al., 2001). Reactions

were performed in a Veriti thermal cycler (Applied Biosystems, Singapore) in a total volume 25

µl consisting of 1.0 µl genomic DNA (50 ng), 0.5µl of each primer (10 pmol), 2.0 µl of
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deoxynucleotide triphosphates (2.5 mM each),  2.5 µl of 1x PCR buffer, 1.0 µl of Taq DNA

polymerase (1U/ µl) and 17 µl MilliQ grade water. PCR was performed under the following

conditions: initial denaturation step at 95 0C for 4 min, followed by 30 cycles of denaturation at

94 0C for 1 min, annealing at 57 0C for 1 min and extension at 72 0C for 1.2 min with a final

extension step at 72 0C for 10 min. A negative control reaction mixture without DNA template of

actinomycetes was also included with each set of PCR reactions. The amplified PCR products

were analyzed by electrophoresis through 1.2 % agarose gels made in TAE buffer. The PCR

bands were analyzed under UV light and documented using a Bio-rad Gel Doc XR+ system

(Hercules, CA, USA). The PCR products were purified using QIAquick gel extraction kit

(Qiagen, Hilden, Germany), and sequencing was done commercially at Sci-Genome Pvt. Ltd.

Kochin, India.

Obtained DNA Sequences were compared with GenBank/EMBL/DDBJ database using

BlastN search program and sequences were aligned using Clustal W (Thompson et al., 1997).

The evolutionary models were selected according to the lowest BIC (“Bayesian Information

Criterion”) and AIC (“Akaike Information Criterion”) values using MEGA 5.05. Analysis based

on 16S rRNA gene sequences used the model T92+ G (G=0.21 and R=0.42) and model K2+I

(I=0.55, R=1.93) for construction of neighbor-joining and maximum likelihood trees

respectively. Phylogenetic trees were constructed using Tamura 3-parameter and Kimura 2

parameter models respectively with MEGA 5.05 (Saitou and Nei, 1987; Tamura et al., 2011),

taking E. coli as an out group. The robustness of the phylogenetic trees was evaluated by

bootstrap analysis with 1000 resamplings using p-distance model (Felsenstein, 1985). Trees were

viewed and edited by using program FigTree 1.3.1.
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3.2.8. PCR amplifications of biosynthetic genes (PKSI and NRPS)

Polyketide synthase (PKS) type I gene fragments were amplified by using degenerate

primers: K1F 5’-TSAAGTCSAACATCCGBCA-3’ and M6R 5’-

CGCAGGTTSCSGTACCAGTA-3’ and nonribosomal peptide synthetase (NRPS) gene

fragments were amplified by using degenerate primers: A3F 5’-

GCSTACSYSATSTACACSTCSGG-3’ and A7R 5’-SASGTCVCCSGTSGCGTAS-3’ (Ayuso-

Sacido and Genilloud, 2005). The reaction was carried out in the Veriti thermal cycler (Applied

Biosystems, Singapore) in a final volume of 50 µl containing 50 ng of genomic DNA, 2.0 U of

Taq DNA polymerase, 1mM MgCl2, 0.5mM of dNTPs, 2.0 µM of each primer and 10% DMSO.

PCR conditions consisted of one denaturation step at  96 0C for 5 min., followed by 35 cycles of

denaturation at 96 0C for 60 s, annealing at 59 0C for 60 s, and extension at 72 0C for 2 min. Final

extension step was done at 72 0C for 10 min. A negative control reaction mixture without DNA

template of actinomycetes was also included with each set of PCR reactions. The PCR products

were visualized as stated above.

3.2.9. Statistical analysis

The data (expressed as the mean ± standard deviation of mean of three replicates) were

calculated using Microsoft Excel XP 2007 and one way analysis of variance (ANOVA) was

performed to analyzed significant differences (P ≤ 0.05) between antimicrobial activities of

different isolates by using SPSS software version 20.0. Relative abundance of actinomycetes

isolates was compared between the selected two locations by using Sigma Plot 12.0.
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3.3. Results

3.3.1. Isolation, distribution and relative abundance of endophytic

actinomycetes

Surface sterilization is important for studying endophytes. The imprinted agar on an ISP

2 plate from each surface-sterilized sample showed no microbial growth after 15 days of

incubation at 28°C. In addition, ISP 2 agar plates spread with the last water from the washing of

plant samples also failed to grow colonies of microorganisms after 2 weeks of incubation. This

indicated that the surface sterilization protocol was effective at killing the epiphytic

microorganisms. Thus, the subsequent isolates can be considered true endophytic actinomycetes

(Figure 3). From 560 tissues, 42 presumed endophytic actinomycetes were isolated and were

further characterized based on colonial morphology, ability to form aerial hyphae and substrate

mycelia. Out of 42 isolates, the majority (n=22, 52.38%) were isolated from roots followed by

stem (n=9, 21.42%), leaf (n=6, 14.28%), flower (n=3, 7.14%) and petiole (n=2, 4.76%) (Figure

4). 13 isolates were from starch casein nitrate agar (SCNA) medium, 10 isolates from

actinomycetes isolation agar (AIA) medium, 10 from tap water yeast extract agar (TWYE)

medium, 6 from glycerol asparagines agar medium (ISP5) and 3 isolates were obtained from

malt yeast extract agar medium (ISP2). Most of the isolates showed moderate to slow growth on

the media. After one month incubation, the colonies of the actinomycetes were observed with

white, yellow, orange, brownish white and pale yellow colors (Table 1, 2 and Figure 5). The

Field Emission Gun - Scanning electron microscopy (FEG-SEM) micrographs showed that the

aerial mycelia produce spiral spore chains (Figure 6). Most of the tissues except flower and

petiole in some cases yielded at least one isolate which indicates that endophytic actinomycetes

isolates can colonize different tissues throughout the plants.
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Figure 3 Methods used for the validation of Surface Sterilization; (A) Tissue Fingerprint; (B)

Last distilled H2O wash spread on minimal media. This indicated that the surface sterilization

protocol was effective at killing the epiphytic microorganisms.

Figure 4 Pie chart showing the distribution of endophytic actinomycetes from different plant

tissues of medicinal plant.
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Table 1 Morphological and microscopic characteristics of endophytic actinomycetes isolates with their respective media and place of

isolation

Isolate No. and NCBI

Genbank accession No.

Isolate Identified as Growth and  Colony

Nature

Aerial Mycelia Substrate Mycelia Pigmentation Media Name Place

BPSAC1 Streptomyces sp. Slow and Rough White White No SCNA Phawngpuii NP

BPSAC2  (KF255557) Streptomyces sp. Slow and Powdery Brownish white Light Brown No SCNA Dampa TRF

BPSAC3 Microbacterium sp. Slow and Smooth Yellow Light  Yellow No ISP5 Phawngpuii NP

BPSAC4 Streptomyces sp. Slow and Rough Orange Light Orange No AIA Dampa TRF

BPSAC5

(KF255560)

Streptomyces sp. Slow and Powdery Brownish white Brown Yellowish

Brown

SCNA Dampa TRF

BPSAC6 Microbacterium sp. Slow and Sticky Orange Light Orange No SCNA Phawngpuii NP

BPSAC7 Streptomyces sp. Slow and Rough Brownish white Brownish white No ISP5 Phawngpuii NP

BPSAC8 Streptomyces sp. Slow and Firm Gray Light Brown No SCNA Dampa TRF

BPSAC9 Microbacterium sp. Slow and Sticky Orange Orange No SCNA Dampa TRF

BPSAC10 Streptomyces sp. Slow and Rough Brownish white Brownish white No ISP5 Dampa TRF

BPSAC11 Actinomycete Slow and Powdery White White No SCNA Dampa TRF

BPSAC12 Microbacterium sp. Slow and Smooth Yellow Light  Yellow No SCNA Dampa TRF

BPSAC13 Streptomyces sp. Slow and Rough Brownish white Brownish white Yellowish

Brown

TWYE Dampa TRF

BPSAC14 Streptomyces sp. Slow and Firm Brownish white Light Brown No AIA Phawngpuii NP

BPSAC15 Streptomyces sp. Slow and Powdery Light Brown Brown No TWYE Phawngpuii NP
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BPSAC16 Microbacterium sp. Slow and Sticky Yellow Yellow No TWYE Dampa TRF

BPSAC17 Actinomycete Slow and Rough Cream White Cream White Light Brown ISP2 Dampa TRF

BPSAC18 Streptomyces sp. Slow and Rough Brownish white Brown Light Brown AIA Dampa TRF

BPSAC19 Streptomyces sp. Slow and Powdery Gray Light Brown Light Brown AIA Dampa TRF

BPSAC20 Streptomyces sp. Slow and Firm Light Brown Light Brown No TWYE Dampa TRF

BPSAC21 (KF255576) Microbacterium sp. Slow and Sticky Yellow Yellow No SCNA Dampa TRF

BPSAC22 Streptomyces sp. Slow and Rough White White No AIA Phawngpuii NP

BPSAC23 Streptomyces sp. Slow and Powdery Light Brown Light Brown No TWYE Phawngpuii NP

BPSAC24 (KJ584866) Leifsonia xyli Slow and Firm White White No ISP5 Phawngpuii NP

BPSAC25 (KJ584867) Streptomyces sp. Slow and Rough Light Brown White No SCNA Phawngpuii NP

BPSAC26 (KJ584868) Streptomyces sp. Slow and Firm Brownish white Brown Light Brown AIA Phawngpuii NP

BPSAC27 (KJ584869) Microbacterium sp. Moderate and

Smooth

Orange Light Orange No TWYE Phawngpuii NP

BPSAC28 (KJ584870) Microbacterium sp. Slow and Smooth Orange Dark Orange No TWYE Phawngpuii NP

BPSAC29 (KJ584871) Microbacterium sp. Moderate and

Smooth

Orange Dark  Orange No TWYE Phawngpuii NP

BPSAC30 (KJ584872) Streptomyces

olivaceus

Slow and Powdery Brownish white Light Brown No SCNA Phawngpuii NP
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SCNA: starch casein nitrate agar medium; AIA: Actinomycetes isolation agar medium; TWYE: tap water yeast extract agar medium; ISP5: glycerol asparagines agar medium;

ISP2: malt yeast extract agar medium; Dampa TRF: Dampa Tiger Reserve Forest and Phawngpuii NP: Phawngpuii National Park.

BPSAC31 (KJ584873) Streptomyces

thermocarboxydus

Slow and Firm Brownish white Brown No AIA Phawngpuii NP

BPSAC32 (KJ584874) Streptomyces sp. Slow and Firm White White No TWYE Phawngpuii NP

BPSAC33 (KJ584875) Streptomyces sp. Slow and Firm Gray Blackish white No TWYE Dampa TRF

BPSAC34 (KJ584876) Streptomyces sp. Moderate and Firm White White No AIA Dampa TRF

BPSAC35 (KJ584877) Brevibacterium sp. Moderate and

Smooth

Orange Light Orange No AIA Dampa TRF

BPSAC36 (KJ584878) Streptomyces

thermocarboxydus

Slow and Powdery Brownish White White No ISP5 Dampa TRF

BPSAC37 (KJ584879) Actinomycete Slow and Smooth Cream White White No AIA Dampa TRF

BPSAC38 (KJ584880) Streptomyces

thermocarboxydus

Moderate and Firm Brownish White White No ISP5 Dampa TRF

BPSAC39 (KJ584881) Streptomyces sp. Slow and Firm Gray Brown No SCNA Dampa TRF

BPSAC40 (KJ584882) Streptomyces

mutabilis

Slow and Firm Brownish white Brown Dark Brown SCNA Phawngpuii NP

BPSAC41 (KJ584883) Streptomyces sp. Slow and Firm Brownish Gray Brown Dark Brown ISP2 Dampa TRF

BPSAC42 (KJ584884) Streptomyces

mutabilis

Slow and Firm Brownish Gray Brown Dark Brown ISP2 Dampa TRF
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Table 2 Different biochemical parameters used for the identification of endophytic actinomycetes

Isolate No Different Biochemical Prameters

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28

BPSAC1 + + + + + - - - - + + - + - + + - + - + - - - + - - -

BPSAC2

(KF255557)
+ + + + + + + + + + + - + - + + + + - + - - + - - - -

BPSAC3 + + + + + - - - - + + - + - + + - + - + - - - - - - -

BPSAC4 + + + + + - - - - + + - + - + + - + - + - - - - - - -

BPSAC5

(KF255560)
+ + + + + + + - - + + - + - + + + + - + - + - - - - -

BPSAC6 + + + + + - - - - + + - + - + + - + - + - - - - - - -

BPSAC7 + + + + + - - - - + + - + - + + - + - + - - - - - - -

BPSAC8 + + + + + - - - - + + - + - + + - + - + - - - - - - -

BPSAC9 + + + + + - - - - + + - + - + + - + - + - - - - - - -

BPSAC10 + + + + + - - - - + + - + - + + - + - + - - - - - - -

BPSAC11 + + + + + - - - - + + - + - + + - + - + - - - - - - -
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BPSAC12 + + + + + - - - - + + - + - + + - + - + - - - - - - -

BPSAC13 + + + + + - - - - + + - + - + + - + - + - - - - - - -

BPSAC14 + + + + + - - - + + + - + - + + - + - + - - - - - - -

BPSAC15 + + + + + - - - - + + - + - + + - + - + - - - - - - -

BPSAC16 + + + + + - - - - + + - + - + + - + - + - - - - - - -

BPSAC17 + + + + + - - - - + + - + - + + - + - + - - - - - - -

BPSAC18 + + + + + - - - - + + - + - + + - + - + - - - - - - -

BPSAC19 + + + + + - - - - + + - + - + + - + - + - - - - - - -

BPSAC20 + + + + + - - - - + + - + - + + - + - + - - - - - - -

BPSAC21

(KF255576)
+ + + + + + + + - + + - + - + + + + - + - + + + + - -

BPSAC22 + + + + + - - - - + + - + - + + - + - + - - - - - - -

BPSAC23 + + + + + - - - - + + - + - + + - + - + - - - - - - -

BPSAC24

(KJ584866)
+ + + + + + + + - + + - + - + + + + - + - - + + + - -

BPSAC25 + + + + + + + - + + + - + - + + + + - + - + + + + - -
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(KJ584867)

BPSAC26

(KJ584868)
+ + + + + + + + - + + - + - + + + + - + - - - + + - -

BPSAC27

(KJ584869)
+ + + + + + + - - + + - + - + + + + - + - - + - + - -

BPSAC28

(KJ584870)
+ + + + + + + - - + + - + - + + + + - + - - - - + - -

BPSAC29

(KJ584871)
+ + + + + + + - - + + - + - + + + + - + - - + + + - -

BPSAC30

(KJ584872)
+ + + + + + + + - + + - + - + + + + - + - + + - - - -

BPSAC31

(KJ584873)
+ + + + + + + - - + + - + - + + + + - + - - - - - - -

BPSAC32

(KJ584874)
+ + + + + + + - - + + - + - + + + + - + - - + - + - -

BPSAC33

(KJ584875)
+ + + + + + + + - + + - + - + + + + - + - - + + + - -

BPSAC34

(KJ584876)
+ + + + + + + + + + + + + - + + + + - + + + + + + - -

BPSAC35

(KJ584877)
+ + + + + + + - + + + - + - + + + + - + - - - - + - -
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BPSAC36

(KJ584878)
+ + + + + + + + - + + - + - + + + + - + - - - + + - -

BPSAC37

(KJ584879)
+ + + + + + + - + + + - + - + + + + - + - - + - - - -

BPSAC38

(KJ584880)
+ + + + + + + - - + + - + - + + + + - + - - + - - - -

BPSAC39

(KJ584881)
+ + + + + + + + - + + - + - + + + + - + - + + - + - -

BPSAC40

(KJ584882)
+ + + + + + + + + + + - + - + + + + - + - - - - - - -

BPSAC41

(KJ584883)
+ + + + + + + - + + + - + - + + + + - + - + - + - - -

BPSAC42

(KJ584884)
+ + + + + + + + + + - + - + + + + - + - - + - + - -

(1). Control; (2). Alkaline Phosphatase; (3). Esterase; (4) Esterase lipase; (5) Lipase; (6) Leucine arvlamidase; (7) Valine arylamidase;

(8) Cystine arylamidase; (9) Trypsin; (10) Alpha-chymotrypsin; (11) Acid-phosphatase; (12) Napthol-AS-BI-phosphohydrolase; (13)

Alpha-galactosidase; (14) Beta-galactosidase; (15) Beta-glucuronidase; (16) Alpha-glucosidase; (17) Beta-glucosidase; (18) N-acetyl-

beta- glucosaminidase; (19) Alpha-mannosidase; (20) Aplha-fucosidase; (21) Glycerol; (22) Erythritol; (23) D-arabinose; (24) L-

arabinose; (25) D-ribose; (26) D-xylose; (27) L-xylose; (28) D-adonitol
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Figure 5 Morphological characteristics of endophytic actinomycetes isolates; (A). Appearance

of actinomycetes like colonies emerging from the organs of the plant after three weeks of

incubation, Arrows indicated the isolates. (B). Pure colonies of endophytic actinomycetes

isolates.
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Figure 6 Field emission gun-scanning electron microscope (FEG-SEM) micrographs showing

spore chain morphology of some endophytic actinomycetes isolates.

Relative abundance of endophytic actinomycetes at the species level reveals that

Streptomyces sp. was most abundant at Dampa TRF and Phawngpuii NP with 54.2% and 50.3%

respectively. Microbacterium sp. was dominant in Phawngpuii NP (27.7%) as compared to

Dampa TRF (16.6%). However, some rare isolates like Leifsonia xyli recovered from

Phawngpuii NP and Brevibacterium sp. along with Actinomycete were obtained from Dampa

TRF (Figure 7). These results indicate that the population of endophytic actinomycetes varies

between places likely influenced by different climatic conditions.
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Figure 7 The relative abundance of endophytic actinomycetes at the species level from two

selected forest areas (Dampa TRF and Phawngpuii NP).
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3.3.2. Evaluation of antimicrobial activity

All 42 isolates were tested for antimicrobial activities against three bacterial pathogens P.

aeruginosa, S. aureus, E. coli and yeast C. albicans.  Out of 42 isolates, 22 (52.3%) exhibited

antagonistic activity against at least two of the four tested pathogens and all of them were

positive against S. aureus and E. coli (Table 2 and Figure 8). About two-third of isolates,

inhibited the growth of all tested pathogens (Table 2). Among them, 13 isolates belongs to genus

Streptomyces, two isolates belong to Microbacterium and one isolate each assigned under

Leifsonia and Brevibacterium as designated by both morphological characteristics and 16S

rRNA gene sequence analysis. Isolates BPSAC26 (Streptomyces sp.), BPSAC35

(Brevibacterium sp.) and BPSAC38 (Streptomyces thermocarboxydus) exhibited broad spectrum

antimicrobial activities and are considered the most promising isolates for further attention.

BPSAC38 showed activity against S. aureus (14.8 mm) and E. coli (9.8 mm), antimicrobial

activity of BPSAC26 was also found to be high against S. aureus (12.8 mm) and E. coli (8.6

mm), BPSAC35 which is considered as a rare isolate showed the highest antimicrobial activity

against S. aureus (13.7 mm) and P. aeruginosa (10.1 mm); whereas, different isolates of

Streptomyces sp. showed an array of activity against bacterial and yeast pathogens, especially

BPSAC39 (10.6 mm) and BPSAC37 (9.6 mm), had acute activities against P. aeruginosa and C.

albicans respectively (Table 3).
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Table 3 Antimicrobial activity of the representative strains of endophytic actinomycetes

Isolate No Antimicrobial activity (Zone of inhibition in mm)

P. aeruginosa S. aureus E. coli C. albicans

BPSAC2 0.00a 6.6 ±0.28a 4.0 ± 0.00a 0.00a

BPSAC5 0.00a 9.2± 0.57bc 6.3± 0.54bc 0.00a

BPSAC21 0.00a 7.0 ±0.25a 4.0 ± 0.00a 0.00a

BPSAC24 6.9 ± 0.20bc 10.3±0.57bde 4.3±0.57a 7.1±0.25bc

BPSAC25 5.3 ± 0.57bde 9.3 ±0.57bc 4.3±0.57a 6.3±0.57b de

BPSAC26 5.1 ±  0.76bde 12.8±0.76bdfg 7.6±0.55bde 7.5±0.10bc

BPSAC27 5.3 ± 0.57bde 9.3 ±0.57bc 6.3±0.57bc 5.1±0.76bdfg

BPSAC28 0.00a 9.3 ±0.57bc 9.6±0.57bdf g 0.00a

BPSAC29 4.6 ± 0.57bdfg 7.1 ±0.25a 9.6±0.57bdg 5.1±0.76bdfg

BPSAC30 6.3 ± 0.57bc 11.5±0.50bdfhi 9.0±1.0bdfg 5.9±0.10bdfhi

BPSAC31 5.1 ± 0.76bde 11 ±1.0bdfhi 4.0±1.0a 4.0±1.0bdfhjk

BPSAC32 0.00a 0.00bdfhjk 6.0±0.64bc 5.5±0.10bdfg

BPSAC33 6.2 ±0.20bdfhi 12.3±0.30bdfg 7.1±0.25bde 4.0±1.0bdfhjk

BPSAC34 8.0±0.28bdfhjk 11.5±0.50bdfhi 6.3± 0.57bc 5.1±0.76bdfg

BPSAC35 10.1±0.36bdfhjlm 13.7±0.25bdfhjlm 6.3±0.28bc 4.6±0.57bdfg

BPSAC36 9.6±0.57bdfhjlm 10.6±0.57bde 4.5±0.50a 5.1±0.76bdfg

BPSAC37 4.6±0.57bdfg 11.5±0.50bdfhi 8.3±0.26bdf hi 9.6±0.57bdfhjlm

BPSAC38 6.2±0.20bdfhi 14.8±0.20bdfhjln 9.0±1.0bdfg 8.0±0.28bdfhjln

BPSAC39 9.6±0.57bdfhjlm 13.4±0.05bdfhjlm 7.1±0.25bde 6.2±0.20bd e

BPSAC40 0.00a 11.2±0.57bdfhi 6.3±0.57bc 4.0±1.0bdfhjk

BPSAC41 7.1±0.25bc 7.2 ±0.30a 4.6±0.28a 6.2±0.20bde

BPSAC42 0.00a 6.8±0.05a 5.3±0.26bdfhj 0.00a

Mean (±SD) followed by the same letter(s) in each column are not significantly different at

P<0.05 using Duncan’s new multiple range test
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Figure 8 Antibacterial activity of endophytic actinomycetes isolates by using agar well diffusion

method.
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3.3.3. Antibiotic sensitivity assay

To confirm the potency of the isolates as a source of new antibiotics, isolates were

screened for their antibiotic sensitivity pattern against 10 standard antibiotics viz. gentamycin

(G), penicillin G (P), vancomycin (V), norfloxicin (N), tetracycline (T), nalidixic acid (Na),

ampicillin (A), chloramphenicol (C), erythromycin (E) and streptomycin (S). Most of the isolates

showed high sensitivity against tetracycline and erythromycin (100% each) followed by

gentamicin (77%), norfloxcin (68%) and chloramphenicol (59%).  All isolates were resistance to

penicillin G and ampicillin (100% each) whereas the degree of resistance to nalidixic acid,

streptomycin and vancomycin was shown as 77%, 59% and 31% respectively (Table 4 and

Figure 9). The isolates BPSAC35, BPSAC38 and BPSAC26 showed resistance against 5 out of

10 antibiotics assessed; those might be a candidate for the discovery of antibiotics.
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Table 4 Antibiotic sensitivity profiling of potential endophytic actinomycetes isolates

Isolate No Antibiotic Sensitivity

G P V N T Na A C E S

BPSAC2 S R I S S I R S S I

BPSAC5 S R I S S R R S S I

BPSAC21 S R I I S R R S S I

BPSAC24 S R R S S R R S S I

BPSAC25 I R I S S R R S S I

BPSAC26 I R R I S R R S S R

BPSAC27 S R I I S R R I S I

BPSAC28 S R I S S I R I S R

BPSAC29 S R I S S R R S S I

BPSAC30 S R I S S R R S S R

BPSAC31 S R I S S R R S S R

BPSAC32 S R I S S R R I S I

BPSAC33 I R R I S I R I S R

BPSAC34 I R I S S R R I S R

BPSAC35 S R R I S R R I S R

BPSAC36 S R I S S I R S S R

BPSAC37 S R I S S R R I S I

BPSAC38 S R R I S R R S S R

BPSAC39 S R R S S I R I S R

BPSAC40 I R I S S R R I S R

BPSAC41 S R I I S R R S S R

BPSAC42 S R R S S R R S S R

Degree of susceptibility: >10 mm- Sensitive; 5.0 - 9.9 mm- intermediate; 0.0 - 4.9 mm- resistant.

G, gentamicin (10 μg); P, Penicillin G (10 μg); V, vancomycin (30 ug); N, Norfloxcin (30 μg);

T, tetracycline (30 μg); Na, Nalidixic acid (30 μg); A, ampicillin (10 μg); C, chloramphenicol

(30 μg); E, erythromycin (15 μg); S, streptomycin (30 μg).
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Figure 9 Antibiotic sensitivity pattern of endophytic actinomycetes strain isolated from different

tissues of selected medicinal plants.
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Figure 9 Antibiotic sensitivity pattern of endophytic actinomycetes strain isolated from different

tissues of selected medicinal plants.
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3.3.4. Genomic DNA isolation from endophytic actinomycetes isolates

The potential antimicrobial 22 isolates were isolated genomic DNA and tested for their

quality & quantity on 0.8% of agarose gel. A single band of genomic DNA is visible when

visualized under UV light and documented using a Bio-rad Gel Doc XR+ system (Hercules, CA,

USA). The isolated DNA for each strain was of good quality & there was no shearing of the

DNA. The result obtained was shown below (Figure 10). On comparison with the molecular

marker, the DNA concentration (ratio of 260/280 nm) for various samples was found to range

between 20-100 ng/ul.

Figure 10 Extraction and Quantification of genomic DNA by using agarose gel electrophoresis;

Lane 1-8 Different isolates of endophytic actinomycetes.



Chapter III: Isolation, abundance …………… biosynthetic potential

DNA Fingerprinting of endophytic actinomycetes……..antimicrobial activities
Page 63

3.3.5. PCR- amplification of 16S rRNA gene

All the antimicrobial isolates were subjected to amplification of 16S rRNA using Applied

Biosystems thermal cycler. The target DNA used for each reaction was 50 ng/ul and the

universal primer 16S- reverse & 16S- forward were used for amplification. The product was run

on 1.2% agarose gel with low range DNA ruler plus (100 bp to 3 kb) as molecular markers. For

all the isolates a single amplicon of 1500 bp was amplified (Figure 11).

Figure 11 Amplification of 16S rRNA gene: M: low range DNA ruler plus; Lane 1-15 Different

isolates of endophytic actinomycetes.
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3.3.6. Sequence alignment and phylogenetic analysis

To investigate the relationships among the more promising endophytic actinomycetes

isolate, 16S rRNA gene sequences were aligned along with the sequences of type strains

retrieved from DDBJ/EMBL/NCBI GenBank databases. The results showed that the isolates

were classified into four families and five genera. Most of the isolates grouped into

Streptomycetaceae (68.18%), followed by Microbacteriaceae (22.7%), Brevibacteriaceae and

Actinomycetaceae (4.5% each). Analysis of the 16S rRNA gene sequence by BlastN with 99-

100% similarity confirmed that 15 isolates could be members of genus Streptomyces. The

sequences of the 4 isolates (BPSAC21, BPSAC27, BPSAC28 and BPSAC29) showed 96-100%

identity to the sequences retrieved from genus Microbacterium and isolates BPSAC24,

BPSAC35 and BPSAC37 showed high identity (99% each) to the genus Leifsonia,

Brevibacterium and Actinomycete, respectively (Table 5). Maximum-likelihood and neighbor-

joining methods were used for the construction of phylogenetic tree. The topology of the

phylogenetic tree generated by both methods showed that all Streptomyces forms a major clade I,

along with the type strains retrieved from databases with the exception to Actinomycete, which

also falls in the same clade under a bootstrap support value of 76% and 98%. Most of the

putative species in the genera Brevibacterium, Leifsonia, and Microbacterium, clustering to form

another clade II. The neighbor-joining analysis did not cluster Leifsonia and Microbacterium

together, though they belong to same family, but maximum-likelihood clearly clusters both

genera together (Figure 12 and 13).
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Table 5 Identification of antagonistic potential endophytic actinomycetes based on 16S rRNA

gene sequences

Isolate No NCBI-GenBank

Accession Number

Closest species with Accession Number Similarity Identification

BPSAC2 KF255557 Streptomyces pactum (KF973317)

Streptomyces pactum (KF973313)

99% Streptomyces sp.

BPSAC5 KF255560 Streptomyces pactum (KF973313)

Streptomyces pactum (AB915617)

100% Streptomyces sp.

BPSAC21 KF255576 Microbacterium testaceum (JQ726628)

Microbacterium testaceum (JQ660317)

96% Microbacterium sp.

BPSAC24 KJ584866 Leifsonia xyli (DQ232616)

Leifsonia xyli (AE016822)

99% Leifsonia xyli

BPSAC25 KJ584867 Streptomyces aureus (EU841581)

Streptomyces sp. (EU054366)

99% Streptomyces sp.

BPSAC26 KJ584868 Streptomyces sp. (EU257268)

Streptomyces sp. (EU257266)

99% Streptomyces sp.

BPSAC27 KJ584869 Microbacterium sp. (JX949719)

Microbacterium testaceum (JN084147)

100% Microbacterium sp.

BPSAC28 KJ584870 Microbacterium sp. (KF551098)

Microbacterium testaceum (HF937038)

99% Microbacterium sp.

BPSAC29 KJ584871 Microbacterium sp. (FR872489)

Microbacterium testaceum (JN084147)

99% Microbacterium sp.

BPSAC30 KJ584872 Streptomyces olivaceus (HQ607424)

Streptomyces sp. (FJ492846)

98% Streptomyces olivaceus

BPSAC31 KJ584873 Streptomyces sp. (JN578484)

Streptomyces thermocarboxydus

(GU980959)

99% Streptomyces

thermocarboxydus

BPSAC32 KJ584874 Streptomyces sp. (JQ731859)

Streptomyces sp. (JF806661)

99% Streptomyces sp.

BPSAC33 KJ584875 Streptomyces sp. (KF194334) 99% Streptomyces sp.
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Streptomyces thermocarboxydus

(JF899294)

BPSAC34 KJ584876 Streptomyces sp. (JN936841)

Streptomyces sp. (JN683657)

99% Streptomyces sp.

BPSAC35 KJ584877 Brevibacterium sp. (EU333894)

Brevibacterium sp. (EU333879)

99% Brevibacterium sp.

BPSAC36 KJ584878 Streptomyces sp. (KJ021960)

Streptomyces thermocarboxydus

(KF442437)

99% Streptomyces

thermocarboxydus

BPSAC37 KJ584879 Actinomycete (JF512511)

Actinomycete (JF512549)

99% Actinomycete

BPSAC38 KJ584880 Streptomyces sp. (KJ021960)

Streptomyces thermocarboxydus

(KF442437)

100% Streptomyces

thermocarboxydus

BPSAC39 KJ584881 Streptomyces sp. (EU257268)

Streptomyces sp. (EU257266)

99% Streptomyces sp.

BPSAC40 KJ584882 Streptomyces mutabilis (EU570369)

Streptomyces sp. (KC336327)

99% Streptomyces mutabilis

BPSAC41 KJ584883 Streptomyces mutabilis (KF991655)

Streptomyces  mutabilis (KF991648)

100% Streptomyces sp.

BPSAC42 KJ584884 Streptomyces mutabilis (KF991655)

Streptomyces mutabilis (KF991632)

99% Streptomyces mutabilis
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Figure 12 Neighbor-joining phylogenetic tree based on 16S rRNA gene sequences of endophytic

actinomycetes. Numbers at branches indicate bootstrap values of neighbor joining analysis

(>50%) from 1,000 replicates.
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Figure 12 Neighbor-joining phylogenetic tree based on 16S rRNA gene sequences of endophytic

actinomycetes. Numbers at branches indicate bootstrap values of neighbor joining analysis

(>50%) from 1,000 replicates.
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Figure 12 Neighbor-joining phylogenetic tree based on 16S rRNA gene sequences of endophytic

actinomycetes. Numbers at branches indicate bootstrap values of neighbor joining analysis

(>50%) from 1,000 replicates.
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Figure 13 Maximum likelihood phylogenetic tree based on 16S rRNA gene sequences of

endophytic actinomycetes from Mizoram. Numbers at branches indicate Bootstrap values of

neighbor-joining analysis (>50%) from 1,000 replicates.
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Figure 13 Maximum likelihood phylogenetic tree based on 16S rRNA gene sequences of

endophytic actinomycetes from Mizoram. Numbers at branches indicate Bootstrap values of

neighbor-joining analysis (>50%) from 1,000 replicates.
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Figure 13 Maximum likelihood phylogenetic tree based on 16S rRNA gene sequences of

endophytic actinomycetes from Mizoram. Numbers at branches indicate Bootstrap values of

neighbor-joining analysis (>50%) from 1,000 replicates.
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3.3.7. Detection of PKS and NRPS genes in selected strains

The presence of genes encoding PKSI and NRPS were detected in 22 isolates of

endophytic actinomycetes using two sets of degenerate primers. PCR amplification from 10

isolates out of 22 showed a band of the expected size for PKS type I (45%), whereas NRPS

candidate amplicons were detected in 13 isolates (59%). Strains BPSAC26, BPSAC32,

BPSAC33, BPSAC34, BPSAC35, BPSAC36, BPSAC37, BPSAC38, BPSAC39 and BPSAC42

showed positive amplification products with both the PKSI and NRPS primers (Figure 14 and

15). Isolate no. BPSAC32 with limited antagonistic activity showed the presence of both PCR

products. Two isolates (BPSAC24 and BPSAC30) showing a positive result against NRPS

primers exhibited significant antimicrobial activities against all tested pathogens. These results

indicate that some of the pathways encoding antimicrobial genes may not be functional under

studied climatic or environmental conditions and can synthesize them if cultivated under the

modified conditions. However, highest detections rates were found among the members of

Streptomyces sp. where PKSI and NRPS amplification were observed in 53.3% and 66.6% of the

strains respectively. Leifsonia xyli (BPSAC24) and Brevibacterium sp. (BPSAC35), considered

as rare genera among actinomycetes, also showed some biosynthetic potential. This knowledge

may prove to be useful for isolation of natural products.
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Figure 14 Polymerase chain reaction (PCR) based detection of PKS type I gene from selected

endophytic isolates.

Figure 15 Polymerase chain reaction (PCR) based detection of NRPS gene from selected

endophytic actinomycetes isolates.
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Figure 14 Polymerase chain reaction (PCR) based detection of PKS type I gene from selected

endophytic isolates.

Figure 15 Polymerase chain reaction (PCR) based detection of NRPS gene from selected

endophytic actinomycetes isolates.
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Figure 14 Polymerase chain reaction (PCR) based detection of PKS type I gene from selected

endophytic isolates.

Figure 15 Polymerase chain reaction (PCR) based detection of NRPS gene from selected

endophytic actinomycetes isolates.
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3.4. Discussion

Endophytic microorganisms acquire specific traits that allow them to thrive within the

living tissues of a plant without any detectable infectious symptoms to the host. However, they

are of immense importance due to their capability to produce wide array of natural bioactive

compounds (Faeth and Hammon, 1997; Strobel and Long, 1998). Endophytic actinomycetes

from different medicinal plants are reported as major source of natural products with potential

antimicrobial activity (Castillo et al., 2007; Cao et al., 2004). These findings encouraged us to

explore traditional medicinal plants of Mizoram for understanding the endophytic actinomycetes

community and their biosynthetic potential as antimicrobial agents.

3.4.1. Isolation, distribution and relative abundance of endophytic

actinomycetes

Among 42 endophytic actinomycetes obtained from seven medicinal plants, Streptomyces

was the dominant genus (n=28, 66.6% of all isolates), a finding consistent with other reports

from different hosts showing the dominance of species within the Streptomyces genus (Cao et al.,

2004; Coombs and Franco, 2003). Besides Streptomyces sp., other genera were also reported

occasionally from medicinal plants like Microbacterium from Maytenus austroyunnanesis (Qin

et al., 2012), Leifsonia from Ginseng roots (Qiu et al., 2007) and Brevibacterium was isolated

from Centella asiatica and Conyza canadensis (Rakotoniriana et al., 2013; Kim et al., 2012).

Therefore, it looks like that these reported rare genera are also able to associate endophytically

with various hosts. The Streptomyces genus has an excellent track record for the discovery of

secondary metabolites. Strobel and Daisy, (2003) described plant selection as tactical, plants

with an unusual location and biology with traditional ethnobotanical history should be chosen for

isolating endophytes producing novel bioactive products. Endophytic actinomycetes were
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isolated from every tissue; however, isolate to tissue ratios was highest in root tissues (n=22,

52.3%) followed by stem (n=9, 21.4%), leaf (n=6, 14.2%), flower (n=3, 7.1%) and petiole (n=2,

4.7%), which indicates that endophytic actinomycetes are most dominant in the root tissues. Our

results are consistent with the findings of Taechowian et al. (2003), who stated that  roots

represent a good territory for endophytic actinomycetes by examining 5,400 different tissues

from 36 species of plants in Thailand and recovering 212 (64%) isolates from roots followed by

leaves (n=97, 29%)  and stem (n=21, 6%). Furthermore, more than double the number of

endophytic actinomycetes was recovered from roots (55%) than from stem (24%) and leaves

(22%) from 20 different Azadirachta indica trees growing in northern India by Verma et al.

(2009).  Many researchers isolated most endophytic actinomycetes from roots (Taechowisan and

Lumyong, 2003; Cao et al., 2005). This may be due to the fact that actinomycetes present in

rhizosphere can be transferred very easily to plant roots since roots are the site of water and

nutrient uptake. Also, actinomycetes get access to the plant when the epidermal layer gets

damaged due to side roots growing out from the existing roots (Sardi et al., 1992). In addition,

ISP 2 agar plates spread with the last water from the washing of plant samples also failed to grow

colonies of microorganisms after 2 weeks of incubation which indicated that the surface

sterilization protocol was effective at killing the epiphytic microorganisms. Thus, the subsequent

isolates can be considered true endophytic actinomycetes (Passari et al., 2015a).

Out of seven plants selected for this study, to our best understanding isolation of

endophytic actinomycetes was attempted first time from five plants viz. Mirabilis jalapa,

Clerodendrum  colebrookianum, Eupatorium odoratum, Alstonia scholaris and Musa superba .

Among them the maximum endophytic isolates (n = 12) were recovered from Mirabilis jalapa.
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3.4.2. Evaluation of antimicrobial activity

We detected significant antimicrobial activity of endophytic actinomycetes isolated in

this study against both Gram positive and Gram negative bacteria. Similarly, earlier studies also

reported on potential antimicrobial activity from extracts isolated from endophytic actinomycetes

(Verma et al., 2009; Thongchai et al., 2003). It has also been reported that endophytic

actinomycetes obtained from non-medicinal plants possess a small percentage with antimicrobial

potential (Thongchai et al., 2003). In our finding more than half, altogether 22 isolates showed

antimicrobial activities against at least two tested pathogens, which clearly shows that

endophytic actinomycetes associated with medicinal plants can have a greater degree of

antagonistic activities. Our results support the hypothesis that the medicinal properties of the

plants could be partially due to the existence of endophytes in the host (Strobel et al., 1999). The

presence of antagonistic activity against tested bacterial and yeast pathogens guaranteed further

study to find potential antimicrobial compounds. For example isolate BPSAC38 identified as

Streptomyces thermocarboxydus showed significant antimicrobial activity against S. aureus

(14.8 mm). Similarly, isolates BPSAC28, 35 and 37 isolated from M. jalapa and C.

colebrookianum, respectively showed significant antimicrobial activity against E. coli, P.

aeruginosa and C. albicans. Furthermore, antioxidant, antimicrobial and hypertension activity

has been reported for these isolates (Verma et al., 2009; Akintobi et al., 2011; Nath and

Bordoloi, 1991). The findings from our study are in agreement with previously reports of Li et

al. (2008), who stated that endophytic Streptomyces species isolated from pharmaceutical plants

have antimicrobial and antitumor properties. Several other researchers also support these

findings that endophytic actinomycetes recovered from medicinal plants having ethnobotanical
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history are potential candidates for the recovery of potential antimicrobial natural products

(Sharma et al., 2001).

3.4.3. Antibiotic sensitivity assay

Here we detected significant antibiotic resistance activity of endophytic actinomycetes.

Among 22 isolates four of them (BPSAC 26, 35, 38, and 42) were resistant against penicillin G,

vancomycin, nalidixic acid, ampicillin and streptomycin and nine isolates showed resistance

against four of the tested antibiotics. Interestingly, the isolates that showed the most resistance

against antibiotics also showed antagonistic activity. Isolates BPSAC26, 35, and 38 which were

the most potential antimicrobial isolates were resistant against five major antibiotics. The

characteristic of antibiotic resistance in bacterial endophytes from Andrographis paniculata

leaves was reported by Pal et al. (2012), which also includes Micrococcus, an actinomycetes.

Gousterova et al. (2014) tested the biosynthetic abilities of 26 thermophilic actinomycetes and

screened for their sensitivity against 12 antibiotics. Few reports are available for the antibiotic

sensitivity profiling among the endophytic actinomycetes associated with medicinal plants.

Antibiotic-resistant strains are common in the environment irrespective of the human use of

antibiotics. With the presence of plasmids, antibiotic resistance can transfer horizontally from

one bacterium to another and also between phylogenetically distant bacteria, which contributes

to the well-known problem of antibiotic resistance (Khachatourians, 1998; Davison, 1999).

3.4.4. Detection of PKS and NRPS genes in selected strains

To understand the biosynthetic potential of the isolates, detection of genes encoding

polyketide synthases and nonribosomal peptide synthetases, responsible for the synthesis of most

biologically active polyketide and peptide compounds have been broadly used for assessing

biosynthetic potential of culturable and non-culturable microorganisms (Minowa et al., 2007).
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However, the antimicrobial potential of the culturable actinomycetes may only be assessed by

screening of antimicrobial activity against desired pathogens. The number of isolates having

antimicrobial property does not correlate with the percentage of isolates showing the presence of

PKSI and NRPS genes and vice versa (Qin et al., 2009; Li et al., 2008). In this study most of the

isolates showed the presence of genes that could encode PKSI and NRPS enzymes, which also

showed antimicrobial activity against most of the tested pathogens. However, five isolates

(BPSAC25, 27, 29, 31 and 41) that were negative for PKSI and NRPS genes, also demonstrated

non-significant antimicrobial potential. Similarly, only three isolates (BPSAC2, 32 and 42) that

had PKSI and NRPS genes based on PCR amplification showed very limited antimicrobial

activity. These results indicate that either the isolates possess moderate antimicrobial activity that

is ineffective against the pathogens tested, or the quantity of antimicrobials produced was low

which fails to elicit antimicrobial action. Lack of amplification of PKSI and NRPS in some of

the isolates may be due to absence of these genes (Qin et al., 2009; Hornung et al., 2007).

Furthermore, not all NRPS genes are involved in the production of secondary metabolites, rather

they may play role in iron metabolism or quorum sensing (Finking et al., 2004). Interestingly,

most of the isolates identified as Streptomyces sp. demonstrated the presence of antimicrobial

genes were positive for most of the tested pathogens. Similar findings were reported by a subset

of the researchers (Qin et al., 2009; Zhao et al., 2011).

3.4.5. Sequence alignment and phylogenetic analysis

All antagonistic isolates were characterized by PCR amplification of the 16SrRNA gene.

Sequences were analysed to predict the diversity of the isolates and assign them molecular

taxonomic unit. DNA sequences of most isolates showed 97 - 100% identity with a reference

sequence in GenBank. All the isolated endophytic actinomycetes were classified into four
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families and five possible genera, indicates a good association of endophytic actinomycetes

associated with medicinal plants. The composition of endophytic actinomycetes as revealed by

phylogenetic trees was more diverse as compared to endophytic actinomycetes isolated from

Azadirachta indica (Verma et al., 2009), medicinal plants and rainforests of China (Zhao et al.,

2011; Li et al., 2008). All the Streptomyces isolates fall under one major clade with an exception

of Actinomycete sp. morphologically similar with Streptomyces sp. and hence clustered together

and rarer isolates Leifsonia xyli, Brevibacterium sp. and Microbacterium were clustered together

formed another major cluster,  consistent with the findings of previous studies (Zhao et al.,

2011). Rare endophytic actinomycetes of the genera Leifsonia and Brevibacterium, were first

time found to be endophytic by Qiu et al. (2007) and Qin et al. (2012) both studying Chinese

medicinal plants for the isolation of endophytes. Since, similar media and methods for the

recovery of isolation were used in other studies, the findings of Qin et al. (2012), and our results

indicates that in general medicinal plants harbors a good population of endophytic actinomycetes

including some rare genera. This is the first report of L. xyli (BPSAC24) [ KJ584866] isolated as

an endophyte from the medicinal plant C. colebrookianum, though, Qiu et al. (2007) isolated

Leifsonia ginseng from roots of medicinal plant Panax ginseng. It is also worth noting that

Brevibacterium sp. isolate BPSAC35, recovered from stem of M. jalapa is the first from this

genus to be reported as endophytic. The nucleotide sequences of 16S rRNA gene of all

endophytic actinomycetes have been deposited in GenBank with accession number (KF255557,

KF255560, KF255576 and KJ584866- KJ584884).
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4.1. Introduction

Plants exhibit an intrinsic relationship with a broad range of microbial populations that

colonize the rhizosphere (rhizobacteria), the phyllosphere (epiphytic bacteria) and plant tissue

(endophytes) (Qin et al., 2011). An endophytic microorganism resides within their host plant, for

at least a part of its life without causing any apparent disease symptom or infection. They are

ubiquitous in nature and are present in all the plant species on earth; however, most of these

endophytes and their relationship with plants are not well understood and remain in the initial

phase of exploration (Thomas and Soly, 2009; Strobel, 2004). The plant endosphere is a complex

micro-ecosystem where different niches can be occupied by different types of microorganisms

representing rich and genuine sources of novel bioactive metabolites (Miller et al., 2012; Verma

et al., 2009).

In spite of ever increasing information about endophytes associated with different host

plants, measures to understand their functional diversity is limited especially for ethnomedicinal

plants. Parrent et al. (2010) suggested that functional diversity could be more effective and

powerful than taxonomic measures to understand the mechanistic basis of diversity effects on

plant-endophyte relationship. Further, Hardoim et al. (2008) suggested the key fitness enhancing

traits that are important for the endophytic host relationship, results in the emergence of efficient

physiological systems which enable endophytic residence in the host endosphere. The present

study focused on understanding the plant growth promoting traits of endophytic actinomycetes,

demonstrating the role and importance of endophytic actinomycetes to their host plant.
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Endophytes can occupy the cortical tissues of roots and have been effective in the defense

against invading pathogens whereas, the cortex evidently confers protection to endophytes from

the harsh environment of the rhizosphere (El-Tarabily and Sivasithamparam, 2006).

Actinomycetes associated with plants provide a number of benefits to host plants such as the

production of phytohormones, nitrogen fixation and secondary metabolites (Goodfellow and

Williams, 1983). Although, many species of actinomycetes particularly those belonging to genus

Streptomyces inhibit many fungal pathogens and are considered as efficient biocontrol agents,

their metabolic products can influence plant growth (Verma et al., 2009; Cao et al., 2005). The

antagonistic activity of Streptomyces against phytopathogens is related to the production of

antimicrobial compounds (Taechowisan et al., 2003; Singh et al., 2014) and extracellular

hydrolytic enzymes capable of lysing fungal cell walls (Mukherjee and Sen, 2006). They

promote plant growth by producing indole-3-acetic acid (IAA) to help root growth (Merckx et

al., 1987), siderophores to improve nutrient uptake (Khamna et al., 2009) and a number of

antibiotics that are secondary metabolites (Doumbou et al., 2001).

In search of new antibiotics against multi-drug resistant pathogens, endophytic microbes,

especially actinomycetes belong to genus Glycomyces and Streptomyces isolated from medicinal

plants, has suppressed penicillin resistance Staphylococcus aureus (Zhang et al., 2012).

Similarly, Wang et al., 2014, suggested that 1-hydroxy-β-carboline, obtained from actinomycetes

Jishengella endophytica could be a promising new hit against influenza virus type A subtype

H1N1. Besides antimicrobial and antiviral potential, the endophytic actinomycetes obtained from

medicinal plants also showed a significant effect as larvicidal (Tanvir et al., 2014), antimalarial
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(Castillo et al., 2002, 2006), antitumor (Taechowisan et al., 2007), antidiabetic (Akshatha et al.,

2014) and as plant growth promoters (Dochhil et al., 2013; Zhang et al., 2014).

Various molecular techniques such as 16S rRNA gene sequencing, amplification of

repetitive extragenic palindromic-PCR (REP-PCR) like enterobacterial repetitive intergenic

consensus-PCR (ERIC-PCR) and BOX-PCR are progressively used for identification,

comparative analysis and to put Bacteria, Archaea and Eukarya (Ishii and Sadowsky, 2009;

Kumar et al., 2014). Here, we compare the robustness of REP-PCR fingerprinting to differentiate

among the various potential endophytic actinomycetes isolates obtained from different tissues of

plants.

Chilli (Capsicum annuum L) is an essential spice crop that is grown all over the world. It

is an economically important and valuable cash crop that is produced and consumed fresh and

processed. The production and yield is greatly affected by Fusarium wilt caused by the soil

pathogen Fusarium oxysporum (Ozabay and Newman, 2004). Currently the applications of

biological control agents are in practice but they have not provided sufficient disease control

(Omar et al., 2006). In this study, the potential antagonistic isolates, BPSAC 34 (Streptomyces

sp.) and BPSAC 24 (Leifsonia xyli) were evaluated in a greenhouse experiment to determine

their potential use for plant growth promotion individually and in consortium by measuring the

shoot length, root length and plant weight.

Endophytic actinomycetes from seven selected ethnomedicinal plants in Mizoram, North-

East, India, were used to represent medicinal plants from a biodiversity hotspot (Sharma et al.,

2001; Myers et al., 2000). This study described the functional and genetic characterization of
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endophytic actinomycetes from seven selected medicinal plants from two protected forest areas

of Mizoram, India. The results underscore the importance of endophytic actinomycetes

community for host plants and can be used for the development of microbial formulations to

enhance growth of Capsicum annuum L.

4.2. Materials and Methods

4.2.1. Plant collection and description

Seven healthy medicinal plants, viz. Eupatorium odoratum, Musa superba, Mirabilis

jalapa, Curcuma longa, Clerodendrum colebrookianum, Alstonia scholaris and Centella asiatica

were collected from Phawngpuii National Park [Phawngpuii NP] (22°40′N; 93°03′E) and Dampa

Tiger Reserve Forest [Dampa TRF] (23°25′N; 92°20′E) in Mizoram, India  during the month of

November, 2012. Permission for the collection of medicinal plants was obtained from the Chief

wildlife warden, Environment and forest department, Government of Mizoram, India issued by

Mr. Liankima Lailung, Conservator of forest (WL), Mizoram, India. The selection of plant

species was based on their ethnomedicinal history and abundance (Table 1).  The tissues from

root, stem, leaf and flower were carefully collected. The tissue samples were placed in sterile

polythene bags and brought into the laboratory in an icebox and processed within 24 h of

collection.
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Table 1 Summary of plant sample collection, taxonomic status, traditional uses of endophytic actinomycetes recovered from different

tissues

Location Local Name

(Voucher No.)

Scientific Name Traditional medicinal value Tissue of

origin

Isolates

obtained

Family

Dampa Tiger

Reserve Forest

Tlangsam

(MZU/BT/001)

Eupatorium odoratum Used as an antiseptic and to remove

pinworm from the anus

Root 5 Asteraceae

Stem 2

Changel

(MZU/BT/002)

Musa superba

Roxb.

Treatment of chilling sensation,

convulsion, cough, snake bites and bee

stings

Flower 2 Musaceae

Artukhuan

(MZU/BT/003)

Mirabilis jalapa

Treatment of sexually transmitted

diseases, kidney and urinary infection.

Reduce swelling due to bone fracture or

twisting

Root 6 Nyctaginaceae

Stem 3

Leaf 1

Petiole 2

Lambak

(MZU/BT/004)

Centella asiatica Popularly used as memory stimulator.

Treatment of asthma and eye problems

Root 3 Apiaceae
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and also used  in hypertension Flower 1

Phawngpuii

National Park

Aieng

(MZU/BT/005)

Curcuma longa Treatment of cancer, heart diseases and

stomach colic

Root 2 Zingiberaceae

Leaf 3

Phuihnam

(MZU/BT/006)

Clerodendrum

colebrookianum

Treatment of hypertension, diabetes and

colics in infants

Root 4 Verbenaceae

Stem 3

Leaf 2

Thuamriat

(MZU/BT/007)

Alstonia scholaris Treatment of malaria, diarrhea, heart

diseases and hypertension

Root 2 Apocynaceae

Stem 1
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4.2.2. Isolation of endophytic actinomycetes

All the collected samples were washed with tap water to remove debris. Tissues were cut

into small pieces and subjected to surface sterilization (Taechowisan and Lumyong, 2003). The

tissue samples were placed on five different isolation media, supplemented with filter sterilized

nystatin and cycloheximide to suppress fungal growth and nalidixic acid to inhibit bacterial

growth. Isolation media used were; (1) Starch Casein Nitrate Agar (SCNA); (2) Actinomycetes

Isolation Agar (AIA); (3) Tap Water Yeast Extract Agar (TWYE); (4) Yeast Malt Extract Agar

(ISP2) and (5) Glycerol Asparagine Agar (ISP5). The surface sterilization process was confirmed

by spreading aliquots of the sterile distilled water from the final rinse on ISP2 medium, followed

by incubation at 28 oC, and observation of microbial growth. If there was no visible growth of

microorganism on the surface of agar plates, the sterilization was assumed completed (Qin et al.,

2009). Pure isolates of endophytic actinomycetes were obtained by repeated streaking, and the

pure isolates were stored at -20 oC in 20% glycerol.

4.2.3. Identification and antagonistic activity of endophytic actinomycetes

isolates

The phenotypic characterization of the endophytic actinomycetes were based on cultural

and morphological characteristics including colony colour and characteristics, aerial and

substrate colour, spore mass colour, production of diffusible pigment and spore chain

morphology according to Bergey`s manual of determinative bacteriology (Bergey and Holt,

2000). Field emission gun-Scanning electron microscopy (FEG-SEM) was used for observation

of the spore chain morphology for 10 d grown culture on ISP4 media (Kumar et al., 2011). The
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identification of the isolates was further confirmed by 16S rRNA gene amplifications

sequencing.

All isolates were evaluated for their antagonistic activity against six major plant

pathogenic fungi, Rhizoctonia solani (MTCC-9666), Fusarium oxysporum f. sp. pisi (MTCC-

2791), Fusarium proliferatum (MTCC-286), Fusarium oxysporum (MTCC-284), F.

graminearum (MTCC-1893) and Colletotrichum capsici (MTCC-8473) using a dual culture in

vitro assay (Bredholdt et al., 2007). The pathogens were obtained from Microbial Type Culture

Collection, Institute of Microbial Technology (IMTECH), Chandigarh, India. Plates with only

pathogen culture served as control. All plates were incubated at 28 oC for 14 d and the percent

inhibition was calculated using the formula C-T/C x 100, where, C is the colony growth of

fungal pathogen in control, and T is the colony growth in dual culture. All experiments were

carried out in triplicate.

4.2.4. Determination of plant growth promoting activities

4.2.4.1. Phosphate solubilization

Qualitative phosphate solubilization activity of potential antagonistic endophytic

actinomycetes isolates were analyzed on PKV agar media. Those forming clear halo zone around

their colonies after day 5 incubation were considered to have P-solubilization and were selected

for quantitative estimation of P- solubilization using a standard method (Nautiyal, 1990).

Endophytic actinomycetes suspension (1 ml 103 cfu/ml) was added to 50 ml of NBRIP broth

which contained the following ingredients: 10 g of tricalcium phosphate (TCP), 10 g of

MgCl2.6H2O, 5 g of MgSO4.7H2O, 0.25 g of KCl and 0.2 g of (NH4)2SO4. The culture was
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incubated at 30 oC with shaking at 125 rpm for 10 d, centrifuged at 10,000 rpm for 10 min and

the amount of phosphate in the supernatant was estimated by the ascorbic acid method

(Doumbou et al., 2001). The absorbance was measured at 430 nm using a spectrophotometer and

compared with the standard curve of KH2PO4. The amount of KH2PO4 was expressed in

mg/100ml.

4.2.4.2. Indole acetic acid (IAA) production

The production of IAA by endophytic actinomycetes isolates were estimated according to

Gordon and Weber, (1951).  The actinomycetes isolates were grown on ISP2 medium at 30 oC

for 7 d. Four-millimeter-diameter agar discs were cut using sterile cork borer and inoculated into

100 ml of ISP-2 broth containing 0.2% L-tryptophan. The culture was incubated at 30 oC with

continuous shaking at 125 rpm for 14 d. After incubation the suspension was centrifuged at

11,000 rpm for 15 min and the supernatant (1 ml) was mixed with 2 ml of Salkowski’s reagent

and further incubated for 25 min in dark at 30 oC. IAA production was observed as the

development of a pink-red color and the absorbance was measured at 530 nm using a Thermo

scientific (Multiskan GO) spectrophotometer and compared with the standard curve of IAA and

the amount of IAA was expressed in µg/ml.

4.2.4.3. Ammonia production

The endophytic actinomycetes isolates were tested for the production of ammonia using

the method described by Cappucino and Sherman, (1992). In this method 20 µl of seed culture

was propagated in 10 ml of peptone water and incubated at 30 oC with shaking at 120 rpm for 15

d. Subsequently, 0.5 ml of Nesseler’s reagent was added to the culture and the development of
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brown to yellow color indicated a positive test for ammonia production. The absorbance was

measured at 530 nm using a Thermo scientific (Multiskan GO) spectrophotometer, compared

with the standard curve of (NH4)2SO4 and expressed in mg/ml.

4.2.4.4. Siderophore production

Siderophore production of the endophytic actinomycetes was determined by the method

of Schwyn and Neilands, (1987). A loop full of culture was inoculated on Chrome azurol S

(CAS) agar medium and incubated at 28± 2 oC for 5 d. The colony with a halo zone of yellow-

orange color was considered positive for siderophore production. The positive isolates were

cultured on modified Gaus No. 1 (You et al., 2004) and incubated at 30 oC with shaking at 120

rpm for 10 -15 d. Catechol-type siderophores were estimated by Arnow’s method (Arnow, 1937)

and hydroxamate siderophores were determined using the Csaky test (Csaky, 1984).

4.2.4.5. Chitinase activity of the isolates

Chitinase enzyme activity of the selected isolates was tested on the colloidal chitin agar

medium. The colloidal chitin medium contained:- colloidal chitin - 15 g, yeast extract - 0.5 g,

(NH4)2 SO4 – 1 g, MgSO4 · 6H2O - 0.3 g, KH2PO4 - 1.36 g, agar – 15 g and distilled water - 1000

ml. The clear halo zone measured on colloidal chitin agar medium showed positive chitinase

activity (Skujins et al., 1965).

4.2.4.6. Hydrogen cyanide production

Hydrogen cyanide production was evaluated according to the methods of Lorck, (1948).

The isolates were grown in Bennett agar amended with 4.4 g/l glycine. A Whatman filter paper

No. 1 flooded with 0.5% picric acid in 2% sodium carbonate for a minute and stuck underneath
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the Petri dish lids. The plates were sealed with parafilm and incubated at 28 ± 2 oC. After 7 d, an

orange to red color on the filter paper was indicative of positive HCN production.

4.2.5. In vivo plant growth promotion assay

The two best isolates Streptomyces sp. 34 (BPSAC34) and Leifsonia xyli 24 (BPSAC24)

which showed significant PGP abilities were selected for in vivo plant growth promotion assay.

The two most potent endophytic actinomycetes isolates Streptomyces sp. 34 (BPSAC34) and

Leifsonia xyli 24 (BPSAC24) were grown on ISP1 broth at 30 oC for seven d with continuous

shaking at 150 rpm. The cells were centrifuged at 10,000 rpm for 15 min and the pellets diluted

with distilled water to yield a final concentration of 106 CFU/ml. The endophytic actinomycetes

suspension was used to treat targeted plants under green house conditions.

The chilli seeds were surface sterilized according to the protocol previously described

(Indananda et al., 2010). The horticulture soil was collected and autoclaved at 1210 C for 1 hr,

after that sterile soil was put in the thermocol glass. Healthy chilli seeds were immersed in

distilled water for 24 h, surface sterilized with 70% ethanol for 5 min followed by 1% NaOCl

treatment for 5 min and five washes with sterile distilled water before planting in sterile soil. The

seeds were transferred onto wet sterile tissue paper at 28 oC. The seeds were supplied with 2 ml

distilled water for 2-3 d to promote seed germination under dark conditions. After 3 weeks, the

germinated chilli seedlings were planted separately in plastic pots filled with greenhouse soil.

Four greenhouse treatments included T1: untreated chilli seedlings as control. T2: Streptomyces

sp. 34 (BPSAC 34) inoculum treated chilli seedlings. T3: Leifsonia xyli 24 (BPSAC 24)

inoculum treated chilli seedlings T4: the mixture of two endophytic actinomycetes inoculum
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(BPSAC 24 and BPSAC 34) applied to the seedlings. All treatments were carried out in seven d

interval repeated four times with plants were watered twice daily. Root length, shoot length and

fresh plant weight were measured between inoculated and uninoculated plants. All the

experiment has been carried out in seed growing chamber and performed in vivo plant growth

promotion experiment. Data were statistically analysed using one way ANOVA and turkey tests

and P=0.05 was considered significant. All experiments were performed in triplicates.

4.2.6. Molecular characterization and phylogenetic analysis of antagonistic

endophytic actinomycetes

4.2.6.1. DNA extraction, amplification of 16S rRNA gene and sequencing

Genomic DNA extraction was carried using the Pure link genomic DNA extraction kit

(In-vitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. Genomic DNA

was quantified by using Cary 60 UV-VIS (Agilent Technologies). The 16S rRNA gene was

amplified using the universal primers set PA (5′-AGAGTTTGATCCTGGCTCA-3′) and PH (5′-

ACGGCTACCTTGTTACGACT-3′) (Cui et al., 2001). The DNA sequencing was carried out

commercially (Sci-Genome Labs Private Ltd., Chennai, India) and the nucleotides obtained were

subjected to BLAST analysis using the NCBI database and deposited in NCBI GenBank.

4.2.6.2. ERIC-PCR fingerprinting

The PCR reactions were carried out as described by Versalovic et al. (1991) using a set of

primer sequences ERIC-1R (5′-CACTTAGGGGTCCTCGAATGTA-3′) and ERIC-2F (5′-

AAGTAAGTGACTGGGGTGAGCG- 3′) to amplify the regions in the bacterial genome

positioned between the ERIC sequences. The PCR amplification was performed on Veriti
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thermal cycler (Applied Biosystem, Singapore) in a total reaction mixture volume of 25 µl. The

reaction mixture consist of 1 µl of DNA template (50 ng), 2.5 µl of 10 x reaction buffer, 0.5 μl of

dNTP mix (10 mM), 10 pmol of each primer (ERIC 1R and ERIC 2F), 1.5 μl of MgCl2 (25 mM),

and 1.5 U of DreamTaq DNA polymerase (In-vitrogen, USA). PCR was performed under

following conditions; initial denaturation at 95 oC for 7 min and then subjected to 30 cycles of

denaturation at 94 oC for 1 min, annealing at 52 oC for 1 min and extension at 68 oC for 8 min

with a final extension step at 65 oC for 16 min. A negative control reaction mixture without DNA

template of actinomycetes was also included with each set of PCR reactions. The amplified

products were separated by electrophoresis on a 1.5% agarose gel using 1x TAE buffer solution.

The PCR bands were analyzed under UV light and documented using a BioRad Gel Doc XR+

system (Hercules, CA, USA).

4.2.6.3. BOX-PCR fingerprinting

BOX primer sequences were used in PCR to detect differences in the number and

distribution of these bacterial repetitive sequence elements dispersed throughout the bacterial

genome. BOXA1R PCR fingerprinting was carried out using primer sequences BOXA1R (5′-

CTACGGCAAGGCGACGCTGACG-3′) as previously described by Rademaker et al. (2000).

The PCR amplification was carried out in 25 µl total volume reaction mixture, containing 50 ng

of genomic DNA, 2.5 µl of 10 x Taq Buffer, 1.5 µl of 25mM MgCl2, 2.0 µl of 2.5mM dNTPs, 1

µl of 10 pmol BOXA1R primer, 1 µl of DMSO (100%), 0.5 µl of BSA (10 mg/ml) and 1µl of 2U

Taq DNA polymerase. The DNA was amplified under the following conditions: initial

denaturation at 95 oC for 7 min followed by 30 cycles at 94 oC for 30 sec, at 57 oC for 1 min, and
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at 65 oC for 8 min with a final extension step at 65 oC for 16 min. The amplified fragments were

separated on 1.2 % agarose gel using 1x TAE buffer at 60V for 3h and the restriction patterns

were examined using the gel documentation system as described earlier.

4.2.6.4. RAPD analysis

Genomic DNA of all antagonistic endophytic actinomycetes isolates were subjected to

randomly amplified polymorphic DNA analysis using five random primers (El-Fiky et al., 2003).

RAPD reactions were assembled and standardized (Williams et al., 1990), in total volume of 25

μl containing 2.5 μl of 10 x reaction buffer, 1.5 μl of MgCl2 (1.5mM), 1 μl of dNTPs (0.2mM),

0.6 μl of primer, 0.2 μl of Taq DNA polymerase (1U/ μl) and 1 μl of template DNA (100 ng).

Negative control reaction was without DNA. The PCR amplifications was carried out in initial

denaturation at 95 0C for 5 min, followed by 45 cycles of denaturation at 94 0C for 1 min,

annealing at 36 0C for 45 sec, extension at 72 0C for 2 min and a final extension of 7 min at 72

0C. The amplified PCR product was separated on 1.5 % agarose gel using TAE buffer and

examined under gel documentation system as described earlier.

4.2.6.5. Phylogenetic analysis

16S rRNA sequences based phylogeny and identification was reported earlier (Passari et

al., 2015a). In the present study the antagonistic isolates were phylogenetically compared using

ERIC-PCR, BOX-PCR and RAPD markers. Polymorphic DNA fingerprints were scored in the

binary form i.e. 1 for presence of a band and 0 when there is absence band, to generate a binary

matrix (Sneath and Sokal, 1973) for ERIC, BOX and RAPD markers. The binary matrix was

used to calculate the Simple Matching (SM) coefficient, and a phylogenetic tree was constructed
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using the Unweighted Pair Group with Arithmetic Mean (UPGMA) methods (Lopez and Alippi,

2009) supported by Numerical Taxonomy SYStem (NTSYS version 2.2).

4.2.7. Detection of iaaM gene from indole acetic acid in endophytic

actinomycetes

The indole acetic acid biosynthetic gene (iaaM) was amplified by using forward primer

iaaM F(5’-ATGACGTCCACCGTGCCCAACGCG-3’) and iaaM R (5’-

CTAGTCCTCGGGGAGTTCCACGGG-3’) as described by Lin and Xu, (2013). The PCR

amplifications were performed in Veriti thermal cycler (Applied Bio-system, Singapore) under

the following conditions: initial denaturation at 94 oC for 5 min followed by 30 cycles at 94 oC

for 40 s, at 59 °C for 30 s and at 72 oC for 2 min and a final extension step at 72 oC for 10 min.

The amplified fragments were separated on 1.2 % agarose gel using 1 x TAE buffer at 80V for

3h and the restriction patterns were examined using the gel documentation system as described

earlier.

4.2.8. Detection of chitinase gene (chiC gene) from potential chitinase

producing endophytic actinomycetes

The forward (5’- AAGCTCGCSGCSTTCCTSGC - 3’) and reverse (5’-

GCACTCGAGSGCGCCGTTGAT - 3’) primers were used for amplification of the chitinase

gene under the following conditions: initial denaturation at 95 oC for 5 min followed by 30

cycles of denaturation for 30 s at 98 oC, annealing for 30 s at 50 oC, extension for 1.0 min at 72

oC were used and 10 min at 72 oC for the final extension (Watanabe et al., 1999).



Chapter IV: In vitro and In vivo plant growth promoting….............medicinal plants

DNA Fingerprinting of endophytic actinomycetes……..antimicrobial activities

Page 92

4.3. Results

4.3.1. Isolation and identification of endophytic actinomycetes

Surface sterilization is important for studying endophytes. The imprinted agar on an ISP

2 plate from each surface-sterilized sample showed no microbial growth after 15 days of

incubation at 28°C. In addition, ISP 2 agar plates spread with the last water from the washing of

plant samples also failed to grow colonies of microorganisms after 2 weeks of incubation. This

indicated that the surface sterilization protocol was effective at killing the epiphytic

microorganisms. Thus, the subsequent isolates can be considered true endophytic actinomycetes.

A total of 42 endophytic actinomycetes were isolated from the seven healthy medicinal plants,

and identified based on their morphological characteristics. 13 isolates were from starch casein

nitrate agar (SCNA) medium, 10 isolates from actinomycetes isolation agar (AIA) medium, 10

from tap water yeast extract agar (TWYE) medium, 6 from glycerol asparagines agar medium

(ISP5) and 3 isolates were obtained from malt yeast extract agar medium (ISP2). Most of the

isolates showed moderate to slow growth on the media. After one month incubation, the colonies

of the actinomycetes were observed with white, yellow, orange, brownish white and pale yellow

colors. Streptomyces was the most dominant genus as described earlier in chapter 3. The SEM

micrographs showed aerial mycelia with spiral spore chains (Figure 1). Most of the tissues

except flower and petiole in some cases yielded at least one isolate which indicates that

endophytic actinomycetes isolates can colonize different tissues throughout the plants.
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Figure 1 Field emission gun-scanning electron microscopy (FEG-SEM) micrographs of (A)

Streptomyces sp. (BPSAC34) and (B) Leifsonia xyli (BPSAC24) showing spore chain

morphology.
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All the antagonistic endophytic actinomycetes isolates were amplified for the 16S rRNA

gene and an amplified fragment of about 1.5 Kb was obtained. All sequences were submitted to

the Genbank, NCBI and accession numbers assigned to KF255557, KF255560, KF255576 and

KJ584866 to KJ584884 as described earlier in chapter 3. In the present study the isolates were

screened for plant growth promoting activities and were compared genotypically using ERIC and

BOX - PCR fingerprinting.

4.3.2. In vitro antagonistic screening against phytopathogens

To select the potential antagonistic isolates, the antimicrobial activity of all the isolates

was tested against six fungal phytopathogens. Among the 42 actinomycetes isolates, 22 (52.3%)

isolates showed inhibitory activity against at least one tested pathogen and were selected for

further studies. Out of 22 isolates, 14 isolates (63.6%) showed significant inhibitory activity

against three important plant-pathogens, i.e. Rhizoctonia solani (MTCC-9666), Fusarium

graminearum (MTCC-1893) and Fusarium oxysporum (MTCC-284). The three isolates i.e.

Microbacterium sp. 21 (BPSAC21), Leifsonia xyli 24 (BPSAC24) and Streptomyces sp. 34

(BPSAC34) demonstrated significant antagonistic activity ranging from 35% to 92%, against all

the tested pathogens (Figure 2 and Table 2).
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Figure 2 In vitro antagonistic potential of endophytic actinomycetes against some plant fungal pathogens. (A) F. proliferatum; (B) F.

oxy. f. sp. pisi; (C) F. oxysporum; (D) F. graminearum fungal pathogens used as control.
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Table 2 Antagonistic activity of endophytic actinomycetes isolated from medicinal plants

Isolate no R. solani

MTCC-9666

F.

graminearum

MTCC-1893

F.

oxysporum

MTCC-284

F.

prolifreatum

MTCC- 286

F. oxy. f. sp.

pisi

MTCC-2791

C. capsici

MTCC-8473

BPSAC2 44.0±0.25 51.3±0.25 48.2±0.18 37.6±0.00 32.4±0.25 0.0±0.00

BPSAC5 34.5±0.50 52.5±0.15 64.1±0.25 38.5±0.32 0.0±0.00 0.0±0.00

BPSAC21 55.8±0.15 76.0±0.30 66.4±0.00 81.3±0.25 78.3±0.41 48.7±0.12

BPSAC24 82.4±0.41 87.0±0.32 53.8±0.25 89.8±0.25 67.6±0.21 57.1±0.32

BPSAC25 0.0±0.00 0.0±0.00 62.3±0.32 0.0±0.00 0.0±0.00 0.0±0.00

BPSAC26 32.1±0.20 56.3±0.15 62.4±0.37 0.0±0.00 0.0±0.00 0.0±0.00

BPSAC27 44.2±0.25 0.0±0.00 61.6±0.36 57.8±0.20 51.4±0.15 0.0±0.00

BPSAC28 51.6±0.25 0.0±0.00 61.1±0.18 57.0±0.00 39.2±0.20 0.0±0.00

BPSAC29 0.0±0.00 0.0±0.0 41.0±0.34 0.0±0.00 61.3±0.28 0.0±0.00

BPSAC30 42.5±0.34 54.2±0.34 49.9±0.20 52.6±0.36 0.0±0.00 0.0±0.00

BPSAC31 0.0±0.00 0.0±0.00 37.2±0.25 0.0±0.00 51.0±0.27 0.0±0.00

BPSAC32 32.1±0.17 34.7±0.20 85.3±0.25 61.4±0.15 56.2±0.20 0.0±0.00

BPSAC33 0.0±0.00 0.0±0.00 53.4±0.32 0.0±0.00 64.7±0.20 0.0±0.00

BPSAC34 74.3±0.15 92.1±0.25 89.6±0.28 84.6±0.25 69.4±0.17 63.6±0.15

BPSAC35 32.8±0.28 41.5±0.20 52.1±0.15 48.3±0.10 37.2±0.28 0.0±0.00

BPSAC36 32.9±0.25 62.6±0.15 51.7±0.50 0.0±0.00 52.6±0.10 0.0±0.00

BPSAC37 45.6±0.20 71.2±0.00 0.0±0.00 42.3±0.10 78.4±0.25 56.7±0.17

BPSAC38 0.0±0.00 0.0±0.0 60.4±0.36 0.0±0.00 0.0±0.00 0.0±0.00

BPSAC39 30.8±0.15 51.7±0.0 49.2±0.25 0.0±0.00 32.7±0.28 0.0±0.00

BPSAC40 33.7±0.57 42.3±0.25 47.6±0.15 56.3±0.15 0.0±0.00 0.0±0.00

BPSAC41 30.2±0.10 56.4±0.25 44.0±0.25 0.0±0.00 0.0±0.00 0.0±0.00

BPSAC42 77.2±0.15 39.5±0.18 57.8±0.28 83.7±0.20 65.3±0.25 43.1±0.10

Mean (±SD) followed by the same letter(s) in each column are not significantly different at

P<0.05 using Duncan’s new multiple range test.
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4.3.3. Plant growth promoting traits of antagonistic endophytic actinomycetes

4.3.3.1. Phosphate solubilization

Among the 22 endophytic actinomycetes isolates, 14 (63.6%) were able to solubilize

inorganic phosphate and were identified as potential phosphate solubilizing isolates based on a

clear halo zone around the colony on Pikovskaya`s medium (Figure 3). The phosphate

solubilization efficiency varied from 35 to 73% among the isolates, and the highest phosphate

solubilization were detected in Streptomyces sp. 34 (73%) followed by Leifsonia xyli 24 (64%)

and Microbacterium sp. 21 (59%). The intensity of yellow color was read on spectrophotometer

at 430 nm and the amount of P-solubilized (potassium dihydrogen orthophosphate) was

extrapolated from the standard curve (Figure 4). Quantitative estimation of phosphate

solubilization by the endophytic actinomycetes ranged from 3.2 to 32.6 mg/100ml (Figure 5),

with the highest by Streptomyces sp. 34 (32.6 mg/ 100 ml) followed by Leifsonia xyli 24 (31.5

mg/ 100 ml).



Chapter IV: In vitro and In vivo plant growth promoting….............medicinal plants

DNA Fingerprinting of endophytic actinomycetes……..antimicrobial activities

Page 98

Figure 3 Phosphate solubilization of endophytic actinomycetes isolates on Pikovskaya`s media.
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Figure 4 Standard curves for quantitative estimation of Phosphate solubilization.

Figure 5 Quantitative estimation of phosphate solubilization (mg/100ml) of P-solubilizers.
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4.3.3.2. IAA production

Out of 22 isolates 20 endophytic actinomycetes (90.9%) were positive for IAA

production, among them the 14 isolates belongs to Streptomyces sp (Figure 6). The intensity of

pink color was read at 530 nm spectrophotometrically and the amount of IAA produced was

extrapolated from the standard curve (Figure 7). Quantitative range of IAA production was

found from 10 - 32 µg/ml (Table 2). Leifsonia xyli 24 and Streptomyces sp. 34 produce the most

IAA, with 30.5 and 32 µg/ml, respectively (Figure 8). The results of PCR amplification of IAA

gene demonstrated the presence of 150 bp fragment in all the 20 positive isolates (Figure 9).

Figure 6 Indole acetic acid (IAA) production for the development of pink color in endophytic

actinomycetes isolates.
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Figure 7 Indole acetic acid (IAA) standard curve.

Figure 8 Quantitative estimation of IAA production (µg/ml) in endophytic actinomycetes

strains.
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Figure 9 Polymerase chain reaction (PCR) based detection of indole acetic acid (iaaM) gene

from endophytic actinomycetes isolates. M: low range (100bp -3 kb) molecular marker; N:

negative control; numerical numbers represents different isolates.

4.3.3.3. Ammonia production by endophytic actinomycetes

All 22 endophytic actinomycetes isolates were positive for the production of ammonia at

levels ranging from 5.2 to 54 mg/ml (Figure 10). Isolate Streptomyces sp. 34 produced the

maximum amount of ammonia (54 mg/ml) and minimum amount of ammonia produced by

isolate Microbacterium sp. BPSAC29 (Figure 11).
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Figure 10 Ammonia production for development of brown color in endophytic actinomycetes

isolates.

Figure 11 Quantitative estimation of ammonia production (mg/ml) in endophytic actinomycetes

strain.
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4.3.3.4. Siderophore production

Siderophore production was detected in 16 (72%) isolates on CAS agar media, forming

clear orange halo zone around the colonies. The five isolates produced catachol type siderophore

(at levels ranging from 3.2 - 5.4 µg /ml), whereas, 16 isolates produced hydroxamate- type

siderophore (range from 5.2 – 36.4 µg /ml) (Figure 12). Isolates Leifsonia xyli 24 and

Streptomyces sp. 34 produced mostly catechol type siderophores (5.4 μg/ ml), while the isolate

Streptomyces sp. 34 produced the greatest amount of hydroxamate type siderophores (36.4 µg

/ml) on modified Gaus No.1 broth. All the Microbacterium sp. (BPSAC 21, 27, 28 and 29)

produced hydroxamate type siderophores at levels ranging from 15.4 – 34.5 µg /ml.

Figure 12 Quantitative estimation of siderophore production (µg/ml) in endophytic

actinomycetes isolates.
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4.3.3.5. Chitinase production

Nineteen isolates were positive for chitinase production and formed clear halo zone

around the colonies. Chitin degrading activity was found to be high in Leifsonia xyli 24 and

Microbacterium sp. 21 which exhibited a colloidal chitin degradation zone of 15 and 17mm,

respectively. All the 19 positive isolates were subjected to the amplification of the chitinase gene

and an amplified fragment that was approximately 400 bp was obtained from these isolates

(Figure 13).

Figure 13 Polymerase chain reaction (PCR) amplification of chitinase (chic) gene from

endophytic actinomycetes isolates. M: low range (100bp -3 kb) molecular marker; N: negative

control; numerical numbers represents different isolates.
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4.3.3.6. HCN production

Among the 22 isolates, 15 isolates were positive for HCN production. Most of the HCN

production positive isolates belongs to Streptomyces sp. and Microbacterium sp. Isolate

Streptomyces sp. 34 exhibited the highest amount of HCN production as indicated by a very deep

red color on the filter paper (Figure 14).

Figure 14 Hydrogen cyanide (HCN) production by endophytic actinomycetes strain

Streptomyces sp. BPSAC34 indicated deep red color on the filter paper.
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4.3.4. In vivo plant growth activity of chilli seedlings

The most potent isolates Streptomyces sp. 34 and Leifsonia xyli 24 identified by 16S

rRNA gene sequencing as strains of Streptomyces sp. and Leifsonia xyli were used for in vivo

greenhouse experiments on chilli seedlings. Inoculation of seedling with Leifsonia xyli 24 and

Streptomyces sp. 34, showed a significant (p<0.05) increase in root and shoot height in

comparison to control (Fig 3). The mixture of two actinomycetes isolates (Leifsonia xyli 24 and

Streptomyces sp. 34) demonstrated the maximum increase in shoot and root length of the chilli

plant when compared with the control after 30 and 45 d of sprouting (Table 3 and Figure 15).
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Table 3 Effect on different growth parameters of chilli seedlings treated with Streptomyces sp.

34 (BPSAC34) and Leifsonia xyli 24 (BPSAC24) in greenhouse pot trials within 30 and 45 days.

Treatments Shoot length (cm) Root length (cm) Plant weight (grams)

After 30 d

Control 9.7 ± 0.05 2.6 ± 0.12 1.8 ± 0.02

Inoculation with BPSAC 24 11.5 ± 0.20 3.7 ± 0.15 2.9 ± 0.03

Inoculation with BPSAC 34 12.5 ± 0.13 5.6 ± 0.11 3.1 ± 0.04

Mix inoculation with BPSAC 24 & 34 18.6 ± 0.08 8.4 ± 0.17 8.6 ± 0.02

After 45 d

Control 11.4 ± 0.115 3.0 ± 0.05 2.1 ± 0.02

Inoculation with BPSAC 24 14.5 ± 0.173 4.1 ± 0.12 3.6 ± 0.11

Inoculation with BPSAC 34 15.2 ± 0.088 6.2 ± 0.17 4.1 ± 0.12

Mix inoculation with BPSAC 24 & 34 22.4 ± 0.202 9.4 ± 0.23 9.2 ± 0.08

Data presented are mean ± SE from three replicates: Each replica consisted of three plants per

jar. Means are significantly different from control at P= 0.05 (Tukey test).
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Figure 15 Effect of potential endophytic actinomycetes strains (BPSAC24 and BPSAC34) on shoot length, root length and plant

weight of chilli seedlings. A) Chilli plants grown in greenhouse by BPSAC24 and BPSAC34 with control; A1) Comparison of shoot

length promotion: control, BPSAC24, BPSAC34 and Mix inoculam of BPSAC24 & 34; A2) Comparison of Root length promotion:

control, BPSAC24, BPSAC34 and Mix inoculam of BPSAC24 & 34 in greenhouse; A3) Comparison of weight of plants: control,

BPSAC24, BPSAC34 and Mix inoculam of BPSAC24 & 34 in greenhouse.
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4.3.5. Concluding assessment of the in vitro PGPR traits

An attempt was made to select the best isolates among the screened endophytic

actinomycetes with high plant growth promoting potential; a bonitur scale was generated and

used to assess the PGPR traits (Berg et al., 2001; El-Sayad et al., 2014). In this scale, the

maximum bonitur score is 29 points. The assessment showed that out of 22 isolates screened, 10

isolates obtained three points each against the fungal pathogen for antagonistic activity (totaling

18 points). Production of the chitinase enzyme, siderophore and HCN was evaluated with one

point each (totaling 3 points). For plant growth promoting traits, it is possible to obtain three

points each for phosphate solubilization and IAA and one point each for ammonia and

siderophores (totaling 8 points). Streptomyces sp. 34 was the most effective isolate showing the

highest ∑ assessment value of 26 points (Table 4).
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Table 4 Top 10 best endophytic actinomycetes isolates and their antagonistic activity, antifungal mechanisms in addition to their plant

growth promoting traits and ranking for their ability to function as PGPR.

Code
Isolates
Organism

Antagonistic Activities Antifungal
Mechanisms

Plant growth promoting
traits

Total
Ass.
(29)n

Rank

GI percentage (%)
Chig Sidh HCNi PSj IAAk Aml SidhRsa Fgb Foc Fpd Foce Ccf

BPSAC34 Streptomyces sp. 2 3 3 3 2 2 1 1 1 3 3 1 1 26 1st

BPSAC24 Leifsonia xyli 3 3 1 3 2 2 1 1 1 3 3 1 1 25 2nd

BPSAC21 Microbacterium sp. 2 3 2 3 3 1 1 1 1 2 2 1 1 23 3rd

BPSAC27 Microbacterium sp. 1 0 2 2 2 0 1 1 1 2 2 1 1 16 4th

BPSAC37 Actinomycete 1 2 0 1 3 2 1 1 0 1 2 1 1 16 4th

BPSAC42 Streptomyces mutabilis 3 1 2 3 2 1 1 0 0 1 1 1 0 16 4th

BPSAC28 Microbacterium sp. 2 0 2 2 1 0 1 1 1 2 1 1 1 15 5th

BPSAC35 Brevibacterium sp. 1 1 1 1 1 0 1 1 1 0 1 1 1 11 6th

BPSAC32 Streptomyces sp. 0 1 3 2 2 0 1 0 0 0 0 1 0 10 7th

BPSAC2 Streptomyces sp. 1 1 1 1 1 0 1 0 0 1 1 1 0 9 8th

GI (%): Growth inhibition percentage (1= 30 – 54.5%; 2= 55 – 74.5%; 3= 75 – 95%).

Rsa : Rhizoctonia solani;   Fgb : Fusarium graminearum; Foc : Fusarium oxysporum;  Fpd : Fusarium prolifratum;   Foce: Fusarium

oxysporum ciceri;     Ccf: Colletotrichum capsici.

Chig : Chitinase production;  Sidh : Siderophores production; HCNi : Hydrogen cyanide.

PSj: Phosphate solubilization (1= 1.0 -11.9;  2= 12 -22.9; 3= 23 -33); IAAk : Indole acetic acid production (1= 1.0 -11.9; 2= 12 -23.9;

3= 24 -35.9). Aml : Ammonia production. nTotal assessment points.
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4.3.6. ERIC-PCR fingerprinting

All the antagonistic endophytic actinomycetes generated a specific pattern with ERIC-

PCR and genetic diversity of isolates was not significant from either location. The fingerprinting

pattern yielded discriminatory patterns with 3 to 12 fragments ranging in size from approx. <100

bp to 3.0 kb which demonstrate the usefulness of this technique in differentiate the isolates

(Figure 16). Dendrogram generated by ERIC-PCR divided the isolates into four clusters (A-D).

Cluster A consist of 10 isolates, belonging to the genus Streptomyces. Isolate Streptomyces 5

(BPSAC5) and Streptomyces 33 (BPSAC33) showed 100% similarity and both identified as

Streptomyces sp. based on 16S rRNA gene sequencing. Cluster B consist of four isolates all

belonging to the genus Microbacterium. Cluster C consist of five isolates comprising different

genera belonging to Leifsonia, Brevibacterium and Streptomyces and the cluster D consists of

two isolates both belonging to the genus Streptomyces (Figure 17).

Figure 16 Enterobacterial repetitive intergenic consensus sequence-based PCR (ERIC-PCR)

fingerprinting of antagonistic endophytic actinomycetes isolates. M: low range (100bp -3 kb)

molecular marker; numerical numbers represents different isolates.
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Figure 17 Dendrogram generated from ERIC PCR genomic fingerprints of endophytic

actinomycetes isolates using Ntsys 2.0.
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4.3.7. BOX-PCR fingerprinting

The BOX-PCR fingerprinting of all the antagonistic endophytic actinomycetes were

developed and size recognizable bands were between <100bp to 2kb (Figure 18). Less visible

fragments above 2kb were also observed in some isolates. Dendrogram analysis divides the

isolates into two major clusters (A & B). Cluster A consist of 16 isolates whereas cluster B

consists of six isolates (Figure 19). Most of the isolates showed different BOX fingerprinting

patterns, which confirms a significant diversity exist in between the different endophytic

actinomycetes isolated in this study.

Figure 18 BOX-PCR fingerprinting of antagonistic endophytic actinomycetes isolates. M: low

range (100bp -3 kb) molecular marker; numerical numbers represents different isolates.
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Figure 19 Dendrogram generated from BOX PCR genomic fingerprints of endophytic

actinomycetes isolates using Ntsys 2.0.
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4.3.8. RAPD Analysis

RAPD genomic fingerprints were generated using twenty random primers to determine

whether these primers might be useful for genus specific markers for the endophytic

actinomycetes. RAPD PCR banding pattern was ranging in size from <100 to 2,500 bp (Figure

20). Dendrogram generated by RAPD PCR consisted of 3 main clusters. The first cluster A was

the largest cluster containing 18 isolates. Isolate BPSAC27, BPSAC28 and BPSAC29 that are

clustered together were found very also closely associated under a bootstrap supported value of

95% in the phylogenetic tree of 16S rDNA. Isolate BPSAC33 and BPSAC36 was found 100%

similar in RAPD patterns and identified as Streptomyces sp. This result agreed with the

phylogenetic tree of the 16S rDNA with bootstrap supported value of 99%. The second cluster B

contain only one isolate BPSAC37 that was identified as Actinomycete and has similar profiling

with ERIC PCR fingerprinting. The third cluster C was composed of three genera

Microbacterium (BPSAC21), Leifsonia (BPSAC24) and Brevibacterium (BPSAC35) that were

placed distinct position from the others (Figure 21).
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Figure 20 Random Amplification of Polymorphic DNA (RAPD) different markers of

antagonistic endophytic actinomycetes isolates. M: low range (100bp -3 kb) molecular marker;

numerical numbers represents different isolates.
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Figure 21 Dendrogram generated from RAPD markers of endophytic actinomycetes isolates

using Ntsys 2.0.
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4.4. Discussion

The environment pollution problems resulting either directly or indirectly from the use of

chemical fertilizers, pesticides, herbicides etc. are a major concern in crop production. Therefore,

forcing researchers to seek an alternative path based on natural sources for the sustainable plant

growth in agriculture and horticulture (Kaur et al., 2014; Glick et al., 2007). Endophytic

actinomycetes are of special interest as they have many properties which enhance the growth of

the plants (Verma et al., 2012). These findings encouraged us to explore ethnomedicinal plants

used by local tribes of Mizoram state, India to better understand the endophytic actinomycetes

community and their plant growth promoting potential.

Our results demonstrated that endophytic actinomycetes colonizing medicinal plants

promote plant growth through production of plant growth regulators (IAA, siderophore,

chitinase), phosphate solubilization, siderophore production and promote antagonistic activity

against pathogens such as Rhizoctonia solani, F. oxysporum f. sp. ciceri, F. graminearum,

Fusarium oxysporum, F. prolifratum and Colletotrichum capsici. Here we identified 22

endophytic actinomycetes with potential antagonistic and PGPR activity. Among them the

fifteen isolates belongs to genus Streptomyces, four isolates belongs to Microbacterium and one

each belongs to Actinomycete sp., Leifsonia and Brevibacterium. The most frequently isolates

endophytic actinomycetes from various plants in our study and in previous studies belongs to

genus Streptomyces (Verma et al., 2009; Hastuti et al., 2012). This suggests that the strains of

Streptomyces are able to reside in the variety of plant tissues. On the other hand, the genera

Leifsonia and Brevibacterium were among the rare genera reported from endosphere of plants

(Passari et al., 2015).



Chapter IV: In vitro and In vivo plant growth promoting….............medicinal plants

DNA Fingerprinting of endophytic actinomycetes……..antimicrobial activities

Page 120

All isolates were screened for their antagonistic activity against six fungal

phytopathogens. Fourteen isolates (63.6%) showed significant antimicrobial activity against

three pathogens, i.e. Rhizoctonia solani (MTCC-9666), Fusarium graminearum (MTCC-1893)

and Fusarium oxysporum (MTCC-284). Similar, antimicrobial activity against fungi was

reported by Varma et al. (2009). Most of the antagonistic activity positive isolates belongs to

Streptomyces sp. (n=11, 50%), Leifsonia xyli, Brevibacterium sp. and Microbacterium sp.

However, the isolates Leifsonia xyli 24 and Streptomyces sp. 34 demonstrated a significant

antagonistic activity against all the tested phyto-pathogens. Similarly, Debananda et al. (2009)

also reported that S. vinaceusdrappus having greater antagonistic potency against rice fungal

pathogens F. oxysporum with plant growth promoting properties. Metabolites produced by

microbe plays an active role in resistance development by functioning as signals to mediate

cross-talk between the endophytes and their host (Graner et al., 2003). Since the endophytic

actinomycetes isolated from medicinal plants produce a wide variety of antifungal and plant

growth regulatory bioactive metabolites (Franco and Cautinho, 1991; Li et al., 2012), they can be

explored as novel sources of natural products as well as novel biocontrol agents.

The maximum phosphate solubilization activity was detected in the isolate BPSAC34,

identified as Streptomyces sp. (32.6 mg/100 ml). These results are in agreements with Hamdali et

al. (2008) who reported 83.3, 58.9 and 39 mg/100 ml phosphate solubilization by Streptomyces

cavourensis, Streptomyces griseus and Micromonospora aurantiaca, respectively. It was

reported that the phosphate solubilizing strains plays an important role in acidification of the

medium, and the pH and the soluble phosphate concentration were inversely proportional (Chen

et al., 2006). This result is consistent with our findings in which 63.6% (14 out of 22) isolates
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were identified as phosphate solubilizers. This may be either due to the acidification of external

medium by production of low molecular weight organic acids like gluconic acid (Oteino et al.,

2015). Hence, endophytic actinomycetes with phosphate solubilization efficiency play an

important role in the improvement of plant growth.

In this study, 90.9% of the isolates were positive for IAA production, among them 63.6%

of isolates belonged to genus Streptomyces. The IAA production ranges between 10-32 µg/ml,

which is in accordance with Verma et al. (2012) and Khamna et al. (2009). Nimnoi and Pongslip,

(2009) reported that IAA synthetic bacteria enhanced root and shoot development of Raphanus

sativus and Brassica oleracea more than five-fold when compared with control. The endophytic

actinomycetes present inside root tissues produce IAA that may play an important role in host

plant development and growth.

Here we detected most of the endophytic actinomycetes produced ammonia. Marques et

al. (2010) suggested that bacteria can produce ammonia and supply nitrogen to the host plant.

The ammonia produced by endophytes is beneficial for the root and shoot elongation,

consequently increasing plant biomass. Moreover, it is very useful for the over production of

ammonia which can serve as a triggering factor for the virulence of opportunistic plant pathogens

(Bashan et al., 1980).

Siderophore production is another feature that promotes plant growth by binding to the

available iron form (Fe3+) in the rhizosphere making iron unavailable to the phytopathogens

(Siddiqui et al., 2005). Siderophores display considerable structural variability and affinity for

iron that determines the growth of a microbe under competitive conditions when iron availability

itself is a limiting factor (Cao et al., 2005). Streptomyces species are well known for the
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production of hydroxamate-type siderophores, which can inhibit phytopathogen growth by

competing for iron in rhizosphere soils (Khamna et al., 2009). Tan et al. (2006) suggested that

the production of siderophore is an important factor for phytopathogen antagonism and

developing growth of the plant. In our study, we detected the siderophore production in 72%

isolates. The maximum amount of catechol type and hydroxamate type siderophores were

produced by isolate Streptomyces sp. 34 (5.4 and 36.4 µg/ml) these are in agreement with

Nimnoi et al. (2010) who demonstrated that Pseudonocardia halophobica isolated from the roots

of Aquilaria crassna possess high capacity for hydroxymate type siderophore production (39.30

µg/ ml). Similarly, Khamna et al. (2009) has showed that Streptomyces CMU-SK 126 isolated

from Curcuma mangga rhizospheric soil exhibited high amount of siderophore, catechol type

and hydroxamate types production.

Chitinase from microorganisms is crucial for the degradation and recycling of carbon and

nitrogen trapped in insoluble chitin (Kim et al., 2011) and is widely used for the preparation of

biopesticides and mosquito control (Kumaran et al., 2012). Our results showed that 19 (86.3%)

endophytic actinomycetes isolates were positive for extracellular chitinase production, and

demonstrated the presence of chitinase gene. These results were consistent with Taechowisan et

al. (2003) who reported 4.56% isolates had chitinase gene.

HCN plays an important role in disease suppression (Wei et al., 1991). Here we detected

fifteen isolates (68.1%) were positive for HCN production, and most of which belongs to

Streptomyces sp. Similarly, Hastuti et al. (2012) reported Streptomyces sp. LSW05 strain as a

potent HCN producer.
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Streptomyces sp. 34 and Leifsonia xyli 24 demonstrated a significant PGPR activity under

green house experiment. And a mixture of two actinomycetes isolates (BPSAC24 and

BPSAC34) displayed the maximum increase in shoots and root length of the chilli plant when

compared with the control after 30 and 45 d of sprouting. Many reports have shown that

actinomycetes can increase root and shoot length in different plants (Lamsal et al., 2013), and

such an increase may confer advantages to the host plant with respect to health and overall

growth. Taken together, these results show that Streptomyces sp. 34 and Leifsonia xyli 24 are

well suited as an efficient biocontrol and plant growth promoting inoculam for sustainable

agriculture.

All the antagonistic endophytic actinomycetes isolates were characterized by PCR

amplification of the 16S rRNA gene. The DNA sequence of most isolates showed of 97 - 100%

identity with BlastN sequences and phylogenetic analysis based on 16S rRNA gene amplification

showed that Streptomyces formed a major group consistent with previous studies (Passari et al.,

2015; Zhao et al., 2011).

The dendrogram generated by ERIC-PCR divided the isolates into four groups (A, B, C

and D) and the fingerprinting pattern clearly differentiate among the Streptomyces sp. whereas

Microbacterium sp. (BPSAC29) falls in group A and other genera like Leifsonia, Brevibacterium

and Microbacterium were clearly found in a separate group B which was in agreement with the

findings of De-Bruijn et al. (1992). ERIC-PCR fingerprinting could be a reliable tool for the

detection of similarities and differences in the relationships among different isolates in the same

bacterial genus and species (Dorneles et al., 2014). They are genetically diverse enough to allow

the construction of a phylogenetic tree showing the relative relatedness of the different strains.
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BOX-PCR fingerprinting has proved a very useful tool to discriminate highly related strains and

has been applied to study the genetic diversity at the species level among the endophytic

actinomycetes isolates (Lanoot et al., 2004; Karki et al., 2012). In this study, however, we

observed that genetic variation was too high among the 22 isolates, when analyzed by BOX-PCR

fingerprinting.
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5.1. Introduction

Loss in crop production caused by fungal diseases is a major concern resulting in loss of

25% yield in western countries and almost 50% in developing countries (Gohel et al., 2006).

Several economically important crops in tropical and sub-tropical regions are affected due to

diverse fungal diseases, so, it is important to control fungal diseases for constant food supply to

an ever increasing world population (Oskey, 2009). Synthetic pesticides can keep fungal

infections at an acceptable level. However, their extensive use can lead to several drawbacks

such as environmental pollution, lack of specificity, development of resistant fungal strains or

accumulation of compounds potentially hazardous to other life forms as well, including humans

(Dahiya et al., 2006; Evangelista-Martinez, 2014). Therefore, control of fungal pathogens

requires more environmental friendly approach. Henceforth, microbe-based biocontrol methods

could be an alternative to control devastating fungal diseases (Patil et al., 2014; Zhao et al.,

2012). Microbial antagonists are commonly used for the biocontrol of fungal diseases by the use

of various groups of microorganism like bacteria, algae, fungi and actinomycetes (Brimner and

Boland, 2003).

Actinomycetes have characteristic as biological control agents against fungal plant

pathogens by having the ability to produce secondary metabolites and biologically active

compounds such as enzymes and antibiotics (Adegboye and Babalola, 2012; Mingma et al.,

2014), of which genus Streptomyces is of meticulous importance (Evangelista-Martinez, 2014).

Among the 10,000 antimicrobial compounds produced by microorganisms, more than 50 % were

isolated from actinomycetes and about 60% of the bioactive compounds developed for

agricultural use were originated from genus Streptomyces (Anderson and Wellington, 2001). It is
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well known that Streptomyces sp. can produce wide varieties of secondary metabolites including

antibiotics, enzymes and alkaloids, which may be the causative agent for antagonistic activity

(Hayakawa et al., 1996).

Bioactive compounds such as benzoquinones (Rothrock and Gottlieb, 1984),

aminoglycosides (Godfrey, 1995; Qin et al., 1994), polyenes (Raatikainen et al., 1994; Smith et

al., 1990), nucleoside antibiotics (Hwang et al., 1994; Trejo-Estrada et al., 1998) are some

agriculturally useful metabolites produced by genus Streptomyces. Several members of genus

Streptomyces have been reported to significantly inhibit growth of plant fungal pathogens

(Evangelista-Martinez, 2014; Taechowisan et al., 2005; Maldonado et al., 2010). To name some,

Streptomyces rochei in combination with Trichoderma harzianum was used to control root rot in

pepper (Ezziyyani et al., 2007), Streptomyces aureofaciens improved protection against

anthracnose disease in mango caused by Colletotrichum goeosporioides (Haggag and Abdall,

2011) and Streptomyces griseus was used to control Fusarium wilt in tomato (Anitha and

Rabeeth, 2009). Among the known commercial products produced by Streptomyces,

Actinovate® and Mycostop® are two most useful commercial products against foliar, root rot

and wilt diseases marketed till date (Evangelista-Martinez, 2014).

In the recent years, endophytic actinomycetes have attracted the attention of researchers

as biocontrol agent against plant pathogens due to their better plant colonizing ability and

antifungal activities. Their antagonistic capability has proved against different phytopathogens,

including Rhizoctonia solani, Verticillium dahlia, F. oxysporum, Colletotrichum orbiculare

(Coombs et al., 2004; Hasegawa et al., 2006; Ei-Tarabily et al., 2009; Shimizu et al., 2009).
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Attempts were made to isolate actinomycetes as endophytes from various plants, where they live

in symbiotic manner without causing any apparent damage to the host plant (Stone et al., 2000).

Biological control ability of endophytic actinomycetes has been reported both in vitro and in vivo

(Cao et al., 2005; Taechowisan et al., 2003). Evidences indicate that new endophytic

actinomycetes were isolated from various organs of medicinal plants, and produced various

bioactive compounds with a novel chemical structure, which would further increase the potential

effectiveness as biological control agent (Godfrey, 1995; Nimnoi et al., 2010). Therefore, there is

need for the isolation and characterization of actinomycetes from different geographical

locations is important in order to identify new and commercially valuable genetic resources

(Evangelista-Martinez, 2014). However, there is no study on the isolation of endophytic

actinomycetes from medicinal plant Schima walichii as biocontrol agents. Further, we used

degenerate primers to amplify the antimicrobial genes like Polyketide synthase (PKS) type I and

nonribosomal peptide synthetase (NRPS) because most of the biosynthetic pathways for the

production of secondary metabolites are associates with these genes.

In our study, we have attempted to isolate endophytic actinomycetes from surface

sterilized organs of medically important plant Schima walichii. The isolates were screened for

their biocontrol ability against common fungal phytopathogens such as F. oxysporum, F.

prolifratum, F. oxy. ciceri, F. culmonarum F. graminearum, Alternaria sp. and Colletotrichum

sp. The potential strains selected as efficient biocontrol agents were identified by using 16S

rRNA gene sequence. Further, biosynthetic potential of the potent strains was examined by

amplification of PKS-I and NRPS genes.
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5.2. Materials and Methods

5.2.1. Sample collection

The healthy and disease free tissues of the plant (Schima walachii) were collected from

Dampa tiger reserve forest (23°44′N; 92°39′E) during the period of October 2013, based on

ethanobotanical history, commonly used by the local tribes to heal the wounds caused by insects

like spider and scorpion, as antiseptic and as external application in snake bite (Figure 1). Roots

were dug out carefully so that sufficient amount of root material was collected. The tissues were

placed in sterile bags and brought to the lab immediately and processed within 6 h of collection.

Figure 1 The healthy and disease free Schima walachii plant.
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5.2.2. Surface sterilization and Isolation of endophytic Streptomyces

Surface sterilization is the first and obligatory step for the recovery of true endophytes in

order to kill the surface microbial population. The plant tissues were normally treated with

oxidant or general sterilants for a period, followed by sterile rinse. The different plant tissues

(leaf, fruit, root and bark) were used for isolation of endophytic actinomycetes and washed in

running tap water for 5-10 minutes to remove adhered debris. The tissues were cut into small

pieces (1.0×0.5cm) and surface sterilized by using three step procedures as described by

Taechowisan and Lumyong, (2003). Tissues were sterilized by sequentially immersion in 0.1%

Tween 20 for few seconds and transferred to clean conical flask, followed by 70% ethanol for 2

min, and a solution of 0.1% NaOCl for 1 min. Samples were washed in sterile water minimum

three times to remove all surface disinfectants. An aliquot (0.1 ml) of the last wash was spreaded

on starch casein agar (SCA) plates and incubated at 28 ±2 oC for three weeks to proof the

authenticity of the surface sterilization protocol (Kuster and Williams, 1964). The sterilized

tissues were kept on autoclaved blotting paper to remove the any trace of water and inoculated

on five different agar media viz. Starch Casein Nitrate Agar Media (SCNA), Actinomycetes

Isolation Agar Media (AIA) and Tap Water Yeast Extract Agar Media (TWYE) at the rate of 10-

15 tissue bits per plate. Nalidixic acid and Cycloheximide (80ug/ml) were added to the media to

inhibit the fungal and eubacterial growth. Plates were incubated at 28± 2 oC for 3-4 weeks,

actinomycetes colonies were transferred and maintained on ISP2 media by repetitive streaking.
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5.2.3. Identification of isolated endophytic Streptomyces

The isolates were identified based on cultural and morphological characteristics,

including, colonies on the plate, aerial and substrate color, spore mass color, production of

melanoid pigments and color of diffusible pigments (Shimon et al., 1999; Goodfellow and

Haynes, 1984). Based on Bergey’s manual of systematic bacteriology, we classified the isolates

by looking onto the aerial and substrate mycelia color in the following series: gray, white, red,

yellow, green, blue, and violet (Buchnan and Gibbons, 2000). Microscopic characteristics using

light microscopy and gram-stain properties were also performed and observed that the spore

chains under light microscope, showed various spore characters like straight or flexuous chains,

spira, extended, long and open coils. The spore chain morphology and surface of spore were

examined by field emission gun-scanning electron microscopy (FEG-SEM) of 10-day old

cultures grown on ISP4 according to the method described previously Kumar et al. (2011).

Different biochemical tests like starch hydrolysis, Citrate utilization test, Indole test, methyl red

test, Vogus- Proskauer test, catalase test were performed to characterize actinomycetes till genus

level.

5.2.4. In vitro antifungal bioassay

The endophytic actinomycetes isolates were evaluated for their antagonistic activity

against seven major plant pathogenic fungi: Fusarium oxysporum: CABI-293942; Fusarium

oxysporum ciceri MTCC-2791, Fusarium prolifreatum: MTCC-286, Fusarium culmorum

MTCC-2090, F. graminearum MTCC-1893, Alternaria sp. MTCC- 9601 and Colletotrichum sp.

MTCC-3405 by dual-culture in vitro assay according to Bredholdt et al. (2007). All the

pathogens were maintained on potato dextrose agar and maintained in molecular microbiology



Chapter V: Distribution and identification of endophytic …………fungal plant pathogen

DNA Fingerprinting of endophytic actinomycetes……..antimicrobial activities

Page 131

and systematic laboratory, Department of Biotechnology, Mizoram University. An agar block of

fungal pathogen was prepared by using sterile cork borer with diameter of 8 mm, and placed at

the centre of PDA plate. Two endophytic actinomycetes discs (8 cm) 7 days old, grown on starch

casein agar incubated at 28 oC were placed on opposite sides of the plates, 3 cm away from the

fungal block. Plates without endophytic actinomycetes discs were served as control. All plates

were inoculated at 28 oC for 14 days and percentage of inhibition was calculated by using the

formula C-T/C x 100, where, C is the colony growth of fungal pathogen in control, and T is the

colony growth in dual culture. All experiments were carried out in triplicates. Antagonistic

activity was considered positive (+) if the zone of inhibition of the growth zone was more than 3

mm.

5.2.5. Molecular identification by using 16S rRNA gene amplification

The identity of the selected strains was determined based on the amplification and

sequencing of 16S rRNA gene. Total genomic DNA was extracted by the Puregene Yeast/Bact

Kit B (QIAGEN). The integrity of the genomic DNA was visualized by gel electrophoresis in

0.8% (w/v) by using the gel documentation system XR+ system (BioRed, Singapore).

16S rRNA gene fragment were amplified by PCR using universal primers- PA: 5'-AGA GTT

TGA TCC TGG CTC AG-3') and PH:  5'-AAG GAG GTG ATC CAG CCG CA-3' (Qin et al.,

2009). The PCR reaction mixture was carried out in 25 µl total volume, containing 50 ng of

genomic DNA, 2.5 µl (10 x) Taq Buffer, 1.5 µl (15mM)  MgCl2, 2.0 (2.5mM) dNTPs, 0.5µl (10

pmol) each primer and 1µl (1U) Taq DNA Polymerase. The PCR conditions consisted of an

initial denaturation at 94 oC for 5min, followed by 30 amplification cycles of denaturation at 94

oC for 1min, annealing at 57 oC for 40 sec, extension at 72 oC for 1 min and a final extension of
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10 min at 72 oC. The amplified PCR product was separated on 1.2 % agarose gel using TAE

buffer and examined under gel documentation system XR+ (BioRed). The amplified amplicon

was purified by using the Purlink PCR Purification Kit (In-vitrogen) and was sequenced

commercially at SciGenom Labs Pvt. Ltd, India.  Sequences were assembled and trimmed by

using Finch TV version 1.4 (Geospiza Inc.).

5.2.6. Phylogenetic analysis

16S rRNA gene sequences were analyzed for homology using BlastN search program and

very closely related species showing high level of identity (97%-100%) was considered as

closest match. These sequences, along with other actinomycetes strains retrieved from NCBI

GenBank (www.ncbi.nlm.nih.gov) were used for the construction of phylogenetic tree after

pairwise aligned using ClustalW (Thompson et al., 1997).  All the assembled sequences were

submitted to NCBI Genebank and accession numbers were obtained. A Maximum-Likelihood

Tree was constructed using Kimura 2-Parameter (Kimura, 1980) and reliability of phylogenetic

tree was evaluated by bootstrap analysis with 1000 resamplings (Felsenstein, 1985) with Mega

5.05 software, taking Escherichia coli as outgroup.

5.2.7. PCR amplifications of antimicrobial genes (PKS-I and NRPS)

Two antimicrobial genes Polyketide synthase (PKS) type I and nonribosomal peptide

synthetase (NRPS) were amplified by using degenerate primers: K1F 5’-

TSAAGTCSAACATCCGBCA-3’ and M6R 5’-CGCAGGTTSCSGTACCAGTA-3’ and A3F

5’-GCSTACSYSATSTACACSTCSGG-3’ and A7R 5’-SASGTCVCCSGTSGCGTAS-3’

respectively (Ayuso-Sacido and Genilloud, 2005). The PCR was performed in Veriti thermal



Chapter V: Distribution and identification of endophytic …………fungal plant pathogen

DNA Fingerprinting of endophytic actinomycetes……..antimicrobial activities

Page 133

cycler (Applied Biosystems, Singapore) in a final volume of 25 µl containing 25ng of genomic

DNA, 1.0 U of Taq DNA polymerase, 1mM MgCl2, 0.5mM of dNTPs, 1.0 µM of each primer

and 10% DMSO. PCR conditions were one denaturation step at  95 oC for 4 min., followed by 30

cycles of denaturation at 95 oC for 60 s, annealing at 59 oC for 60 s, and extension at 72 oC for 2

min. Final extension step was done at 72 oC for 10 min. A negative control reaction mixture

without DNA template was also included with each set of PCR reactions. The PCR product was

visualized on 1.5% agarose gel as stated above.

5.2.8. Statistical Analysis

The data were calculated statically by using Microsoft Excel XP 2007 and significance

difference (P ≤ 0.05) was estimated by one way analysis of variance (ANOVA) between

antimicrobial activities of different isolates by using SPSS software version 16.0.
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5.3. Results

5.3.1. Isolation and Identification of endophytic Streptomyces

Distribution and identification of endophytic actinomycetes associated with different

organs of medicinal plant S. walachii, collected from Dampa Tiger Reserve, the largest wildlife

sanctuary in Mizoram, Northeast, India, along with their in-vitro antifungal activities to test the

ability of the isolates to suppress the growth of fungal pathogens was studied. Twenty two

isolates from 68 tissues were preliminary characterized morphologically and biochemically

according to international Streptomyces project (ISP method) and by following Bergey’s manual

of determinative bacteriology (Figure 2A and 2B). The Scanning electron microscope (SEM)

result showed that the aerial mycelia produce spiral spore chains (Figure 3).  Isolated cultures

were designated as BPSAC (2, 8, 16, 20, 32, 40, 42, 48, 54, 57, 60, 65-72, 75 and 81) (Table 1

and 2). The distribution of endophytic actinomycetes was found to be highest in roots (n=9,

40.9%) followed by bark (n=6, 27.2%), leaves (n=4, 18.1%) and fruit (n=3, 13.6%) (Figure 4).

Five different nutritional media were used to understand the best suitable media for the recovery

of endophytic actinomycetes and found that starch casein nitrate agar media (SCNA) (n=8,

36.3%) was most effective followed by actinomycetes isolation agar media (AIA) (n=6, 27.0%),

tap water yeast extract agar media (TWYE) (n=5, 22.0%), glycerol asparagine agar media (ISP5)

(n=2, 14.0%) and yeast and malt extract agar media (ISP2) (n=1, 9.0%) (Figure 4).
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Figure 2 Morphology of endophytic Streptomyces strain BPSAC70 (A); Microscopic

characteristics of endophytic Streptomyces isolates BPSAC70 (B).

Figure 3 Field emission gun-scanning electron microscope (FEG-SEM) micrographs showing

spore chain morphology of BPSAC70 strain and grown on AIA (actinomycetes isolation agar)

media after 2 weeks at 28 0C.
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Table 1 Morphological and microscopic characteristics of endophytic Streptomyces isolates.

Isolate No. and

NCBI

Genbank

accession No.

Isolate Identified Growth and  Colony

Nature

Aerial Mycelia Substrate Mycelia Pigmentation Media

Name

BPSAC2 Streptomyces sp. Slow and rough White White No SCNA

BPSAC8 Streptomyces sp. Slow and Powdery Brownish white Light Brown No ISP2

BPSAC16 Streptomyces sp. Slow and Smooth Yellow Light  Yellow No ISP5

BPSAC20 Streptomyces sp. Slow and rough Orange Light Orange No AIA

BPSAC22 Streptomyces sp. Slow and Powdery Brownish white Brown Yellowish Brown SCNA

BPSAC32 Streptomyces sp. Slow and Sticky Orange Light Orange No TWYE

BPSAC40 Streptomyces sp. Slow and rough Brownish white Brownish white No AIA

BPSAC42 Streptomyces sp. Slow and Firm Gray Light Brown No SCNA

BPSAC48 Streptomyces sp. Slow and Sticky Orange Orange No SCNA

BPSAC54 Streptomyces sp. Slow and rough Brownish white Brownish white No AIA

BPSAC57 Streptomyces sp. Slow and Powdery White White No SCNA

BPSAC60 Streptomyces sp. Slow and Smooth Yellow Light  Yellow No SCNA

BPSAC65

(KJ914903)

Streptomyces sampsonii Slow and rough Brownish white Brownish white Yellowish Brown TWYE
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BPSAC66

(KJ914904)

Streptomyces olivaceus Slow and Firm Brownish white Light Brown No AIA

BPSAC67 Streptomyces sp. Slow and Powdery Light Brown Brown No TWYE

BPSAC68

(KJ914906)

Streptomyces sp. Slow and Sticky Yellow Yellow No TWYE

BPSAC69

(KJ914907)

Streptomyces sp. Slow and rough Cream White Cream White Light Brown SCNA

BPSAC70

(KJ914908)

Streptomyces sp. Slow and rough Brownish white Brown Light Brown AIA

BPSAC71

(KJ914909)

Streptomyces

tempisquensis

Slow and Powdery Gray Light Brown Light Brown AIA

BPSAC72

(KJ914910)

Streptomyces anulatus Slow and Firm Light Brown Light Brown No TWYE

BPSAC75 Streptomyces sp. Slow and Sticky Yellow Yellow No SCNA

BPSAC81 Streptomyces sp. Slow and rough White White No ISP5
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Table 2 Biochemical characterization of endophytic Streptomyces isolates.

Isolate No Indole Catalse Urease Oxidase Nitrate Starch

BPSAC2 + + + + + +

BPSAC8 - + + - + -

BPSAC16 - - + + - -

BPSAC20 - - + - + +

BPSAC22 - + - + - +

BPSAC32 - + - + - -

BPSAC40 - + + + + -

BPSAC42 - + + - - -

BPSAC48 - - + + + +

BPSAC54 - - - - + -

BPSAC57 - - + - + -

BPSAC60 - - - + - -

BPSAC65 + + + - + +

BPSAC66 - + + + + +

BPSAC67 - + - - + -

BPSAC68 - + + + - -

BPSAC69 - + - + - -

BPSAC70 + + + + + +

BPSAC71 + + + + + +

BPSAC72 + + + + - +

BPSAC75 - + + - + +

BPSAC81 + + + + - -
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Figure 4 Pie chart of isolated endophytic Streptomyces based on different isolation media and

plant tissues.
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5.3.2. In vitro antifungal activity of endophytic Streptomyces

Fifteen of the 22 isolates were showed significant growth inhibitory activity against at

least two tested pathogens, when assayed against seven fungal phytopathogens (F. culmorum

MTCC-2090, F. proliferatum MTCC- 286, F. oxysporum CABI-293942, F. graminearum

MTCC-1893, F. oxy. ciceri MTCC-2791, Alternaria sp. MTCC-9601 and Colletotrichum sp.

MTCC- 3405). The results showed that most of the strains suppressed the test fungi with

percentage of inhibition ranging from 26% to 98%. All isolates showed antagonistic activity

against F. culmorum and F. prolifreatum, whereas four isolates BPSAC (65, 68, 70 and 71)

exhibited positive antagonistic effect against all selected pathogens (Figure 5). Antagonistic

activity of isolate number BPSAC 70 was showed most prominent antagonism against F.

culmorum (98.3%) and F. graminearum (92.3%), whereas, isolate numbers BPSAC 66, 68 and

71 were showed the highest antagonistic activities against Alternaria sp. (90.6%), F. oxy. ciceri

(92.3%) and F. proliferatum (90.6%) respectively. The use of several indicator organisms will

help us in selecting the broad spectrum antifungal strains. Among all selected pathogens

Alternaria sp. was the most susceptible fungal pathogen against most of the endophytic

actinomycetes isolates with the exception to BPSAC (2, 22, 32, 42, 54, 60 and 69) (Table 3).
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Figure 5 Antagonistic activity of endophytic Streptomyces against selected plant fungal pathogens.
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Table 3 Antifungal activity of endophytic Streptomyces against plant fungal pathogens.

Isolate No Percentage of inhibition zone (PI) ± SD  against
F. oxysporum
CABI-293942

F. graminearum
MTCC-1893

F. culmorum
MTCC-2090

F. proliferatum
MTCC-286

F. oxy. ciceri
MTCC-2791

Alternaria sp.
MTCC-9601

Colletotrichum sp.
MTCC-3405

BPSAC2 0.0±0.0a 46.6±2.8a 44.0±3.4a 40.6±5.1a 0.0±0.0a 0.0±0.0a 37.6±2.5a

BPSAC16 0.0±0.0a 41.3±3.2bc 37.6±2.5bc 44.0±3.4bc 0.0±0.0a 35.3±3.2bc 0.0±0.0bc

BPSAC22 40.6±5.1bc 0.0±0.0bde 35.3±3.2bde 26.6±2.8bde 31.3±3.2bc 0.0±0.0a 0.0±0.0bc

BPSAC32 0.0±0.0a 0.0±0.0bde 40.6±5.1bdfg 37.6±2.5bdfg 40.6±5.1bde 0.0±0.0a 37.1±2.8a

BPSAC40 0.0±0.0a 0.0±0.0bde 39.6±4.0bdfhi 30.2±2.8bdfhi 0.0±0.0a 35.3±3.2bc 0.0±0.0bc

BPSAC42 0.0±0.0a 0.0±0.0bde 36.3±3.2bdfhjk 40.6±5.1a 0.0±0.0a 0.0±0.0a 0.0±0.0bc

BPSAC54 0.0±0.0a 0.0±0.0bde 85.3±5.1bdfhjlm 29.7±2.8bdfhi 0.0±0.0a 0.0±0.0a 0.0±0.0bc

BPSAC60 44.0±3.4bde 72.3±2.5bdfg 44.0±3.4a 30.7±2.8bdfhi 31.3±3.2bc 0.0±0.0a 40.6±5.1bde

BPSAC65 90.0±2.0bdfg 84.5±0.5bdfhi 74.6±5.0bdfhjlno 85.0±0.5bdfhjk 75.3±2.5bdfg 62.6±0.57bde 73.3±0.57bdfg

BPSAC66 72.3±2.5bdfhi 0.0±0.0bde 64.6±0.5bdfhjlnpq 79.0±1.0bdfhjlm 72.3±2.5bdfhi 90.6±0.5bdfg 0.0±0.0bc

BPSAC68 85.3±5.1bdfhjk 76.67±2.8bdfhjk 72.3±2.5bdfhjlnprs 72.3±2.5bdfhjlno 92.3±2.5bdfhjk 76.67±2.8bdfhi 64.6±0.5bdfhi

BPSAC69 0.0±0.0a 72.3±2.5bdfg 72.3±2.5bdfhjlnprs 76.67±2.8bdfhjlnpq 79.0±1.0bdfhjlm 0.0±0.0a 52.5±0.5bdfhjk

BPSAC70 90.6±0.5bdfg 92.3±5.1bdfhjlm 98.3±2.8bdfhjlnprt 86.0±1.7bdfhjlnprs 76.67±2.8bdfhjln 64.6±0.5bdfhjk 74.6±5.0bdfhjlm

BPSAC71 74.6±5.0bdfhjlm 85.3±2.5bdfhjlno 74.6±5.0bdfhjlnotuv 90.6±0.5bdfhjlnprtu 44.0±3.4bdfhjlno 56.6±2.8bdfhjlm 72.3±2.5bdfhjlno

BPSAC72 72.3±2.5bdfhi 85.3±5.1bdfhjlm 76.67±2.8bdfhjlnprtuwx 74.6±5.0bdfhjlnprtvw 0.0±0.0a 87.0±1.7bdfhjlno 85.3±5.1bdfhjlnpq

Control 35.4±2.5bdfhjln 38.2±2.2bdfhjlnp 30±0.0bdfhjlnprtuwy 25.1±2.7bdfhjlnprtvx 35.4±2.5bdfhjlnp 28.0±2.3bdfhjlnp 26.6±2.8bdfhjlnpr

Mean (±SD) followed by the same letter(s) in each column are not significantly different at P<0.05 using Duncan’s new multiple

range test
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5.3.3. 16S rRNA gene amplification and Phylogenetic analysis

The selected potential isolates BPSAC (65, 66, 68, 69, 70, 71 and 72) which were showed

highest antagonistic activity against most of the pathogens were identified by amplification of

16S rRNA gene. The sequences were aligned by BLAST analysis along with the type strains

downloaded from NCBI GenBank databases. Analysis of partial 16S rRNA gene sequences

(565-830 bp) of potential seven strains exhibited high level of sequence similarity (97-99%) with

sequences of Streptomyces species deposited in NCBI Genbiotech@mzu12 Bank (Table 4). It

indicates that all strains were closely related with the members of genus Streptomyces.  The

phylogenetic tree was constructed based on maximum likelihood method (Figure 6) with

Kimura 2-parameter model (R=1.26) according to lowest BIC values using Mega 5.05. Gaps

were treated by pair wise deletion and the estimated Transition/Transversion bias (R) is 1.26.

The phylogenetic tree also confirms the above stated results and the potent isolates were shorted

out into four groups along with their closest relatives retrieved from NCBI GenBank. Isolates

BPSAC (68, 69 and 70) had 96% - 99% similarity with type strains Streptomyces sp. and

interestingly falls in one group. Other isolates conforms to be branch with S. sampsonii,

S.olevacius, S. tempisquensis and S. anulatus.
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Table 4 Identification of antagonistic potential of endophytic Streptomyces based on 16S rRNA

gene sequences.

Isolate No NCBI-GenBank

Accession

Number

Closest species with

Accession Number

Similarity Identification

BPSAC65 KJ914903 Streptomyces sampsonii (NR116508)

Streptomyces sampsonii (JQ178344)

99% Streptomyces sampsonii

BPSAC66 KJ914904 Streptomyces olivaceus (KM212958)

Streptomyces olivaceus (EU273547)

100% Streptomyces olivaceus

BPSAC68 KJ914906 Streptomyces sp. (KJ093414)

Streptomyces sp. (KJ093415)

96% Streptomyces sp.

BPSAC69 KJ914907 Streptomyces sp. (HG428658)

Streptomyces sp. (HG428647)

99% Streptomyces sp.

BPSAC70 KJ914908 Streptomyces sp. (KJ584875)

Streptomyces sp. (KC750162)

99% Streptomyces sp.

BPSAC71 KJ914909 Streptomyces tempisquensis (KF954543)

Streptomyces tempisquensis (KJ210829)

99% Streptomyces tempisquensis

BPSAC72 KJ914910 Streptomyces anulatus (HQ143607)

Streptomyces anulatus (KJ812376)

100% Streptomyces anulatus
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Figure 6 Maximum-Likelihood phylogenetic tree generated by Kimura 2 parameter model

based on 16S rRNA genes of endophytic Streptomyces. Numbers at branches indicate bootstrap

values of maximum-likelihood analysis (>50%) from 1,000 replicates.
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5.3.4. PCR amplifications of antimicrobial genes (PKS-I and NRPS)

All the twenty two isolates were subjected for the detection of PKS and NRPS genes and

found that nine strains BPSAC (2, 32, 65, 66, 68, 69, 70, 71 and 72) were positive for the PKSI

and 11 strains BPSAC (16, 32, 54, 60, 65, 66, 68, 69, 70, 71 and 72) were positive for NRPS

gene fragments whereas other strains could not showed any amplification. Interestingly all seven

isolates which showed antagonistic activity, also showed the presence of PKS type I and NRPS

gene fragments, which further proves as potential antagonistic strains and needs further attention

(Figure 7).

Figure 7 Amplification of 1200-1400 bp of PKSI gene using K1F/M6R primer (A) and 700-800

bp of NRPS gene using A3F/A7R primers (B) from endophytic actinomycetes strains; M: Low

range DNA ruler plus (100bp-3kb).
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5.4. Discussion

Chemical-mediated suppression of plant pathogens is generally the primary method to

repress the plant diseases. Indeed, the range of secondary metabolites produced by Streptomyces

and other microorganism offers a great potential to fight against many soil borne pathogens. As

compare to Streptomyces in the rhizosphere, endophytic Streptomyces are expelled from the

competition with other soil microorganisms and can colonize with the plant tissues efficiently.

Thus, the endophytic Streptomyces plays an important role in the development of plant by

enhancing nutrient assimilation or by producing secondary metabolites (Kizuka et al., 2002).

Endophytic Streptomyces have been investigated in many studies as biocontrol agent and

revealed as a promising resource for agricultural industry (Cao et al., 2005; Shimizu et al., 2006).

Previous studies have proved the use of endophytic Streptomyces as biocontrol agent against F.

oxysporum (Sardi et al., 1992), bacteria, yeast and filamentous bacteria (Shimizu et al., 2001).

Plants growing in biodiversity rich areas with ethano-botanical history are likely to house

endophytes with greater potential. Endophytes acquired a specific ability that allows them to

sustain under the living tissues without any detectable infectious symptoms to the host. Thus,

they are of immense importance to the host due to their capability to produce wide array of

natural bioactive compounds (Cao et al., 2005; Sardi et al., 1992; Kim et al., 2012; Strobel and

Daisy, 2003).

However, this study was conducted first time to understand the endophytic actinomycetes

population distribution and their potential as biocontrol agent associated with traditional

medicinal plant Schima walachii. In total twenty two isolates were obtained, among them
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maximum were isolated from root tissues (n=9, 40.9%) followed by bark (n=6, 27.2%), leaves

(n=4, 18.1%) and fruit (n=3, 13.6%). Our results are in consensus with several studies, indicated

the population of endophytic actinomycetes as highest in root tissues (Cao et al., 2005;

Taechowisan and Lumyong, 2003; De-Araujo et al., 2000; Passari et al., 2015). To name a few,

Verma et al. (2009) reported the highest percentage of endophytic actinomycetes was obtained

from roots (55%) followed by other tissues of 20 different Azadirachta indica trees.

The reason may be due to the fact that actinomycetes present in rhizosphere can penetrate

easily to root tissues and since plants collect nutrient and water through roots so, it may be the

major source for the recovery of actinomycetes (Nimnoi et al., 2010). Though, Kayini and

Pandey, (2010) have reported the recovery of endophytic fungi from Schima walachii but, to the

best of our knowledge, this is the first attempt made to understand the distribution of endophytic

actinomycetes and their potential as biocontrol agent from Schima walachii. Five different

nutrient media were used for the recovery of endophytic actinomycetes and found that maximum

isolates (36.3%) used SCNA as a source of nutrition, which was in contradictory with the

findings of Coombs and Fransco, (2003) and Khamna et al. (2009) who suggested that TWYE

and HV agar medium were the best media for the isolation of endophytic actinomycetes.

All isolates were screened for their antagonistic ability against selected fungal

phytopathogens and interestingly, seven isolates identified as Streptomyces sp. found to inhibit

growth of most of the selected pathogens. Genus Streptomyces has an excellent track record for

the discovery of bioactive metabolite and for the production of natural antibiotics (Mingma et al.,

2014; Baltz, 2006).
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Microbial metabolites may have an active role in resistance development by functioning

as signals mediating cross-talk between the endophytes and their host (Graner et al., 2003). Since

the endophytic actinomycetes were isolated from medicinal plant and that strains expected to

produce a wide variety of antifungal and plant growth regulatory bioactive metabolites (Bredi,

1989; Franco and Cautinho, 1991), they can be exploited as novel sources of natural products

and novel biocontrol agents as well. Endophytic actinomycetes are reported by many researchers

for their role in plant protection against fungal pathogens. Two endophytic Streptomyces sp.

were found to be active against all tested fungal pathogens including strains of Fusarium,

Colletotrichum and Alternaria which was in agreement with previous works Khamna et al.

(2009); Intra et al. (2011). Streptomyces sp. were reported to suppress or inhibit plant pathogen

F. oxysporum, the causative agent of cucumber Fusarium wilt (Zhao et al., 2012). Similarly,

Verma et al. (2009) has demonstrated antifungal activity of endophytic actinomycetes against

numbers of fungal pathogens.

Seven isolates were characterized by 16S rRNA gene sequence analysis and found

diversity of the potential isolates. Sequence of most isolates showed identity of 97% - 100% with

BlastN sequences. All the isolates were classified as Streptomycetaceae family and identified as

Streptomyces sp., Streptomyces sampsonii, Streptomyces tempisquensis, Streptomyces olivaceus

and Streptomyces anulatus. Isolate BPSAC66 (Streptomyces olivaceus) was morphologically

similar with BPSAC65 (Streptomyces sampsonii) and they found to cluster together.
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To understand the biosynthetic potential of the isolates, detection of genes encoding

polyketide synthase and nonribosomal peptide synthetase mainly responsible for the synthesis of

most biologically active polyketide and peptide compounds have been broadly used (Khamna et

al., 2009). However, our results and findings from other researchers suggest that the

antimicrobial potential of the culturable endophytic actinomycetes may only be assessed by

screening of antimicrobial activity against desired pathogens. In our study,  most of the isolates

showed the presence of PKSI and NRPS genes, also showed antifungal activity against most of

the tested pathogens which is in contrary to findings of Qin et al. (2009), who stated that

antimicrobial activity results and the detection of functional genes seems no direct relationship.



DNA Fingerprinting of endophytic actinomycetes……..antimicrobial activities

Chapter VI

Detection of biosynthetic genes and phytohormones

production by endophytic actinomycetes associated

with Solanum lycopersicum and their effect on plant

growth promotion



Chapter VI: Detection of biosynthetic genes………plant growth promotion

DNA Fingerprinting of endophytic actinomycetes……..antimicrobial activitiesPage 151

6.1. Introduction

The plant endosphere constitutes a complex micro-ecosystem that in several ways

contributes to the development and health of the plant (El-Shatoury et al., 2013). Endosphere of

plants harbors several groups of microorganisms including fungi, bacteria and protozoa which

are defined as endophytes (Hardoim et al., 2015). Most are facultative endophytes, which are

free living generalists able to colonize plant tissues through stomata, wounds or cracks, when an

opportunity arises (Hardoim et al., 2008; Rodriguez et al., 2009). Most fungal endophytes are

known to be commensals or weak parasites but some appear to provide benefits to their hosts,

through better responses to abiotic stresses (Rodriguez and Redman, 2008) or better defenses

against pathogens (Compant et al., 2005; Gao et al., 2010) and herbivores (Clay and

Schardl, 2002). However, potential fungal pathogens are also commonly isolated as endophytes

and several researches have evidenced that many species that are pathogenic for some hosts may

be asymptomatic for others (Malcolm et al., 2013). Bacterial endophytes may also have

beneficial effects in inducing physiological changes that modulate the growth and development

of the plant (Hardoim et al., 2008). Non-pathogenic endophytic microorganisms might be of

particular interest in the search of plant growth promoters or biological control agents

(Alabouvette et al., 2006; Berg, 2009) because they are well adapted to their host, they colonize

an ecological niche similar to that of phytopathogens (Berg et al., 2005) and they are often

considered as good producers of secondary metabolites (Strobel and Daisy, 2003) required for

their survival in the face of host defense responses. This region is a dynamic niche of microbial

population, which indirectly benefits the plant growth by producing secondary metabolites to

deteriorate the growth of plant pathogens (Strobel and Daisy, 2003; Verma et al., 2009). The
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uniqueness of this region made several researchers to study the microorganisms from this region

for biocontrol potential along with their beneficial effects by producing plant growth promoting

(PGP) substances by different mechanisms (Passari et al., 2015b).  These mechanisms include

phytohormone production (Rashad et al., 2015), siderophore biosynthesis (Khamna et al., 2009),

phosphate solubilization (Mohandas et al., 2013), 1-aminocyclopropane -1-carboxylate (ACC)

deaminase synthesis (El-Tarabily et al., 2008) and production of secondary metabolites like

antibiotics (Doumbou et al., 2001). Further endophytic actinomycetes are well studies to

solubilize inorganic phosphate by the production of organic acids and producing 1-

aminocyclopropane-1-carboxylate (ACC) deaminase which breaks ACC to ammonia and α-

ketobutyrate and therefore decreases the ethylene content and promote the plant growth.

Actinomycetes are well recognized as potential biocontrol agents and showed their

efficiency to control plant diseases, both in vitro and in vivo (Passari et al., 2015b). Foremost

biocontrol mechanisms include parasitism of hyphae (El-Tarabily and Srivasithamparam, 2006),

secondary metabolites production (De-Oliveira et al., 2010), siderophore production (Khamna et

al., 2009) and by producing extracellular enzymes like cellulases, amylase or chitinase (Singh et

al., 2016). Due to the crucial roles they play in producing such plant growth promoting

compounds and antimicrobial agents, the exploration of endophytic microorganisms has been

gaining prime attention.  Several endophytic actinomycetes have been reported as biocontrol

agents against several economically important plant pathogens, such as Alternaria (Khamna et

al., 2009), Aspergillus (Evangelista-Martinez, 2014), Fusarium (Evangelista-Martinez, 2014) and

Colletotrichum (Intra et al., 2011). Hence, there is a need to develop novel biocontrol agents that

can adapt to the conditions where they will be applied (Trivedi et al., 2011). One way is to screen
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the PGP and biocontrol abilities of the actinomycetes associated with the endosphere as they may

have a better symbiotic relationship with the plant. Recently, few attempts have been made to

explore endophytic actinomycetes isolated from tomato and showed the potential as biocontrol

agents (De-Oliveira et al., 2010) and also exhibited the production of extracellular enzymes (De-

Oliveira et al., 2010). However, no attempt has been made to undergo the production of

phytohormones and detect their biosynthetic potential.

Although, there is no data reported about whole genome sequence of the actinomycetes

found from agricultural crops, but Goodfellow and Fiedler, (2010) mentioned that the whole

genome sequencing of non-endophytic actinomycetes contained  more than 20 natural product

biosynthetic gene clusters that were found to be responsible for the production of secondary

metabolites. Wang et al., (2014) clearly demonstrated the widespread distribution of NRPS and

modular PKS pathways across three domains of life. Authors also showed that Proteobacteria,

Actinomycetes, Firmicutes, and Cyanobacteria among bacteria and Ascomycota among fungi

contains high number of these genes and are likely responsible for the variety of non-ribosomal

peptide and polypeptide types of natural products. Recently, Muller et al., (2015) have showed

that sequence based screening can be implemented to detect NRPS and PKS involved in

secondary metabolites biosynthesis from Sphagnum moss microbiome.  On this basis we

explored nonribosomal peptides and polyketide biosynthetic capability of endophytic

actinomycetes associated with agricultural crops from Mizoram, India which has not gained

much attention. The objective of this study was to understand the endophytic actinomycetes

population associated with S. lycopersicum and screened them for their plant growth promoting

traits. The best PGP isolates were checked for biosynthetic potential by the amplification of
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antimicrobial biosynthetic genes (PKSI, PKSII and NRPS). We also evaluated the prospective of

Streptomyces sp. strain DBT204 as a source for the production of phytohormones and antibiotics.

To the best of our understanding, this is the first report for the production of phytohormones

(Indole acetic acid (IAA), Kinetin (KI) and antibiotics (Trimethoprim, Fluconazole,

Chloramphenicol, Nalidixic acid, Rifamycin, Streptomycin) by an endophytic actinomycetes

associated with S. lycopersicum by using UPLC-ESI-MS/MS. Genus Amycolatopsis sp. was

reported first time as endophyte from S. lycopersicum. We proposed the Streptomyces sp. strain

DBT204 for inoculums production or development of biofertilizers for enhancing growth of

chilli and tomato seedlings.



Chapter VI: Detection of biosynthetic genes………plant growth promotion

DNA Fingerprinting of endophytic actinomycetes……..antimicrobial activitiesPage 155

6.2. Materials and Methods

6.2.1. Sampling and surface sterilization

The seeds of S. lycopersicum were obtained from IARI, Pusa campus New Delhi and

were grown in green house. Mature plants (n=10) were harvested and were brought into the

laboratory and processed immediately. Tissue samples (leaves stems and roots) were rinsed with

tap water for 3-5 min to remove unwanted debris and consecutively cut into small pieces of

1cm2, rinsed in 0.1% Tween 20 for a few seconds, and transferred to clean conical flasks.

Samples were surface sterilized by immersing them sequentially in 70% ethanol for 3 min,

followed by 0.4% NaOCl for 1 min, 70% ethanol for 2 min. At last, samples were washed three

times with sterile distilled water for 1 min each and dried in a laminar airflow chamber. The

outer tissue layer (for root and stem tissues) was removed by using sterile scalpel; the inner

tissue of 0.5 cm size was carefully dissected. The sterilized tissues were placed on three different

isolation media (Starch Casein Nitrate Agar [SCNA]; Actinomycetes Isolation Agar [AIA] and

Tap Water Yeast Extract Agar [TWYA]) amended with nystatin and cycloheximide (60 µg/ml

each) to suppress fungal growth and nalidixic acid (60 µg/ml) to inhibit the growth of fast

growing eubacteria. The plates were incubated at 28 ± 2 0C for 3-4 weeks and the microbial

growth were observed. The pure isolates were obtained by repeated streaking and were

maintained on ISP2 agar slants and stored at 4 0C (Taechowisan and Lumyong, 2003).

6.2.2. Validation of surface sterilization

Validation of surface sterilization is important to confirm the endophytic nature of

isolates and was carried out by following methods (1) the fingerprints of the surface sterilized

tissues were taken on ISP2 agar plates and incubated at 28±2 0C and growth was observed (2)
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Aliquot of 0.1 ml distilled water obtained from last wash of sterilized tissues was taken and

spread on ISP2 media and plates were incubated at 28±2 0C. If no microbial growth was

observed on the agar plates, the sterilization was considered as effective (Passari et al., 2015a).

6.2.3. Primary identification of endophytic actinomycetes

All the isolates were identified up to genus level by morphological characteristics

including colour of aerial and substrate mycelium, colour and characteristics of the colony on the

Petri plate, spore mass colour, production of diffusible pigment, utilization of carbon sources and

spore chain morphology for identification up to genus level (Goodfellow and Haynes, 1984).

Primary identification was done by following Bergey’s Manual of Determinative Bacteriology

(Goodfellow and Haynes, 1984). Isolate Streptomyces sp. DBT204 was grown in ISP1 broth and

centrifuged at 10,000 rpm for 10 min. After that, the pellet was washed 3 times with phosphate

buffer saline, 0.25% gluteraldehyde was added and incubated overnight at room temperature.

The pellet was washed with Na-phosphate buffer for 3 times and the sample was dehydrated

using different volumes of ethanol (30%, 50%, 70%, 80%, 90% and 100%) and each volumes of

ethanol were incubated for 10-15 min. Then, the sample was dried for 1 h. For Field Emission

gun- Scanning Electron Microscope (FEG-SEM) analysis, SEM stub was prepared by applying

adhesive tap and adding strain DBT204 (Streptomyces sp.) on top of it. The prepared stub was

coated with gold and then visualized under SEM to check spore chain morphology.

6.2.4. In-vitro antagonistic Activity

All the isolates were screened for their in-vitro antagonistic activity against five fungal

pathogens i.e. Fusarium proliferatum (MTCC-286), Fusarium graminearum (MTCC-1893),

Fusarium oxysporum (MTCC-284), Aspergillus flavus (MTCC-9064) and Colletotrichum capsici
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(MTCC-8473) by dual culture in vitro assay (Bredholdt et al., 2007). Briefly, one 5 mm agar

block of fully grown fungal pathogen was placed at the center of the petri dish containing PDA

media and the bacterial isolates were streaked at the periphery of the plates. Petri dishes were

incubated at 28°C for 7 days and diameter of fungus growth was measured and compared to

control growth of fungal pathogen alone. The percentage of inhibition was calculated as: %

inhibition = [1-(Fungal growth / Control growth)] x 100. All the tested pathogens were obtained

from the Microbial Type Culture Collection (MTCC), Chandigarh, India and maintained in

Molecular Microbiology and Systematic Laboratory, Department of Biotechnology, Mizoram

University.

6.2.5. Determination of plant growth promoting activities

6.2.5.1. Indole acetic acid (IAA), ammonia production and phosphate

solubilization

All isolates were investigated for the production of IAA as per Gordon and Weber,

(1951).  IAA estimation was done by using a spectrophotometer and values were expressed in

µg/ml as corresponds to a standard curve of IAA. Ammonia production was performed by using

the method of Cappucino and Sherman, (1999). The absorbance was measured at 530 nm using a

Thermo scientific (Multiscan GO) spectrophotometer and the amount was expressed in mg/ml as

compared with standard curve of (NH4)2SO4. All selected isolates were screened for their

phosphate solubilization potential on PKV agar media as described by Nautiyal, (1999). The

degree of phosphate solubilization was measured by the formation of a clear halo zone around

the colonies.
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6.2.5.2. Screening and estimation of extracellular enzymes

6.2.5.2.1. Screening of Carboxymethyl Cellulase (CMCase), Amylase and

Xylanase enzymes

For the production of CMCase the isolates were grown on CMC agar medium (gL-1)

[K2HPO4- 0.5g, MgSO4.7H2O-0.25g, carboxyl-methyl cellulose: 10g and agar powder: 20gL-1].

The isolates were single streaked in CMC agar plates and were incubated at 30°C for 4-8 days.

Plates were flooded with an aqueous solution of Congo red (1mg/ml) for 5 min. Formation of a

clear zone indicates the hydrolysis of cellulose degradation after destained with 1 M NaCl

(Gupta et al., 2012).

The xylanase activity was tested in oat spelt agar medium containing 1% oats and culture

were streaked on respective medium and incubated at 28 °C for 3-5 days. The plates were

flooded with congo red solution (1 mg/ml) for 10 min and distained with 1 M NaCl for 15 min

and formation of a clear zone indicated xylanase production. The amylase activity was

determined by Hankin and Anagnostakis, (1975) in TSA medium containing 1% soluble starch

and after incubation at 28 oC, 5 ml of 1% iodine solution was added to the plates, a clear zone

around the colonies indicated amylase production.

6.2.5.2.2. Estimation of extracellular enzymes

For quantitative estimation of CMCase, amylase and Xylanase, the actinomycetes culture

was inoculated in ISP1broth and incubated at 28 °C for 5-7 days. The culture was centrifuged at

5,000 rpm for 10 min and cell free supernatant was collected for enzymatic assay. Cellulase,

amylase and xylanase assay was determined by using DNS method according to Ghose, (1987).
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The reaction mixture contained 0.5 ml of crude enzyme extract was taken and mixed with 0.5 ml

of (1% of carboxymethyl cellulose/ soluble starch/ xylan in 50mM of phosphate buffer, pH-6.9).

The mixture was incubated at 50 °C for 30 min and then reaction was stopped by addition of

three ml DNS reagent. The mixture was boiled for 5to10 min and then 1 ml of sodium potassium

tartarate (called Roselle salt) was added. The absorbance was recorded at 540 nm using

spectrophotometer (Thermo scientific Multiskan GO microplate reader). The cellulase, amylase

and xylanase activity was estimated by using standard graph of glucose and one unit of enzyme

activity was defined as the amount of enzyme that released 1 μM of glucose per min (Ariffin et

al., 2006; Mishra and Behera, 2008).

6.2.5.3. Screening ACC deaminase production

All antagonistic isolates was screened for the ACC deaminase production as described by

Dworkin and Foster, (1958). All the isolates were streaked on DF salt minimal medium

(KH2PO4- 4 g, Na2HPO4- 6 g, MgSO4.7H2O- 0.2 g, FeSO4.7H2O- 0.1 g, H3BO3- 10 µg, MnSO4-

10 µg, ZnSO4- 70 µg, CuSO4- 50 µg, MoO3- 10 µg, glucose- 2g, gluconic acid- 2 g, citric acid- 2

g and agar- 18 gL-1 of distilled water) amended with 2 g/L ammonium sulphate and incubated at

28±2 0C for seven days. The presence of growth in respective media was considered as positive.

6.2.5.4. Antibiotic sensitivity profiling

In total ten different standard antibiotics (Himedia, Pvt. Limited, India) was used to check

the antibiotic sensitivity pattern of endophytic actinomycetes isolates on Muller Hinton Agar

(MHA) medium. Antibiotic sensitivity was done according to Williams et al. (1989) and was

recorded as sensitive (S), intermediate (I) or resistant (R).
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6.2.5.5. DNA isolation and 16S rRNA gene amplification

Genomic DNA was extracted using In-vitrogen DNA isolation kit (K182002) according

to the manufacturer’s protocol. All the isolates were subjected to the amplification of 16S rRNA

gene using universal primers (forward 16S rRNA primer 5’-AGAGTTTGATCCTGGCTCA-3’

and reverse 16S rRNA primer 5’-ACGGCTACCTTGTTACGACT-3’) (Cui et al., 2001).

Reactions were performed in a Veriti thermal cycler (Applied Biosystem, Singapore) in a total

volume of 25 µl as described earlier Passari et al. (2015a). The PCR products were purified using

a Quick PCR purification kit (GeneiPure, Merk), and sequencing was done commercially at

SciGenome Pvt. Ltd. Kochin, India.

6.2.5.6. Phylogenetic analysis

DNA sequences were compared with the sequences retrieved from the NCBI database by

using the BLASTn search tool. The sequences were aligned using Clustal W software packaged

in MEGA 5.05 (Tamura et al., 2001). Suitable model was selected using lowest BIC scores

(Bayesian Information Criterion) and highest AICc values (Akaike Information Criterion,

corrected) using MEGA 5.05 (Nei and kumar, 2000). The phylogenetic tree was constructed by

the neighbor- joining method using MEGA 5.05 with Kimura 3-parameter model (K2+I)

(Kimura, 1980). The robustness of the tree was measured by bootstrap analysis using 1,000

replicates using p-distance model (Felsenstein, 1985).
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6.2.5.7. Amplifications of polyketide synthase (PKS) type I, PKS type II and

nonribosomal peptide synthetase (NRPS) biosynthetic genes.

Biosynthetic genes, PKS I, PKS II and NRPS gene fragments were amplified using

degenerate primer sets K1F:5’-TSAAGTCSAACATCGGBCA-3’ and M6R:5’-

CGCAGGTTSCSGTACCAGTA-3’; KS∞-5’-TSGCSTGCTTGGAYGCSATC-3’ and KSβ-5’-

TGGAANCCGCCGAABCCTCT-3’ and A3F5′-GCSTACSYSATSTACACSTCSGG-3′ and

A7R5′-SASGTCVCCSGTSGCGTAS- 3′, respectively. PCR amplification of PKSI and PKSII

gene was carried out according to Ayuso-Sacido and Genilloud, (2005). For the amplification of

NRPS the methodology of Metsa-Ketela et al. (1999) was followed. The PCR products were

purified using a Quick PCR purification kit (GeneiPure, Merk), and sequencing was done

commercially at Sci-Genome Pvt. Ltd. Kochin, India.

6.2.5.8. Detection of IAA (iaaM) and ACC deaminase (acdS) encoding genes

Indole acetic acid biosynthetic gene (iaaM) was amplified by using forward primer iaaM

F (5’-ATGACGTCCACCGTGCCCAACGCG-3’) and reverse primer iaaM R (5’

CTAGTCCTCGGGGAGTTCCACGGG-3’) as described by Lin and Xu, (2013). The PCR

products were separated on 1.2 % agarose gel were visualized under gel documentation system.

Acc deaminase gene (acdS) was amplified using forward primer 5’-

GGCAAGGTCGACATCTATGC-3’ and reverse primer 5’-GGCTTGCCATTCAGCTATG-3’

as per Antoun and Prevost, (2005). The amplified products were visualized under gel

documentation system. The PCR products were purified using a Quick PCR purification kit
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(GeneiPure, Merk), and sequencing was done commercially at Sci-Genome Pvt. Ltd. Kochin,

India.

6.2.5.9. In vivo plant growth promotion (PGP) assay

Based on in vitro plant growth promoting (PGP) traits, the best isolate Streptomyces sp.

strain DBT204 was selected for in vivo PGP assay on tomato and chilli seedlings. The potential

isolate DBT204 was grown on ISP1 broth at 30 oC for seven days with continuous shaking at

150 g and centrifuged at 12,000 g for 15 min. The pellets were resuspended in sterile distilled

water to make a final concentration of 10-6 CFUml-1 based on optical density. The resulting

suspension was used to treat chilli and tomato seedlings under greenhouse conditions.

Chilli (Capsicum annuum) seeds (PUSA-Jwala) and Tomato (Solanum lycopersicum)

seeds (PUSA-120) were obtained from Indian Agricultural Research Institute (IARI), New

Delhi, India and were surface sterilized (Indananda et al., 2010). Surface sterilized seeds were

grown in plastic pot in green house. After 3 weeks, the chilli and tomato seedlings germinated

were planted separately in plastic pots filled with same soil as there in greenhouse. Four

treatments were performed in the green-house: (1) Control, 4-8 seedlings of chilly and tomato

without any inoculations was grown separately; (2) tomato and chilli seedlings inoculated

separately with isolates DBT204. Mineral fertilizer solution [8.5 g L-1 Ca (NO3)2] (v/v) was

applied in control plants. The bacterial suspension was added in the form of soil wetting every

seven days, five times and plants were watered twice daily till the harvesting. Shoot and root

length as well as fresh plant weight were measured and compared between inoculated and

uninoculated plants.
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Data were statically analysed using one way ANOVA and turkey’s tests at P=0.05 to be

considered as significant. All the experiments were completed by taking five replicates in

greenhouse with seven plants per treatment.

6.2.5.10. Detection and Quantification of phytohormones and antibiotics by

UPLC-ESI-MS/MS

6.2.5.10.1. Preparation of standard solution
A mixed standard stock solution containing antibiotics (trimethoprim, fluconazole,

chloramphenicol, nalidixic acid, rifampicin, and streptomycin) and phytohormones (kinetin, 6-

benzyladenine [6BP] and IAA) were prepared in methanol. Mixed standards were diluted with

methanol within the ranges from 0.5 to 1000 ng/mL to prepare working standard solutions which

was used for plotting calibration curve. The standard stock and working solutions were all stored

at -20°C until use and vortexed prior to injection.

6.2.5.10.2. Instrumentation and analytical conditions
An Acquity ultra-performance liquid chromatography (UPLCTM) system consists of auto

sampler and a binary pump (Waters, Milford, MA) was used for analysis. Compounds were

separated using an Acquity BEH C18 (2.1 mm× 50 mm, 1.7µm; Waters, Milford, MA) analytical

column. The mobile phase consisted of two solvents: 0.1% (v/v) formic acid in water (A) and

acetonitrile (B) at a flow rate of 0.3 mL/min. The gradient program performed of an initial linear

increase form 10-75% B at 0–2 min, 75% B at 2–2.5 min and the re-equilibration time was 1.5

min with a sample injection volume of 5µL.

The UPLC system was coupled to triple-quadrupole linear ion trap mass spectrometer

(API 4000 QTRAP™ MS/MS system from AB Sciex, Concord, ON, Canada) equipped with
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electrospray (Turbo VTM) ion source was operated in negative and positive ionization mode. The

optimized parameters for negative mode were as follows: the ion spray voltage was set to −4200

V, the turbo spray temperature, 450◦ C; nebulizer gas (gas 1), 20 psi; heater gas (gas 2), 20 psi;

collision gas, medium; the curtain gas (CUR) was kept at 20 psi. The optimized parameters for

positive mode were as follows: the ion spray voltage was set to 5500 V; the turbo spray

temperature, 450◦ C; nebulizer gas (gas 1), 50 psi; heater gas (gas 2), 50 psi; collision gas,

medium; the curtain gas (CUR) was kept at 20 psi.

Optimization of the mass spectrometric conditions was carried out by infusing 100 to 500

ng/ml solutions of each analytes dissolved in methanol at 10 μl/min using a Harvard ‘22’ syringe

pump (Harvard Apparatus, South Natick, MA, USA). For the MRM quantitation, highest

abundance of precursor-to-product ions for each compound was chosen. Analyst 1.5.1 software

package (AB Sciex) was used for instrument control and data acquisition. For, full scan ESI-MS

analysis, the spectra covered the range from m/z 100 to 1000. All the MS parameters for

reference analytes i.e., precursor ion (Q1), product ion (Q3), declustering potential (DP),

entrance potential (EP), collision energy (CE) and cell exit potential (CXP) were optimized in

negative and positive ESI mode, by flow injection analysis (FIA). MRM parameters were

optimized to achieve the most abundant, specific and stable MRM transition for each compound

as shown in Table 1.
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Table 1. LC-MS/MS optimized parameters of selected strains of endophytic actinomycetes

rta (min) Q1(precursor ion) Q3(product ion)
DPb

(V)

EPc

(V)

CEd

(eV)

CXPe

(V)
Polarity

Kinetin 1.8 215.9 148.1 104 5 22 9 Negative

Trimethoprim 2.0 291.2 230.2 149 6 33 10 Positive

6-BP 2.1 224.0 133.0 -131 -6 -29 -17 Positive

Fluconazole 2.2 307.1 220.1 59 10 27 8 Negative

IAA 2.5 176.0 130.3 81 10 22 20 Positive

Chloramphenicol 2.5 322.1 153.1 -56 -7 -24 -27 Negative

Nalidixic acid 2.8 233.1 215.1 49 8 21 8 Positive

Rifamycin 3.1 823.5 791.4 53 9 24 19 Positive

Streptomycin 4.7 582.3 582.0 162 9 8 13 Positive

aRetention time, bDeclustering potential, cEntrance potential, dCollision energy, eCell exit potential.
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6.2.5.11. Data Analysis

The data (expressed as the mean ± standard deviation of the mean of three replicates)

were calculated using Microsoft Excel XP 2007 and one way analysis of variance (ANOVA) was

performed to analyze the significant differences (P ≤ 0.05) between antimicrobial activities of

different isolates by using SPSS software version 20.0.
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6.3. Result

6.3.1. Isolation of endophytic actinomycetes

Surface sterilization is important for studying endophytes. The imprinted agar on an ISP

2 plate from each surface-sterilized sample showed no microbial growth after 15 days of

incubation at 28°C. In addition, ISP 2 agar plates spread with the last water from the washing of

plant samples also failed to grow colonies of microorganisms after 2 weeks of incubation. This

indicated that the surface sterilization protocol was effective at killing the epiphytic

microorganisms. Thus, the subsequent isolates can be considered true endophytic actinomycetes

(Figure 1). Figure 1 illustrates actinomycetes hyphae emerging from tomato stem fragments

using cryo-SEM. The images were taken from stem fragments that were incubated for 4 weeks

on isolation plates. A total of fifteen endophytic actinomycetes isolates were recovered from leaf,

stem and root tissues of S. lycopersicum. Out of fifteen isolates, the highest number of isolates

were recovered from root (n=9; 60%) followed by stem (n=4; 26.6%) and leaf (n=2; 13.3%)

tissues (Figure 2). Three different nutritional media were used for the isolation of endophytic

actinomycetes among which starch casein nutrient agar proved to be the best media for

actinomycetes isolation (n=7; 46.6%) followed by actinomycetes isolation agar media (n=6;

40%) and tap water yeast extract agar media (n=2; 13.3%) (Figure 2). The Scanning electron

microscope (SEM) was done for strain DBT204 and showed the aerial mycelia with spiral spore

chains (Figure 3).



Chapter VI: Detection of biosynthetic genes………plant growth promotion

DNA Fingerprinting of endophytic actinomycetes……..antimicrobial activitiesPage 168

Figure 1 Validation of Surface Sterilization; (A) Tissue Fingerprint; (B) Last dH2O wash

spread; (C) SEM images of actinomycetes aerial hyphae emerging from surface-sterilized tomato

stem fragments after 4 weeks of incubation on an isolation plate.
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Figure 2 Pie chart showing isolated endophytic actinomycetes based on different isolation media

and   plant tissues.
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Figure 3 Field emission gun-scanning electron microscope (FEG-SEM) micrographs showing

showing spore chain morphology of some endophytic actinomycetes isolates.
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6.3.2. In-vitro antagonistic activity

Out of 15 endophytic actinomycetes isolates, eight isolates exhibited significant growth

inhibitory activity at least against two out of five selected fungal phytopathogens (F.

proliferatum, F. graminearum, F. oxysporum, Aspergillus flavus and Colletotrichum capsici)

with a percentage of inhibition of pathogen ranging from 32% to 67%. All the isolates showed

inhibition against F. proliferatum and F. graminearum whereas, five isolates DBT204

(Streptomyces sp.), DBT207 (Streptomyces sp.), DBT216 (Nocardiopsis sp.), DBT219

(Streptomyces thermocarboxydus), DBT223 (Streptomyces sp.) inhibited the growth of F.

oxysporum and Aspergillus flavus with percent of inhibition in the range from 37% to 58% and

32% to 48% respectively. Among all the selected pathogens, only C. capsici was the most

susceptible pathogens against all the isolates with the exception of isolate Streptomyces sp. strain

DBT204. Isolate DBT204 (Streptomyces sp.) displayed the highest percentage of inhibition

against all tested pathogens (Table 2).
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Table 2 Antagonistic activity of endophytic actinomycetes isolates obtained from S. lycopersicum.

Isolate No Antimicrobial activity  (% of inhibition ± SD) *

F. graminearum F. proliferatum F. oxysporum A. flavus C. capsici

DBT203 43±0.15a 36±0.25a - - -

DBT 204 64±0.2bc 67±0.17bc 58±0.15a 48±0.25a 37±0.17a

DBT 207 58±0.15bde 32±0.57bde 37±0.1bc 45±0.15bc -

DBT 210 52±0.15bdfg 39±0.1bdf - - -

DBT 212 47±0.25bdfhi 45±0.57bdfg - - -

DBT 216 38±0.17bdfhjk 42±0.15bdfhi 46±0.2bde 32±0.37bde -

DBT 219 54±0.2bdfhjlm 52±0.2bdfhjk 48±0.15bdfg 37±0.1bdfg -

DBT 223 57±0.1bdfhjln 46±0.57bdfhjlm 52±0.1bdfh 32±0.17bdfh -

*Mean (±SD) followed by the same letter(s) in each column are not significantly different at P < 0.05

using Duncan’s new multiple range test
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6.3.3. Plant growth promoting traits of endophytic actinomycetes

6.3.3.1. IAA production

The quantitative estimation of the plant growth promoting hormone indole acetic acid (IAA)

revealed that all isolates produced IAA in culture broth ranges from 7.4 to 46.3 µgml -1 in presence of

tryptophan (Figure 4). The intensity of pink color was read at 530 nm spectrophotometrically and the

amount of IAA produced was extrapolated from the standard curve (Figure 5). The highest IAA

yield was recorded in Streptomyces sp. strain DBT204 and Streptomyces thermocarboxydus DBT219

with 46.3 µgml-1 and 43.8 µgml-1 respectively followed by Streptomyces sp. DBT210 (32.3 µgml-1),

Actinomycete DBT212 (29.4 µgml-1) and Nocardiopsis sp. DBT216 (25.2 µgml-1) (Table 3). Out of 8

isolates, 5 isolates showed the amplification of IAA encoding gene and desired amplified fragment of

about 150 bp was obtained (Figure 6). The IAA encoding gene of strain DBT204 was sequenced and

submitted in NCBI GenBank with accession numbers KX355584.

Figure 4 Quantitative estimation of IAA production in endophytic actinomycetes isolates.
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Figure 5 Indole acetic acid (IAA) standard curves.

Figure 6 Polymerase chain reaction (PCR) based detection of indole acetic gene (iaaM) encoding

gene; M: 100bp DNA Ladder; 203, 204, 207, 212 and 219 represents actinomycetes isolates.
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6.3.3.2. Ammonia production

Quantitative estimation of ammonia production of positive ammonia producers was carried

out in peptone water broth and it ranges from 8.6 to 52.3 mgml-1 (Figure 7). Streptomyces sp. strain

DBT204 produced the maximum amount of ammonia (52.3 mgml-1) followed by S.

thermocarboxydus strain DBT219 (49.8 mgml-1) and Actinomycete isolate DBT212 (37.4 mgml-1)

(Table 3).

Figure 7 Quantitative estimation of ammonia production in endophytic actinomycetes isolates.
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6.3.3.3. Phosphate solubilization

All eight isolates which showed significant antagonistic potential were checked for their

ability to solubilize tri-calcium phosphate on Pikovskay’s agar medium. Solubilization index (SI) was

calculated and found that 3 isolates showed significant phosphate solubilizing activity under in vitro

conditions by producing a prominent halo zone around the colonies (Figure 8). The tri-calcium

phosphate solubilization efficiency varies from 27% to 54% among the isolates and was found to be

highest for Streptomyces sp. DBT204 (54%) followed by Streptomyces sp. DBT212 (42%) and

Streptomyces thermocarboxydus DBT219 (27%) (Table 3)

Figure 8 Phosphate solubilization of endophytic actinomycetes isolates on Pikovskay’s agar media.
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6.3.3.4. Screening and estimation of extracellular enzymes
6.3.3.4.1. Cellulase production by endophytic actinomycetes

Out of eight isolates, 7 isolates (n=7; 87.5%) formed clear halo zones around the colonies

on a CMCase containing medium which indicated cellulase production (Figure 9). The

maximum cellulase hydrolysis zone was exhibited again by Streptomyces sp. strain DBT210

(Table 3). Quantitative assay was performed for all positive isolates and the range of cellulase

production was found from 0.091 to 0.72 U/ml compared with standard graph of glucose

(Figure10 and 11). Among the screened isolates, isolate DBT204 was showed highest cellulase

production (0.72 U/ml).

Figure 9 Endophytic actinomycetes isolates showing clear halo zone indicated Cellulase

production on CMC agar media.
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Figure 10 Glucose standard curves.

Figure 11 Quantitative estimation of cellulase production in endophytic actinomycetes isolates.
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6.3.3.4.2. Xylanase production

All isolates showed xylanase production on oat spelt agar medium containing 1% oats

(Figure 12). Quantitative assay was performed for all isolates and the range of xylase production

was found from 0.2 to 1.28 U/ml (Figure 13 and 14). Streptomyces sp. strain DBT210 produced

the maximum amount of xylanase (1.28 U/ml) followed by Streptomyces sp. strain DBT204

(0.962 U/ml) and Streptomyces sp. strain DBT223 (0.626 U/ml) (Table 3).

Figure 12 Xylanase production in endophytic actinomycetes isolates on oat spelt agar media.
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Figure 13 Glucose standard curves.

Figure 14 Quantitative estimation of xylanase production in endophytic actinomycetes isolates.
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6.3.3.4.3. Amylase production

For amylase screening, out of eight isolates, seven (87.5%) isolates were positive for

amylase production (Figure 15) and Streptomyces sp. strain DBT204 produced highest amylase

(1.953U/ml) followed by Streptomyces thermocarboxydus strain DBT219, Streptomyces sp.

strain DBT207, Streptomyces sp. strain DBT210 with 1.234 U/ml, 0.878 U/ml and 0.807 U/ml

respectively (Figure 16, 17 and Table 3).

Figure 15 Amylase production in endophytic actinomycetes isolates on TSA media.
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Figure 16 Glucose standard curves.

Figure 17 Quantitative estimation of amylase production in endophytic actinomycetes isolates.
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6.3.3.5. ACC deaminase production

Out of eight isolates, 5 isolates (n=5; 62.5%) showed growth on DF salts minimal

medium amended with 0.2% ammonium sulphate which indicates positive for ACC deaminase

activity. Isolate DBT203 (Amycolatopsis sp.), DBT204 (Streptomyces sp.), DBT207

(Streptomyces sp.), DBT219 (Streptomyces thermocarboxydus) and DBT223 (Streptomyces sp.)

were found positive for the production of ACC deaminase (Table 3). The same isolates had

showed the amplification of acdS gene which is responsible for ACC deaminase activity (Figure

18). The acdS gene of strain DBT204 was sequenced and submitted in NCBI GenBank with

accession numbers KX355585.

Figure 18 Polymerase chain reaction (PCR) based detection of ACC deaminase (acdS) encoding

gene. M: low range DNA ruler (3 kb-100 bp); 203, 204, 207, 219 and 223 represents

actinomycetes isolates.
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6.3.3.6. Antibiotic sensitivity assay

All eight isolates based on their antagonistic activity were screened for their antibiotic

sensitivity against 10 standard antibiotics viz. penicillin G (P), tetracycline (T), nalidixic acid

(Na), ampicillin (A), Gentamicin (G), Norfloxcin (N), Vancomycin (V), Chloramphenicol (C),

Erythromycin (E) and streptomycin (S). All isolates exhibited resistant against penicillin G (P),

vancomycin (V) and ampicillin (A) (100% each) (Figure 19 and Table 3). Most of the strain

showed high sensitivity against tetracycline and erythromycin (100% each) followed by nalidixic

acid (37.5%) and streptomycin (12.5%). The isolates DBT204 (Streptomyces sp.) showed

resistance activities against 6 out of 10 antibiotics and it might be useful for the discovery of

novel antibiotics.
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Figure 19 Antibiotic profiling of endophytic actinomycetes isolates obtained from S.

lycopersicum.
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Table 3 Antibiotic sensitivity pattern and plant growth promoting attributes of selected antagonistic endophytic actinomycetes

isolates.

Isolate

No

Antibiotic Sensitivity* Plant Growth Promoting Traits (PGPR)

Na A S T P G N C E V

P-

Solubilization$

Ammonia

(mg/ml)

IAA

(µg/ml)

Cellulase

(IU/ml)

Xylanase

(IU/ml)

Amylase

(IU/ml)

ACC

deaminase

DBT203 S R S S R S S I S R - 8.6 11.8 0.0 0.292 0.214 +

DBT 204 R R R S R R I S S R 54% 52.3 46.3 0.72 0.962 1.953 +

DBT 207 I R S S R S S S S R - 21.6 7.4 0.179 0.453 0.878 +

DBT 210 S R S S R S I I S R - 32.5 32.3 0.223 1.28 0.807 -

DBT 212 R R S S R S S S S R 42% 37.4 29.4 0.176 0.2 0.182 -

DBT 216 I R S S R I S S S R - 11.2 25.2 0.246 0.544 0.278 -

DBT 219 R R I S R S I S S R 27% 49.8 43.8 0.091 0.333 1.234 +

DBT 223 I R I S R I S I S R - 18.1 16.2 0.214 0.626 0.0 +

*Degree of susceptibility: S:- sensitive (≥ 10 mm); I:- intermediate (5.0 - 9.9 mm); R:- resistant (0.0 - 4.9 mm). Na:- Nalidixic acid

(30 μg); A:- ampicillin (10 μg); S:- streptomycin (30 μg); T:- tetracycline (30 μg); P:- penicillin G (10 μg); G:- gentamicin (30 μg);

V:- vancomycin (10 μg); N:- norfloxcin (30 μg); C:- chloramphenicol (30 μg); E:- erythromycin (10 μg). $Percentage means

efficiency of phosphate solubilization
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6.3.3.7. Amplification of 16S rRNA gene

All selected isolates having significant PGPR and antimicrobial activity were subjected to

the amplification of 16S rRNA gene. The obtained sequences were aligned by the BLAST

analysis tool along with the type strains retrieved from NCBI GenBank databases. Analysis of

partial 16S rRNA gene sequences (820 - 980 bp) of potential strains exhibited a high level of

sequence similarity (97-99%) (Table 4). All the sequences were deposited in NCBI GenBank

with accession numbers KU886003-KU886010.

6.3.3.8. Phylogenetic analysis

Phylogenetic analysis based on 16S rRNA gene sequencing classified the isolates into

four families: Streptomycetaceae, followed by Pseudonocardiaceae, Nocardiopsaceae,

Actinomycetaceae. The phylogenetic tree was constructed based on the neighbor joining method

with Kimura 2-parameter model (R=0.99) according to lowest BIC values using Mega 5.05.

Gaps were treated by pair wise deletion and the estimated Transition/Transversion bias (R) is

0.99. The topology of the phylogenetic tree shows that all the endophytic actinomycetes strains

are separated into two different clades (clade I and clade II) and was supported by high bootstrap

value of 73%. Most of the endophytic Streptomyces forms a major clade I, along with the most

closely related type strains recovered from GenBank databases with the exception to

Actinomycete, which falls in the same clade under a bootstrap support value of 95%. Our

phylogenetic tree demonstrates that the isolate DBT203 and DBT216 were close to the type

strains of Amycolatopsis rifamycinica and Nocardiopsis prasina form same clade I with 85%

bootstrap support respectively.  Clade II consists of genus Streptomyces which was closely
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related to the type strains of Streptomyces cyaneofuscatus NRRL B-2570 under bootstrap

supported value 89% (Figure 20). This is the first report of Amycolatopsis sp. (DBT203) isolated

as an endophyte from S. lycopersicum.

Table 4 Identification of antagonistic potential endophytic Streptomyces based on 16S rRNA

gene sequences.

Isolate

No

NCBI-GenBank

Accession

Number

Closest species with

Accession Number

Similarity Identification

DBT203 KU886003 Amycolatopsis rifamycinica DSM 46095T 99% Amycolatopsis sp.

DBT204 KU886004 Streptomyces thermocarboxydus DSM

44293T

100% Streptomyces sp.

DBT207 KU886005 Streptomyces thermocarboxydus DSM

44293T

100% Streptomyces sp.

DBT210 KU886006 Streptomyces cyaneofuscatus NRRL B-

2570T

100% Streptomyces sp.

DBT212 KU886007 Actinomycetales bacterium AB1013T 100% Actinomycete

DBT216 KU886008 Nocardiopsis prasina DSM 438T 100% Nocardiopsis sp.

DBT219 KU886009 Streptomyces thermocarboxydus DSM

44293T

100% Streptomyces

thermocarboxydus

DBT223 KU886010 Streptomyces thermocarboxydus DSM

44293T

100% Streptomyces sp.
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Figure 20 Neighbor-joining phylogenetic tree based on 16S rRNA gene sequences of endophytic

actinomycetes. Numbers at branches indicate bootstrap values of neighbor joining analysis

(>50%) from 1,000 replicates.



Chapter VI: Detection of biosynthetic genes………plant growth promotion

DNA Fingerprinting of endophytic actinomycetes……..antimicrobial activitiesPage 190

6.3.3.9. Detection of PKSI, PKSII and NRPS genes in selected strains

The presence of genes encoding PKSI, PKSII and NRPS were detected in four isolates of

endophytic actinomycetes using three sets of degenerate primers. The result showed that the

isolate DBT204 was positive for the PKSI and three isolates DBT204 (Streptomyces sp.),

DBT212 (Actinomycete) and DBT219 (Streptomyces thermocarboxydus) were positive for PKSII

gene fragments whereas NRPS candidate amplicons were detected in two isolates Streptomyces

sp. strain DBT204  and Nocardiopsis sp. strain DBT216 (Figure 21). Isolate DBT204

(Streptomyces sp.) showed the presence of all three genes. All the obtained fragments of

antimicrobial genes obtained from all four strains were sequenced and the gene sequences were

deposited in NCBI Genbank with accession number KX355578 to KX355583.

Figure 21 Detection of antimicrobial biosynthetic genes among selected antagonistic isolates;

(A) PKSI; (B) PKSII and (C) NRPS.
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6.3.3.10. In vivo PGP assay of selected isolates
The isolate DBT204 identified as Streptomyces sp. which showed multiple PGP traits

was selected for in vivo experiment on chilli and tomato seedlings under greenhouse conditions.

Each treatment of seedlings with isolate DBT204 showed significant increase in root length,

shoot length and fresh weight of plants after 45 and 60 days of inoculation and found to be

significant (p<0.05) when compared to control (Figure 22).
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Figure 22 Effect of endophytic actinomycetes isolate DBT204 showed shoot length, root length and fresh plant weight in chilli and

tomato seedlings. (A) Chilli and tomato plants growth of shoot length promotion in isolate DBT204 as compared with control in

greenhouse; B) Chilli and tomato plants growth of root length promotion in isolate DBT204 as compared with control in greenhouse;

C) Comparison of weight of fresh plant: control, DBT204 in a greenhouse.
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6.3.3.11. Detection and quantification of phytohormones and antibiotics

6.3.3.11.1. Analytical Method Validation

The proposed UPLC-MRM method for quantitative analysis was validated according to

the guidelines of international conference on harmonization (ICH, Q2R1) by linearity, LOQs and

LODs, precision, solution stability, and recovery.

6.3.3.11.2. Linearity, limits of detection (LOD) and quantification (LOQ)

A series of concentrations of standard solution were prepared for the establishing

calibration curves. The peak areas were plotted against the corresponding concentrations to

obtain the calibration curves. LOD and LOQ were determined using diluted standard solution

when the signal-to-noise rations (S/N) of analytes were about 3 and 10, respectively. The S/N

was calculated as the peak height divided by the background noise value. The results were listed

in Table 5. All the calibration curves indicated good linearity with correlation coefficients (r2)

from 0.9987 to 0.9999 within the test ranges. The LOD for each reference analyze varied from

0.08-4.32 ng/mL and LOQ from 0.21-6.84 ng/ml.
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Table 5 Validation Parameters for the detection and quantification of phytohormones and antibiotics.

Analytes
Regression

Equation
r2

Linear

range

ng/ml

LOD

ng/ml

LOQ

ng/ml
Precision RSD (%) Stability Recovery RSD (%)

Intra-day Inter-day RSD (%)

(n=6) (n=6) (n = 5)

Kinetin y = 170.92x + 346.1 0.9996 10-500 4.32 6.84 0.86 2.03 1.57 0.56

Trimethoprim y = 1208.x - 1177 0.9987 1-100 0.28 0.70 1.37 1.02 0.63 0.91

6-BP y = 1141.0x + 653 0.9998 1-250 0.15 0.42 1.72 0.92 1.48 1.43

Fluconazole y = 33453x - 997 0.9996 0.5-250 0.08 0.21 0.86 1.63 1.06 1.82

IAA y = 1024.2x + 1664 0.9997 1-250 0.42 0.78 1.22 1.76 2.65 1.37

Chloramphenicol y = 722.7x - 1446 0.9993 0.5-250 0.11 0.48 0.73 0.81 1.40 2.27

Nalidixic acid y = 10333x - 1095 0.9996 0.5-500 0.09 0.28 1.64 0.45 2.17 0.74

Rifamycin y = 5695.x - 6260 0.9999 0.5-100 0.11 0.37 1.12 1.25 1.03 1.26

Streptomycin y = 2680.x + 1290 0.9989 0.5-100 0.13 0.45 0.69 2.11 0.92 1.49
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6.3.3.11.3. Precision, Stability and Recovery

The Precision was measured by relative standard deviation (RSD) with intra-day and

inter-day variations were evaluated by determination of analytes in six replicates on a single day

and by duplicating the experiments over three successive days. The overall intra-day and inter-

day precision was not more than 2.11%. Stability of sample solutions stored at room temperature

was evaluated by replicate injections at 0, 2, 4, 8, 12 and 24 h. The stability RSD% value of

eighteen analytes is ≤ 2.65 %. To evaluate the accuracy, recovery test was applied by spiking

three different concentration levels (high, middle and low) of the analytical standards into the

samples. Three replicates were performed at each level. The analytical method developed had

good accuracy with overall recovery in the range from 98.15% -105.29 % (RSD ≤ 2.27 %) for all

analytes (Table 5).

6.3.3.11.4. Quantitative analysis
In this study UPLC-ESI-MS/MS method was applied to quantitative 9 reference

compounds i.e., antibiotics (trimethoprim, fluconazole, chloramphenicol, nalidixic acid,

rifampicin, and streptomycin) and phytohormones (kinetin, 6BP and IAA) in isolate DBT204.

Quantitative results are listed in Table 6. Antibiotics like streptomycin (45.8 mg/g) were present

in highest amount, while trimethoprim (0.002 mg/g) was lowest among all. Similarly,

phytohormones IAA was present in maximum (12.7 mg/g), followed by kinetin (0.075 mg/g). 6-

BP was not detected in isolate DBT204. The results indicated that there were remarkable

differences in the quantity of antibiotics and phytohormones. MS spectra and MRM extracted ion

chromatogram of mixed 9 standards and strain DBT204 was shown in Figure 23 and Figure 24,

respectively.
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Table 6 Quantification of phytohormones and antibiotics (Content of samples in mg/g).

Sl No Standard Isolate DBT204

1 Kinetin 0.075

2 Trimethoprim 0.002

3 6-BP Nd

4 Fluconazole 0.047

5 IAA 12.7

6 Chloramphenicol 0.059

7 Nalidixic acid 0.951

8 Rifampicin 0.017

9 Streptomycin 45.8

*nd—not detected
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Figure 23 MS/MS Spectra of reference analytes; (A) kinetin, (B) trimethoprim, (C) 6-BP, (D)

fluconazole, (E) IAA, (F) chloramphenicol, (G) nalidixic acid, (H) rifampicin, (I) streptomycin.
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Figure 24 Multiple Reaction Monitoring (MRM) extracted ion chromatogram of reference

analytes (A), and strain DBT204 extract (B).
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6.4. Discussion

Endophytes inhabit within the plant tissues acquired unique characteristics that enable

them to flourish without any obvious infectious symptoms in the host. Among them, endophytic

actinomycetes are well known for their ability to produce naturally occurring bioactive

molecules (Strobel and long, 1998). Endophytic actinomycetes associated with agricultural crops

are of prime importance nowadays; with the scope for exploration for novel natural products for

agricultural and pharmaceutical industry (Singh et al., 2016; Qin et al., 2009).

In total, 15 endophytic actinomycetes isolates were recovered from S. lycopersicum with

Streptomyces as the dominant genus (73.33%). The findings were consistent with several reports

Taechowian et al. (2003); Passari et al. (2015a). The highest number of endophytic

actinomycetes were recovered from root followed by stem and leaf tissues, which is in

consistence with the findings of Taechowian et al. (2003) who stated the maximum endophytes

were isolated from roots (n=212, 64%) followed by stem (n=97, 29%) and leaves (n=21, 6%).

This may be due to the fact that actinomycetes present in rhizosphere can be transferred easily to

plant roots during water and nutrient uptake. Starch casein nitrate agar media was the most

suitable nutritional media for the recovery of actinomycetes which supports the results of

Coombs and Fransco, (2003), who confirmed that minimal media like tap water yeast extract

agar (TWYA) would be the best media for the isolation of endophytic actinomycetes. To the best

of our knowledge, this is the first report of genus Amycolatopsis and Nocardiopsis reported as

endophytes from S. lycopersicum.
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In our result, eight isolates exhibited strong antimicrobial activities against most of the

tested fungal phytopathogens, which was clearly indicated that selected potential isolates

associated with agricultural crops may have good antagonistic potential. All selected eight

isolates showed inhibition against F. proliferatum whereas three isolates DBT204 (Streptomyces

sp.), DBT219 (Streptomyces thermocarboxydus) & DBT216 (Nocardiopsis sp.) inhibited the

growth of F. oxysporum. Similar finding were reported by Varma et al. (2009) who showed 60%

of the isolates showing wide-spectrum antimicrobial activity against fungal pathogens. Isolate

Streptomyces sp. DBT207 showed highest inhibition activity against F. graminearum with

percentage of 62%. Previous studies similarly reported by Passari et al. (2015b) who stated that

isolate Streptomyces sp. 24 exhibited antagonistic activities with percentage of 92%. These

findings are in agreement with Debananda et al. (2009) who also reported antifungal activity of

actinomycetes S. vinaceusdrappus against rice fungal pathogens F. oxysporum which also

possessed plant growth promoting abilities.

Out of 15 isolates, 03 isolates (20%) were able to solubilize inorganic phosphate and

strain Streptomyces sp. DBT204 was showed highest phosphate solubilisation (54%) followed by

isolate Actinomycete DBT212 (42%) and Streptomyces thermocarboxydus strain DBT219 (27%).

This is in accordance with Hamdali et al. (2008) and Passari et al. (2015b) who mentioned that

the Streptomyces isolate showing phosphate solubilizing activity. Goldstein et al. (1995)

described the ability of phosphate solubilizing microorganisms for their ability to solubilize

inorganic tricalcium phosphate Ca3 (PO4)2. Microbial solubilization of phosphate in soil can be

correlated with the ability of microbes to produce selected organic acids and extracellular

polysaccharides. The endophytic actinomycetes were present inside of the plant tissue to produce
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IAA hormone that may play very important role for the development of plant growth to

increased root and shoot growth of the plant (Nimnoi et al., 2010). Streptomyces sp. strain

DBT204 was produced maximum amount of IAA (46.3 µgml-1) followed by Streptomyces

thermocarboxydus strain DBT219 (43.8 µgml-1). Our findings are in accordance with Verma et

al. (2012) and Khamna et al. (2009) in which IAA production was 13.73 to 142 µgml-1.  Out of 8

isolates, IAA encoding gene was detected in 5 isolates. This result is in agreement with the

findings of Passari et al. (2015b) who reported detection of IAA encoding gene in all endophytic

actinomycetes isolates obtained from medicinal plants. Ammonia production was also played

very important role in plant growth by accumulating of nitrogen and increases of root and shoots

growth of plant as well as plant biomass (Merckx et al., 1987). Isolate Streptomyces sp. DBT204

produced maximum amount of ammonia (52.3 mgml-1) followed by Streptomyces

thermocarboxydus strain DBT219 (49.8 mgml-1) and Actinomycete strain DBT212 (37.4 mgml-

1). NH3 production is responsible for the indirect plant growth promotion and can serve as a

triggering factor by suppressing plant pathogens (Minaxi et al., 2012). Microorganisms with

cellulase, amylase and xylanase activity were not only helps in organic matter decomposition and

plant growth promotion, but also play an important role in the disease suppression by inhibition

soil borne pathogens (Kavamura et al., 2013). Cellulase is an important enzyme for functioning

of depolymerization of cellulase into fermentable sugar (Xing-hua et al., 2009). Cellulases from

actinomycetes are also more effective catalysts and assistactino bacteria in penetration to the host

plant and are less inhibited by the presence of material that has already been hydrolyzed

(Hallmann et al., 1997). In our study, Isolate DBT204 showed maximum amount of cellulase

production (0.72 U/ml), corroborating Verma et al. (2012). The finding that Streptomyces sp.
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showed the highest amount of cellulase production was in accordance with Deepthi et al. (2012)

who showed that all Streptomyces sp. used were positive for cellulase production (1.38 U/ml).

Amylases are a group of industrial enzymes with 25 – 30% of the world enzyme market (Azad et

al., 2009). The maximum activity was displayed in Streptomyces sp. (1.953U/ml) which is in

agreement with Deepthi et al. (2011) who stated that the maximum amount of amylase enzyme

was found from Streptomyces sp. (0.59 U/ml). Streptomyces sp. strain DBT210 has produced

highest xylanase enzyme (1.28 U/ml) which is in agreement with He et al. (2014). The

endophytic actinomycetes isolates DBT203 (Amycolatopsis sp.), DBT204 (Streptomyces sp.),

DBT207 (Streptomyces sp.), DBT219 (Streptomyces thermocarboxydus) and DBT223

(Streptomyces sp.) showed positive for the production of ACC deaminase. This finding was

similarly reported by Tan et al. (2011) who stated that the Streptomyces sp. E36 and Y30 strain

has the capacity to produce ACC deaminase activities. Francis et al. (2010) suggests that

bacterial ACC deaminase activity has the capacity to promote and increase plant growth under

adverse environmental conditions by the decrease of stress-induced ethylene in plants. Hence, all

potential isolates might be present inside the host plants can benefit the host by reducing the

stress and increasing the plant growth. To best of our knowledge, this is first report on the

detection of ACC deaminase gene (acdS) from endophytic bacteria from a crop plant which are

also responsible for the production of ACC deaminase.

All isolates exhibited resistant against penicillin G (P), vancomycin (V) and ampicillin

(A) (100% each). Similar finding was reported previously by Passari et al. (2015a), who

described that four out of 22 isolates showed resistant against penicillin G, vancomycin, nalidixic
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acid, ampicillin and streptomycin. Isolate Micrococcus showed antibiotic resistance activity and

isolated from Andrographis paniculata leaves was reported by Pal et al. (2012).

Phylogenetic analysis based on 16S rRNA gene sequencing was divided the isolates into

four genera: Streptomyces, followed by Amycolatopsis, Nocardiopsis, Actinomycete, showed

good relationship of endophytic actinomycetes with plants. The composition of isolates as

revealed by phylogenetic trees was more diverse as compared to the endophytic actinomycetes

isolated from Azadirachta indica (Verma et al., 2009), medicinal plants and rainforests of China

(Zhao et al., 2011). Most of the endophytic Streptomyces forms a major clade with the exception

of Actinomycete, which falls in the same clade. This finding was similarly reported by Passari et

al. (2015a). Some rare genera i.e. Amycolatopsis and Nocardiopsis were clustered together

formed another clade which was similarly reported by Zhao et al. (2011). This is the first report

of Amycolatopsis sp. (DBT203) isolated as an endophyte from S. lycopersicum, though; Qin et

al. (2009) isolated Amycolatopsis pretoriensis from the roots of the medicinal plant Osyris

wightiana.

To understand the biosynthetic potential of the isolates, detection of genes encoding

polyketide synthase and nonribosomal peptide synthetase have been broadly used (Khamna et

al., 2009). Isolate Streptomyces sp. DBT204 showed the presence of all three genes. In the

present study, the isolates which showed the presence either of PKSI, PKSII or NRPS genes also

showed antimicrobial potential against most of the tested pathogens which is in contrary to

findings of Qin et al. (2009) and Passari et al. (2015a) who stated that there is no direct

relationship between antimicrobial activity and the detection of functional genes. In our case the
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isolate which showed antimicrobial potential showed the presence of one or more biosynthetic

genes as well.

Plant growth promoting bacteria has great importance to use in agricultural crops for the

growth development and increased crop productivity, stress tolerance as well as to reduce disease

(Gururani et al., 2012). We assess the effectiveness of the potential strain DBT204 (Streptomyces

sp.) selected based on in vitro PGP screening to promote the growth under green house

conditions and exhibited significant increase in shoot length, root length and weight of fresh

chilly and tomato plant to compare with control after 45 and 60 days of sprouting. The finding

were similarly reported by Passari et al. (2015b); Xu and Kim (2014) who stated that endophytic

actinomycetes can increase root, shoot length and weight of the plant as well as overall growth of

the host plant. This study indicates that strain DBT204 (Streptomyces sp.) having good PGP

activity and might be useful as biofertilizers in agricultural field against fungal pathogens to

increase the productivity of vegetable crops.
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7.1. Introduction

The plant endosphere constitutes a complex micro-ecosystem that in several ways

contributes to the development and health of the plant (El-Shatoury et al., 2013). Endophytes are

the group of microorganisms resides within the interior tissues of plants without exhibiting

negative effects on the host plant (Gaiero et al., 2013). However, some seemed to be latent

pathogens and, conditionally, which either induced or participate in host plant infection (Qin et

al., 2009).  Plants have developed a good information transfer from endophytes such as increased

tolerance to stresses or plant growth promotion as well as decreased disease symptoms caused by

plant pathogens (Stainiek et al., 2008). The species composition of bacterial population depends

on the genotype, environmental conditions, type of soil, and growth stage of the host plant (Donn

et al., 2015). Endophytic microbial community associated within medicinal plants has been

proven to have great potential for the search of unique secondary metabolites, which can be

exploited for pharmaceutical, agriculture and for other industries (Golinska et al., 2015). Thus,

endophytes associated with medicinal plants have an immense significance. Among them

Endophytic actinomycetes are well known to produce a diverse range of bioactive metabolites

including antimicrobial, antitumor, immunosuppressive and other pharmaceutical compounds

(Nimnoi et al., 2010; Schulz et al., 1993).

Nowadays, DNA markers based fingerprinting has become a justifiable tool for the

assessment of global biodiversity patterns and it can differentiate genera up to species level

(Siddall et al., 2009). DNA fingerprinting was first used for sample identification after the

geneticist Alec J. Jeffrey’s from the University of Leicester in Great Britain discovered that there



Chapter VII: DNA Fingerprinting ………..of Mizoram

DNA Fingerprinting of endophytic actinomycetes……..antimicrobial activities

Page 206

are patterns of genetic material that are unique to almost every individual. He called these

repetitive DNA sequences as "minisatellites." DNA fingerprinting is based on DNA analyzed

from regions in the genome that separate genes called introns. Introns are regions within

a gene that are not a part of the protein which that gene encodes. They are spliced out during

processing of the messenger RNA, which is an intermediate molecule that allows DNA to

encode protein. This is in contrast to DNA analysis looking for disease causing mutations, where

the majority of mutations involve regions in the genes that code for protein called exons. DNA

fingerprinting usually involves introns because exons are much more conserved and therefore,

have less variability in their sequence. DNA fingerprinting markers should have some desirable

properties like it must be polymorphic, should have co-dominance inheritance, should be evenly

and frequently distributed in genome, should be reproducible and should be easy fast and cheap

to detect.

16S rRNA-RFLP technique is a widely used powerful tool in grouping actinomycetes

species and genera for studying the diversity (Zhang et al., 2009). This method is accepted as

rapid and accurate method for the study of bacterial phylogenetic relationships and the diversity

of several other microbial communities, because of the high conservation of the 16S rRNA

region. The banding patterns can be used to detect any structural changes and diversity in

microbial community (Williams et al., 2003). For instance, rrestriction patterns produced 29

different genotypes among the 41 endophytic actinomycetes analysed using 16S rRNA-RFLP

(Yuan et al., 2008). A higher diversity of Streptomyces scabei related species in Mehlige

Muhlviertler variety was indicated by group-specific analysis of actinomycetes (Sessitsch et al.,

2004). RFLP analysis of 100 randomly chosen clones resulted in 18 major restriction patterns,
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from which 45 representative clones were chosen for sequencing (Sessitsch et al., 2004). By the

use of RFLP technique selected 33 culturable isolates were identified as belonging to ten genera

of actinomycetes including Streptomyces, Micromonospora, Saccharomonospora,

Mycobacterium, Actinomycetospora, Nonomuraea, Verrucosispora, Nocardiopsis,

Microbacterium and Glycomyces (Qin et al., 2009).

Molecular characterization based on RAPD fingerprinting is used to study the microbial

diversity or variability. RAPD is a very convenient and cost effective method employed for

bacterial identification and variability estimation (Kannan and Vincent, 2011). The PCR based

method of gene typing based on genomic polymorphism is an approach which is widely used for

the assessment of inter and intra-specific genetic variation by using a single short random

oligonucleotide primer (Williams et al., 1990). In most cases of bacterial genetics, RAPD assay

generated the best DNA pattern for differentiation of bacteria. A number of studies have reported

success in using RAPD assays to distinguish bacterial strains among diverse species (Saxena et

al., 2014). Similarly, Nimnoi et al., (2010) reported that 10 endophytic actinomycetes isolates

were identified by using 16S rDNA sequencing and genetic relatedness amongst these isolates

was determined base on random amplified polymorphic DNA (RAPD) and enterobacterial

repetitive intergenic consensus polymerase chain reaction (ERIC-PCR). Enterobacterial

repetitive intergenic consensus polymerase chain reaction (ERIC-PCR) is also used to study the

genetic relationship between endophytic actinomycetes, In the study of endophytic

actinomycetes isolated from Aquilaria crassnamore, RAPD fingerprinting proved to be slightly

more discriminatory than ERIC-PCR (Nimnoi et al., 2010). BOX-PCR is also used in DNA

fingerprinting of endophytic actionomycetes, for generating DNA fingerprints, it allows inequity
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between closely related bacterial strains (Versalovic et al., 1991). Like, 136 actinomycetes were

isolated from the nitrogen-fixing root nodules of Lupinus angustifolius and high resolution

fingerprints were obtained, BOX-PCR fingerprinting has shown to be a significant tool in

discriminating highly related strains and a high degree of genetic variation was found among

Micromonospora strains isolated and this indicated that the strains were not clones but

represented different bacterial genotypes (Rademaker et al., 2000). Passari et al. (2015b)

mentioned that 22 isolates of endophytic actinomycetes showed discriminatory fragment pattern

using ERIC-PCR and BOX-PCR fingerprinting.

Many of the endophytic actinomycetes need to be explored around the world. Thus,

identification, characterization and documentation of the gene pool of endophytic actinomycetes

need to be taken care. Molecular systems are helpful in characterization of genetic relationship or

differences amongst several species for the evaluation of genetic fidelity. Today, devoid of the

misleading environmental influences or mistake prone pedigree accounts, it is possible to create

the right inferences in relation to genetic divergence and inter-relationships amongst endophytic

actinomycetes at DNA level. We are focuses on different molecular markers used for

identification and genetic profiling of endophytic actinomycetes diversity associated with

medicinal plants from different protected forest areas of Mizoram.
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7.2. Materials and Methods

7.2.1. Site selection and sampling
Three healthy and disease free medicinal plants (Adhatoda vasica , Amomum subulatum

and Eugenia jambolana) were collected from Dampa tiger reserve forest (23.44N 92.39E) and

Murlen national park (23.36N 93.16E), in Mizoram, India during November, 2012 and March,

2013 (Figure 1). From the both sites, three medicinal plant materials (Root, Stem and Leaf) were

randomly selected. Roots were dug out very carefully to ensure that maximum amounts of root

material collected. The cut ends were sealed with parafilm to preclude drying and then all

materials were bought into the laboratory in an icebox. The plant samples were stored at 4 0C

until the isolation procedure began.

Figure 1 Map showing the location of the sampling sites, Murlen national park (Murlen NP) and

Dampa tiger Reserve forest (Dampa TRF), Mizoram, India.
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7.2.2. Isolation of endophytic actinomycetes
Collected plant samples were air dried in sterile condition before being washed

thoroughly in running tap water to remove all soil debris and adhered epiphytes and the plant

materials were aseptically sectioned by a scalpel into pieces of 1 cm2. The individual organs i.e.

leaf and stem were rinsed in 0.1% Tween 20 for few seconds and surface sterilized by sequential

immersion in 70% ethanol for 3 min followed by 0.4% NaOCl for 1 min, followed with a wash

with 70% ethanol for 2 min and finally washed thrice in sterile distilled water for 1 min each.

The roots were completed surface sterilized in three steps by sequential immersion in 99%

ethanol for 1 min followed by soaking in 1% NaOCl for 5 min, 99% ethanol for 30 sec and

finally rinsing in sterile distilled water. The samples were dried inside laminar air flow chamber

and outer tissues were removed by using scalpel; the inner tissue of 0.5 cm size was placed on

petriplates containing different isolation media. The plates were incubated at 28 0C ± 2 for 2-4

weeks and growth of actinomycetes was observed till 30-45 days.

7.2.3. Isolation media and validation of the surface sterilization
Each plant organs were placed minimum on four different isolation media: Starch Casein

Nitrate Agar media (SCNA); Tap Water Yeast Extract Agar media (TWYA); Glycerol

Asparagine Agar Media (GAA) and Actinomycetes Isolation Agar Media (AIA) as described by

Taechowisan and Lumyong (2003) & Coombs and Franco (2003). The media were

supplemented with nystatin and Cycloheximide (60 µg/ml each) to suppress fungal growth. The

final concentration of 60 µg/ml of Nalidixic acid was added in media to restrict the growth of

fast growing eubacteria.
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Surface sterilization was done by following two methods to endorse the effectiveness.

First, the tissues after sterilization were imprinted on the ISP2 agar media and were removed

from the media, plates were incubated at 28 0C and checked for microbial growth. Second, the

200µl of last washed water from the sterilization procedure was spreaded on ISP2 agar plate and

incubated at 28 0C. The sterilization method was considered efficient in case no observed

microbial growth on the surface of the medium till 30-45 days (Schulz et al., 2006).

7.2.4. Preliminary identification of endophytic actinomycetes
Cultural and morphological characteristics of endophytic actinomycetes isolates were

determined after growing them at 28 0C for 2-4 weeks according to the International

Streptomyces Project (Shirling and Gottlieb, 1966). The isolates were identified up to genus

level by looking into the morphology and color of aerial and substrate mycelium, characteristics

of colonies on the plate, spore mass color, color of diffusible pigments and spore chain

morphology (Goodfellow and Haynes, 1984). Many colonies that were very similar in size shape

and color were separated into distinct isolates by observing hyphal length and structure with light

microscope; the spore chain type of each isolate was determined according to Miyahoh et al.

(1997). The spore chain morphology and surface of spore were examined and confirmed by Field

Emission Gun-Scanning Electron Microscopy (FEG-SEM) images grown on ISP1 media. The

organism was identified by following the keys of Bergey’s Manual of Determinative

Bacteriology (Bergey and Holt, 2000).
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7.2.5. DNA isolation, 16S rRNA gene amplification and sequencing
Genomic DNA was extracted using FastPrep kit (MP Biomedical, USA) according to the

manufacturer’s protocol. All the isolates were subjected to the amplification of 16S rRNA gene

by using universal primers (forward 16S rRNA primer 5’-AGAGTTTGATCCTGGCTCA-3’ and

reverse 16S rRNA primer 5’-ACGGCTACCTTGTTACGACT-3’) (Cui et al., 2001). Reactions

were performed in a Veriti thermal cycler (Applied Biosystems, Singapore) in a total volume of

25 µl consisting of 1.0 µl genomic DNA (50 ng), 0.5µl of each primer (10 pmol), 2.0 µl of

deoxynucleotide triphosphates (2.5 mM each), 2.5 µl of 10X PCR buffer, 1.0 µl of Taq DNA

polymerase (1U/ µl) and 17 µl MilliQ grade distilled water. PCR was performed using following

conditions: initial denaturation at 95 0C for 4 min, followed by 30 cycles of denaturation at 94 0C

for 1 min, annealing at 57 0C for 1 min and extension at 72 0C for 1.2 min with a final extension

at 72 0C for 10 min. A negative control reaction mixture without DNA template was also

included with each set of PCR reactions. The amplified PCR products were analyzed by

electrophoresis through 1.2 % agarose gel. The PCR bands were analyzed and documented using

Bio-rad Gel Doc XR+ system (Hercules, CA, USA). The PCR products were purified using QIA

quick gel extraction kit (Qiagen, Hilden, Germany), and sequencing was done commercially at

Sci-Genome Pvt. Ltd. Kochin, India.

7.2.6. REP-PCR (ERIC-PCR and BOX-PCR) fingerprinting
The PCR reactions were carried out as described by Versalovic et al. (1991) using a set of

primer sequences ERIC-1R (5′-CACTTAGGGGTCCTCGAATGTA- 3′) and ERIC-2F (5′-

AAGTAAGTGACTGGGGTGAGCG- 3′) to amplify the regions in the bacterial genome

positioned between the ERIC sequences. The reaction mixture was performed on Veriti thermal
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cycler (Applied Biosystems, Singapore) in a total volume of 25 µl consisting of 1 µl of DNA

template (50 ng), 2.5 µl of 10X reaction buffer, 0.5 μl of dNTP mix (10 mM), 10 pmol of each

primer (ERIC 1R and ERIC 2F), 1.5 μl of MgCl2 (25 mM), and 1.5 U of DreamTaq DNA

polymerase (In-vitrogen, USA). PCR was performed by using following conditions: initial

denaturation at 95 0C for 7 min and then subjected to 30 cycles of denaturation at 94 0C for 1

min, annealing at 52 0C for 1 min and extension at 68 0C for 8 min with a final extension at 65 0C

for 16 min. A negative control reaction mixture without DNA template was also included with

each set of PCR reactions. The amplified products were separated by electrophoresis on 1.5%

agarose gel using 1X TAE buffer. The PCR bands were analyzed and documented using a

BioRad Gel Doc XR+ system (Hercules, CA, USA).

BOX primer sequences were used in PCR to detect differences in the number and

distribution of these bacterial repetitive sequence elements dispersed throughout the bacterial

genome. BOXA1R PCR fingerprinting was carried out using primer sequences BOXA1R (5′-

CTACGGCAAGGCGACGCTGACG-3′) as previously described by Rademaker et al. (2000).

The PCR reaction mixture was carried out in 25 µl total volume, containing 50 ng of genomic

DNA, 2.5 µl of 10X Taq Buffer, 1.5 µl of 25mM MgCl2, 2.0 µl of 2.5mM dNTPs, 1 µl of 10

pmol BOXAIR primer, 1 µl of DMSO (100%), 0.5 µl of BSA (10 mg/ml) and 1µl of 2U Taq

DNA Polymerase. The amplifications were performed using following conditions: initial

denaturation at 95 0C for 7 min followed by 30 cycles at 94 0C for 30 sec, at 57 0C for 1 min, and

at 65 0C for 8 min with a final extension step at 65 0C for 16 min. The amplified fragments were

separated on 1.2 % agarose gel using 1X TAE buffer at 60V for 3h and the restriction patterns

were examined under gel documentation system as described earlier.
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7.2.7. RAPD analysis

Genomic DNA of all endophytic actinomycetes isolates were subjected to randomly

amplified polymorphic DNA analysis using twenty random primers (El-Fiky et al., 2003).

RAPD reactions were assembled and standardized in a total volume of 25 μl containing 2.5 μl of

10X reaction buffer, 1.5 μl of MgCl2 (1.5mM), 1 μl of dNTPs (0.2mM), 0.6 μl of primer, 0.2 μl

of Taq DNA polymerase (1U/ μl) and 1 μl of template DNA (100 ng). Negative control reaction

without DNA was included in each set of reaction. The PCR amplifications was carried out using

following conditions: initial denaturation at 95 0C for 5 min, followed by 45 cycles of

denaturation at 94 0C for 1 min, annealing at 36 0C for 45 sec, extension at 72 0C for 2 min and a

final extension of 7 min at 72 0C. The amplified PCR product was separated on 1.5 % agarose

gel using TAE buffer and examined under gel documentation system as described earlier.

7.2.8. Phylogenetic analysis

In the present study the antagonistic isolates were phylogenetically compared using

ERIC-PCR, BOX-PCR and RAPD markers. Polymorphic DNA fingerprints were scored in the

binary form i.e. 1 for presence of a band and 0 for absence of band for ERIC, BOX and RAPD

markers (Sneath and Sokal, 1973). The binary matrix was used to calculate the Simple Matching

(SM) coefficient, and a phylogenetic tree was constructed using the Unweighted Pair Group with

Arithmetic Mean (UPGMA) methods (Lopez and Alippi, 2009) supported by Numerical

Taxonomy SYStem (NTSYS version 2.2).
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7.3. Results
7.3.1. Isolation of endophytic actinomycetes

In total 59 endophytic actinomycetes were isolated using 487 tissues collected from three

traditional medicinal plants based on ethanobotanical history and were characterized on the basis

of their colonial morphology, capability to form aerial hyphae and substrate mycelia. Out of 59

isolates, maximum were recovered from roots (n=27; 45.76%) followed by leaf (n=19; 32.2%)

and stem (n=13; 22.03%) respectively. Moreover, among the selected nutritional media, we

obtained 23 isolates recovered from starch casein agar media (n=23; 38.98%), followed by 17

isolates using tap water yeast extract agar media (n=17; 28.86%), 12 isolates recovered by using

actinomycetes isolation agar media (n=12; 20.3%) and 7 isolates were recovered with the use of

glycerol asparagines agar media (n=07; 11.86%). After three weeks of incubation, the colonies of

actinomycetes showed white, yellow, orange, red and brown color on the media. According to

their colony appearance, spore chain morphology, pigment production and biochemical test

suggested that the endophytic actinomycetes isolates belongs to genus Streptomyces, Kocuria,

Microbacterium, Micrococcus, Brevibacterium, Rhodococcus, Saccharopolyspora,

Micromonospora, Leifsonia, Actinomycete, Nocardiopsis and Pseudonocardia. The Scanning

electron microscope (SEM) result showed that the aerial mycelia produce spiral spore chains

which further confirmed their spore chain morphology (Figure 2).
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Figure 2 Field emission gun-scanning electron microscope (FEG-SEM) micrographs showing

spore chain morphology of endophytic actinomycetes isolates.
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7.3.2. 16S rRNA gene amplification and Phylogenetic analysis

16S rRNA gene sequences were aligned by BLAST analysis along with the type strains

downloaded from NCBI/EMBL GenBank databases. The potential isolates were classified into

ten families and twelve genera. Most of the isolates were grouped into Streptomyces (59.3%),

followed by Microbacterium (8.47%), Actinomycetaceae (8.47%), Micromonospora (5.08%),

Kocuria (5.08%), Nocardiopsis (3.38%), Micrococcus (3.38%), Brevibacterium,

Pseudonocardia, Leifsonia, Rhodococcus and Saccharopolyspora (1.69 each). 16S rRNA gene

sequence analysis by BlastN confirmed that 35 isolates belongs to Streptomyces showed 97-

100% identity followed by 4 isolates (BPSAC161, 145, 67 and 116) that showed 98-100%

identity to the sequences retrieved from genus Actinomycete. Two isolates of Nocardiopsis

(BPSAC96 and BPSAC98) and Micrococcus (BPSAC89 and BPSAC166) revealed 99%

identity, 2 isolates (BPSAC89) and (BPSAC166) showed 98% identity to the sequences retrived

from genus Kocuria and Micromonospora, 5 isolates BPSAC (74, 79, 80, 131 and 154) identifies

as Microbacterium with 98% similarity and one each was belonged to Leifsonia, Brevibacterium,

Rhodococcus, Saccharopolyspora, and Pseudonocardia, respectively with 98-100% similarity.

The phylogenetic tree was constructed based on neighbor-joining methods with Kimura 2-

parameter model using Mega 5.05. Gaps were treated by pair wise deletion and the estimated

Transition/Transversion bias (R) is 1.97. The topology of the phylogenetic tree shows that all the

endophytic actinomycetes strains separated into three different clades (clades I, clade II and

clade III) is supported by high bootstrap value (87%). Most of the endophytic Streptomyces

forms a major clade I, along with most closely related type strains recovered from GenBank

databases with the exception to Actinomycete, which also falls in the same clade under a
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bootstrap support value of 51%.  All of the sequences within clade II are closely related

supported by high bootstrap value of 71%. Our phylogenetic tree demonstrates that the isolate

BPSAC96 and BPSAC98 was close to the type strains of Nocardiopsis sp. and Nocardiopsis

synnemataformans with 100% bootstrap support respectively. Comparison of the 16S rRNA

gene sequences of three isolate BPSAC164, BPSAC158 and BPSAC163 with bootstrap

supported value of 80% showed 100% similarity to those of the nearest type strains.  Clade III

consists of genus Kocuria which was closely related with genera Micrococcus, Leifsonia,

Brevibacterium and Microbacterium fewer than 62% bootstrap value respectively (Figure 3).
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Figure 3 Neighbor-joining phylogenetic tree based on 16S rRNA gene sequences of endophytic

actinomycetes. Numbers at branches indicate bootstrap values of neighbor joining analysis

(>50%) from 1,000 replicates.
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7.3.3. BOX-PCR Fingerprinting

The results showed that BOX-PCR fingerprinting generated specific pattern for all the

endophytic actinomycetes. All isolates resulted in 3-12 fragments with bands ranging in size

from 100bp to 2.0kb (Figure 4). Less visible fragments below 100 bp and above 2 kb was not

considered. Dendrogram generated by BOX-PCR consisted of 5 clusters (A-E). Cluster A

contains 39 isolates belongs to nine genera (Streptomyces, Micromonospora, Kocuria,

Rhodococcus, Micrococcus, Pseudonocardia, Microbacterium, Actinomycete and Leifsonia),

interestingly all belongs to the phylum Firmicutes. Cluster A divided the isolates into 2

subgroups (A1 and A2). A1 subgroups contains 15 isolates consisting of 3 genera belongs to

Streptomyces, Micromonospora and Kocuria. Isolate BPSAC95, BPSAC125 and BPSAC73 was

identified as Kocuria sp. was clustered together which has similar with phylogenetic tree of 16S

rRNA gene analysis. A2 subgroups contains 24 isolates consisting of 7 genera belongs to

Rhodococcus, Micrococcus, Pseudonocardia, Microbacterium, Actinomycete, Streptomyces and

Leifsonia. Cluster B contains 9 isolates; interestingly all belongs to genera Streptomyces. Cluster

C consisted of 8 isolate contains 3 genera (Streptomyces, Nocardiopsis and Saccharopolyspora).

Cluster D consisted of only one isolate which belongs to Brevibacterium genera and was placed

in the distinct position from other genera used in this analysis. Cluster E was composed of 2

isolates from the genus Streptomyces and this result similar with 16S rDNA analysis (Figure 5).
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Figure 4 Banding pattern generated by using BOX-PCR fingerprinting. M: low range (100bp -3

kb) molecular marker; numerical numbers represents different isolates.
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Figure 5 Dendrogram generated from BOX PCR genomic fingerprints of endophytic

actinomycetes isolates using Ntsys 2.0.
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7.3.4. ERIC-PCR Fingerprinting

All the endophytic actinomycetes isolates generated a specific pattern by using ERIC-

PCR and the genetic diversity of isolates from the both locations was not significant. ERIC-PCR

fingerprinting produce 3-12 fragments per isolate with band size ranging from 100bp to 2kb

(Figure 6). Dendrogram generated by ERIC-PCR divided the isolates into 3 clusters (A-C).

Cluster A contains 10 isolates consisted of 3 genera belongs to Streptomyces, Brevibacterium

and Nocardiopsis. Isolate BPSAC96 (Nocardiopsis sp.) and BPSAC98 (Nocardiopsis sp.) was

more closely related to the member of the genus BPSAC140 (Brevibacterium). Cluster B was the

largest cluster containing 26 isolates from 8 genera (Kocuria, Rhodococcus, Micromonospora,

Pseudonocardia, Saccharopolyspora, Microbacterium, Actinomycete and Streptomyces). Cluster

B was divided into 2 subgroups (B1 and B2). B1 subgroups contains 11 isolates consisting of 2

genera belongs to Streptomyces and Kocuria. Isolate BPSAC73, BPSAC125 and BPSAC95 was

identified as Kocuria sp. and showed that they were placed in a closely related position of 16S

rDNA tree. B2 subgroups contain 15 isolates. Four isolates BPSAC84, BPSAC106, BPSAC107

and BPSAC158 was closely similar and they were placed in close position in the phylogenetic

tree of 16S rDNA. Cluster C was composed of 23 isolates which genus belongs to Streptomyces,

Micrococcus, Microbacterium, Leifsonia and Actinomycete (Figure 7). Isolate BPSAC154,

BPSAC80, BPSAC74 and BPSAC128 was very closely related to each other which similar result

was found in 16S rDNA phylogenetic tree.
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Figure 6 Banding pattern generated by using ERIC-PCR fingerprinting. M: low range (100bp -3

kb) molecular marker; numerical numbers represents different isolates.
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Figure 7 Dendrogram generated from ERIC PCR fingerprints of endophytic actinomycetes

isolates using Ntsys 2.0.



Chapter VII: DNA Fingerprinting ………..of Mizoram

DNA Fingerprinting of endophytic actinomycetes……..antimicrobial activities

Page 226

7.3.5. RAPD analysis

RAPD genomic fingerprint were generated using twenty random primers to determine

whether these primers might be useful for genus specific markers within endophytic

actinomycetes (Figure 8). Dendrogram generated by RAPD PCR divided all the isolates into

four clusters (A-D). The first cluster A was the largest cluster containing 19 isolates. All the

isolates identified as Streptomyces were clustered together. This result agreed with the

phylogenetic tree of the 16S rDNA with bootstrap supported value of 51%. The second cluster B

was the largest cluster contains 31 isolates. Isolate BPSAC67, BPSAC116, BPSAC145 and

BPSAC161 that are clustered together and they were found very close position under a bootstrap

supported value of 51% in the phylogenetic tree of 16S-rDNA. The third cluster C was

composed of four genera Nocardiopsis (BPSAC96), Streptomyces (BPSAC 85, 86, 87 and 133),

Kocuria (BPSAC95) and Microbacterium (BPSAC79 and 80) that were placed distinct position

from the others (Figure 9). Cluster D composed of only one isolate Streptomyces (BPSAC91).
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Figure 8 Banding pattern obtained by using different RAPD primers. M: low range (100bp -3

kb) molecular marker; numerical numbers represents different isolates of endophytic

actinomycetes.
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Figure 9 Dendrogram generated from RAPD analysis of endophytic actinomycetes isolates by

using Ntsys 2.0.
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7.4. Discussion

Plants growing in biodiversity rich areas and having ethanobotanical history are likely to

house endophytes with greater potential. Endophytic microorganism acquires a specific

attainment that allows them to sustain under the living tissues without any detectable infectious

symptoms to the host. They have the huge capacity to produce wide range of natural bioactive

compounds (Faeth and Hammon, 1997; Strobel and Long, 1998). Now, endophytic

actinomycetes are reported as exciting novel sources for obtaining novel bioactive compounds

associated with several medicinal plants with antimicrobial potential against several pathogenic

strains (Castillo et al., 2007; Cao et al., 2004). Therefore, many researchers have considered less

ecological niches searching for novel micro-organisms that could produce new bioactive

compounds. These findings encouraged us to study the endophytic actinomycetes compounds

from the different traditional medicinal plants of Mizoram and their phylogenetic affiliation of

biosynthetic potential. Though, to date there has been no study of antimicrobial potential and

DNA fingerprinting of endophytic actinomycetes from these medicinal plants.

A total 59 isolates of endophytic actinomycetes were isolated from the surface sterilized

root, stem and leaf tissue of selected three healthy medicinal plants sampled from Champhai and

Mamit district of Mizoram. The result showed the dominance of the genus Streptomyces (n=34;

57.2%), which is in accordance with other reports from different hosts having similar findings

(Cao et al., 2004; Coombs and Franco, 2003). Among Streptomyces, various subgroups were

identified based on morphological characteristics; the subgroups are S. tempisquensis, S.

cellulosae, S. thermocarboxydus, S. olivaceus, S. atroolivaceus, S. rutgersansis, S. mutabilis, S.

steffisburgensis. Moreover, a very few genera reported from different plants like
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Microbacterium, Saccharopolyspora, Micromonospora, Pseudonocardia, Nocardiopsis from

Maytenus austroyunnanensis (Qin et al., 2009), Rhodococcus from Cercidiphyllum japonicum

(Qin et al., 2009), Micrococcus from Polyspora axillaris (Qin et al., 2009), Leifsonia from

Clerodendrum colebrookianum (Passari et al., 2015a), Brevibacterium and Actinomycete was

isolated from Mirabilis jalapa plant (Passari et al., 2015a). Consequently, it occurs that these

selected rare actinomycetes are also capable to associate endophytically with the host plants.

Most of the endophytic actinomycetes was isolated from roots (n=27; 45.76%) followed by leaf

(n=19; 32.2%) and stem (n=13; 22.03%) which showed that endophytic actinomycetes are most

dominant in root tissues. This findings was similar with Taechowisan et al. (2003) who probing

that 5,400 different tissues from 36 species of plants in Thailand and recovered 64% isolates

from roots (n=212) followed by 29% isolates from leaves (n=97) and 6% isolates from stem

(n=21). Furthermore, endophytic actinomycetes were isolated from roots (n=22, 52.3%)

followed by stem (n=9; 21.4%), leaf (n=6; 14.2%), flowers (n=3; 7.1%) and petiole (n=2; 4.7%)

from seven different medicinal plants of Mizoram (Passari et al., 2015a). Previously, many

researchers have been reported that endophytic actinomycetes were isolated from roots of plants

(Taechowisan and Lumyong, 2003; Cao et al., 2005; Tan et al., 2006). According to Sardi et al.

(1992), actinomycetes that live in rhizophere soil and can be entered very easily to that plant root

and take   nutrient and water. Also, actinomycetes get access to the plant when epidermal layer

gets damaged due to side roots grows out from the existing roots (Verma et al., 2009; Nimnoi et

al., 2010). This is the case for well studied and reported endophytic actinomycetes, Frankia,

which stays in the soil in good numbers and helps in formation of root nodules in non

leguminous plants. To best of our knowledge, endophytic actinomycetes were isolated first time
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from three plants viz: Adhatoda vasica, Amomum subulatum and Eugenia jambolana. Among

them most of the endophytic actinomycetes was recovered from Adhatoda vasica. Though,

attempts were made for the isolation of endophytic fungi and some natural products from the

selected plants (Mandal et al., 2013; Basu et al., 2013). Endophytic actinomycetes were isolated

from all four selected isolation media. Although, we obtained 23 isolates from SCNA, 17 isolate

from TWYA, 12 isolate from AIA and 07 isolates by using ISP5 media. These results showed

that SCNA was the most suitable medium for the recovery of endophytic actinomycetes followed

by TWYA and AIA.  This result is consistent with Passari et al. (2015a) who stated that 13

isolates recovered from SCNA media followed by 10 isolates each from AIA and TWYE media,

6 from ISP5 media and 3 isolates were found from ISP2 media. This finding was in consistent

with the finding of Coombs and Fransco (2003) who stated that relatively simple nutrient media

like TWYA would be best media for the isolation of endophytic actinomycetes. However, to get

more species information of endophytic fungi from medicinal plants from this part of India, a

wider range of isolation methods should be employed in further studies.

All the potential isolates were selected for PCR amplification by 16S rRNA gene.

Sequences were aligned by Blast analysis to assess the diversity of the isolates and provide them

to molecular taxonomic unit. The endophytic actinomycetes isolates were classifies into 10

families and 12 different genera, indicates that a large amount of actinomycetes could be

endophytes associated with medicinal plants. While, Streptomyces was the dominant genus

among the other genera. The Streptomycetaceae was the most famous family which consists of

different nine genera: Microbacteriaceae, Brevibacteriaceae, Actinomycetaceae,

Micrococcaceae, Pseudonocardiaceae, Nocardiopsaceae, Micromonosporaceae and
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Nocardiaceae. The composition of endophytic actinomycetes as showed by phylogenetic trees

was more diverse as compared to endophytic actinomycetes isolated from Azadirachta indica

(Verma et al., 2009), medicinal plants and rainforests of China (Janso and Carter, 2010; Khamna

et al., 2009). All the Streptomyces isolates fall under one major clade I with an exception of

Actinomycete sp. morphologically similar with Streptomyces sp., similarly with the findings of

previous reports Passari et al. (2015a). In clade III, the genera Microbacterium was closely

related with genera Leifsonia xyli, Brevibacterium sp. and this finding is accordance with Passari

et al. (2015a). This is the first report of Leifsonia xyli (BPSAC128) isolated as an endophyte

from the medicinal plant Adhatoda vasica, though; Passari et al. (2015a) isolated Leifsonia xyli

from roots of medicinal plant Clerodendrum colebrookianum. Clearly, therefore, it seems clear

that endophytic communities are diverse and that while the extent of diversity may differ

between different sample collection regions and different plant species, the diversity of

actinomycetes isolates was largely dependent on the isolation method. Clearly, the diversity of

endophytic actinomycetes communities is rather dependent on the isolation method than sample

collection sites and different plant species

The fingerprinting techniques generated characteristics banding profiles, reproducibility,

stability, discriminatory power can be useful for clustering and grouping the endophytic

actinomycetes isolates. The banding patterns were varied with the different techniques which can

be described by different markers make use of dispersed repetitive sequences and being

differences in the consensus sequences (Muiru et al., 2010). The study also reveals that BOX-

PCR and ERIC-PCR sequences are present in endophytic actinomycetes as observed by

Versalovic et al. (1991); Nimnoi et al. (2010). We observed that genetic variation was too high
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among the 59 isolates when analysed by BOX-PCR fingerprinting because they showed different

bacterial genotypes. Microbacterium and Leifsonia was most closely related in BOX-PCR

dendrogram under group A which was highly similar in the phylogenetic tree of 16S rRNA gene.

This case has been observed previously by Passari et al. (2015a) who stated that Microbacterium

sp. and Leifsonia sp. was clustered together in the neighbor joining tree of 16S rRNA gene.

BOX-PCR fingerprinting has been described that it is very powerful and useful technique to

discriminate closely related strains and applied to study the great diversity at species level of

different bacterial taxa including endophytic actinomycetes (Muiru et al., 2010). Rademaker et

al. (2000) the results of BOXAIR-PCR fingerprinting analysis revealed that they had different

genotypes. Five main clusters of isolates could be delineated at the similar value of 69%, twenty

groups could be delineated at 83% similarity. ERIC-PCR technique has been applied for

genotyping of different microbial pathogens including gene mapping, detection of strain

diversity and the phylogenetic and taxonomic relationship described by Versalovic et al. (1991).

Our data showed that ERIC-PCR dendrogram in which Microbacterium sp. and Leifsonia sp.

was closely related in group C which was similar with BOX-PCR dendrogram result where both

are placed in the same position. ERIC-PCR fingerprinting patteren clearly differentiate the

Streptomyces sp. in one group where as other genera like Nocardiopsis, Pseudonocardia,

Rhodococcus, Saccharopolyspora, Kocuria were clearly found in separate group which was in

agreement with the findings of De-Bruijn et al. (1992). ERIC-PCR fingerprinting could be a

reliable tool for detection of similarities and differences in the relationships among different

isolates in the same bacterial genus and species (Martinez-Alonso et al., 2010). RAPD markers

have been successfully used to study genetic diversity of several genera in endophytic
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actinomycetes. Nimnoi et al. (2010) first reported that different actinomycetes genera

Streptomyces, Nonomuraea, Actinomaruda, Pseudonocardia and Nocardia was proved their

discriminatory fragment pattern using RAPD analysis which was compared with ERIC-PCR

markers.
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Till early nineties, it was believed that the plant is a sessile and single biological entity

but improved scientific knowledge and burgeoning research interest envisioned that plant do

harbored untold number of microorganisms which dwell on their surface, across their roots and

inner tissues. Since then plants and microbes interaction has fostered the researcher towards

harnessing the valuable potentials bearing pharmaceutical importance. One such area gaining

impute importance is endophytic plethora which remains largely untapped reservoir in recent

years research on these inhabitants has begun to appreciate their roles. Fuelling progress in

endophytes has envisioned them as one of the highly merited microbial habitants. One of the

prime aspects of endophytes is their role in secretion of value added secondary metabolites

bearing biological activities.

Hence the present study aims to evaluate endophytic actinomycetes from 12 medicinal

plants of Mizoram, Northeast India. With very scanty reports available on the endophytic

actinomycetes for the diversity and their antimicrobial activity against important selected test

pathogens as well as their plant growth promoting activity. Endophytes with growth-promoting

properties are desirable not only for the agronomic improvement of agricultural crops but also

for their subsequent impact in enhancing tolerance to diseases via growth enhancement. A

favorable endophyte - host association in crop plants would minimize the usage of agricultural

inputs, such as fertilizer and pesticides, thus saving costs and reducing pollutants to the

environment.

Microorganisms associated with medicinal plants are of interest as the producers of

important bioactive compounds. To date, the study of the diversity of culturable endophytic

actinomycetes associated with medicinal plants is in its initial phase of exploration. In the first
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part of this study, 42 endophytic actinomycetes including a few rare genera were isolated from

different organs of seven selected medicinal plants and were screened for in vitro biosynthetic

antimicrobial activity against selected human microbial pathogens. The highest number of

isolates (n=22, 52.3%) of actinomycetes was isolated from roots, followed by stems (n=9,

21.4%), leaves (n=6, 14.2%), flowers (n=3, 7.1%) and petioles (n=2, 4.7%). The genus

Streptomyces was the most dominant among the isolates (66.6%) in both the locations (Dampa

TRF and Phawngpuii NP). From a total of 42 isolates, 22 isolates were selected for further

studies based on their ability to inhibit one of the tested bacterial or fungal pathogen. Selected

isolates were identified based on 16S rRNA gene analysis and subsequently the isolates were

grouped to four different genera; Streptomyces, Brevibacterium, Microbacterium and Leifsonia.

Antibiotic sensitivity assay was performed to understand the responsible antimicrobials present

in the isolates showing the antimicrobial activities and revealed that the isolates were mostly

resistant to penicillin G and ampicillin. Further, antimicrobial properties and antibiotic sensitivity

assay in combination with the results of amplification of biosynthetic genes polyketide synthase

(PKS-I) and nonribosomal peptide synthetase (NRPS) showed that the endophytic actinomycetes

associated with the selected medicinal plants have broad-spectrum antimicrobial activity. This is

the first report of the isolation of Brevibacterium sp., Microbacterium sp. and Leifsonia xyli from

endophytic environments of medicinal plants, Mirabilis jalapa and Clerodendrum

colebrookianum. Our results emphasize that endophytic actinomycetes associated with medicinal

plants are an unexplored resource for the discovery of biologically active compounds.
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Endophytic actinomycetes have shown unique plant growth promoting (PGP) traits as

well as antagonistic activity against fungal phytopathogens. Hence, in the second part of the

present study forty-two endophytic actinomycetes recovered from medicinal plants were

evaluated for their antagonistic potential and plant growth-promoting abilities. Twenty-two

isolates which showed the inhibitory activity against at least one pathogen were subsequently

tested for their plant-growth promoting (PGP) activities and were compared genotypically by

using DNA based methods of fingerprinting, which includes enterobacterial repetitive intergenic

consensus (ERIC) and BOX repetitive elements. Genetic relatedness based on both ERIC and

BOX-PCR generates specific patterns corresponding to particular genotypes. Exponentially

grown antagonistic isolates were used to evaluate the phosphate solubilization, siderophores,

HCN, ammonia, chitinase, indole-3-acetic acid production, as well as antifungal activities. Out

of 22 isolates, the amount of indole-3-acetic acid (IAA) ranging between 10-32 µg/ml was

produced by 20 isolates and all isolates were positive for ammonia production ranging between

5.2 to 54 mg/ml. Among 22 isolates tested, the amount of hydroxamate-type siderophores were

produced by 16 isolates ranging between 5.2 to 36.4 µg/ml, while catechols-type siderophores

produced by 5 isolates ranging from 3.2 to 5.4 µg/ml. Fourteen isolates showed the solubilisation

of inorganic phosphorous ranging from 3.2 to 32.6 mg/100ml. Chitinase and HCN production

was shown by 19 and 15 isolates. In addition, indole acetic acid gene (iaaM) and chitinase gene

(chiC) was successively amplified from 20 and 19 isolates respectively. The two potential strains

BPSAC34 and BPSAC24 were tested for in vivo and improved a range of growth parameters in

chilli (Capsicum annuum L.) under greenhouse conditions. This study is the first published

report that actinomycetes can be isolated as endophytes within these plants from this region with



Chapter VIII: Summary

DNA Fingerprinting of endophytic actinomycetes……..antimicrobial activities

Page 238

antagonistic and PGP abilities. The finding from this current study clearly suggests the

possibilities of using endophytic actinomycetes as bioinoculant for plant growth promotion,

nutrient mobilization and as biocontrol agent against fungal phytopathogens for sustainable

agriculture.

The prospective of endophytic microorganism allied with medicinal plants is

disproportionally large compared to those in other biomes. The use of antagonistic

microorganisms to control devastating fungal pathogens is an attractive and eco-friendly

substitute for chemical pesticides.  Many species of actinomycetes, specially the genus

Streptomyces are well known as biocontrol agent. We investigated the culturable community

composition and biological control ability of endophytic Streptomyces sp. associated with an

ethanobotanical plant Schima wallichi. A total of 22 actinomycetes strains were isolated from

different organs of selected medicinal plant and screened for their biocontrol ability against

seven fungal phytopathogens. Seven isolates showed significant inhibition activity against most

of the selected pathogens were identification based on 16S rRNA gene sequence analysis,

strongly indicated that all strains belong to the genus Streptomyces. An endophytic strain

BPSAC70 isolated from root tissues showed highest percentage of inhibition (98.3 %) against

Fusarium culmorum with significant activity against other tested fungal pathogens. Phylogenetic

analysis based on 16S rRNA gene sequences revealed that all seven strains shared 100%

similarity with genus Streptomyces. In addition, the isolates were subjected for the amplification

of antimicrobial genes encoding polyketide synthase type I (PKS-I) and nonribosomal peptide

synthetase (NRPS) and found to be present in most of the potent strains. Our results identified

some potential endophytic Streptomyces species having antagonistic activity against multiple
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fungal phytopathogens that could be used as an effective biocontrol agent against pathogenic

fungi.

In another work we isolated fifteen endophytic actinomycetes isolates recovered from

Solanum lycopersicum were studied for their antagonistic potential and plant growth promoting

(PGP) traits. Among them, eight isolates showed significant antagonistic and PGP traits were

identified by amplification of 16S-rRNA gene. Isolate number DBT204 identified as

Streptomyces sp. showed multiple PGP-traits was tested in planta and improved a range of

growth parameters in seedlings of chilli (Capsicum annuum L.) and tomato (Solanum

lycopersicum L.). Further, genes of indole acetic acid (iaaM) and 1-aminocyclopropane-1-

carboxylate (ACC) deaminase (acdS) was successively amplified from five strains. Six

antibiotics (trimethoprim, fluconazole, chloramphenicol, nalidixic acid, rifampicin, and

streptomycin) and two phytohormones [Indole acetic acid (IAA) and Kinetin (KI)] were detected

and quantified in Streptomyces sp. strain DBT204 by using UPLC-ESI-MS/MS. The study

indicates the potential of these PGP strains for the production of phytohormones and showed the

presence of biosynthetic genes responsible for the production of secondary metabolites. The

study was the first report showing the production of phytohormones (IAA and KI) by endophytic

actinomycetes having plant growth promoting and biosynthetic potential. We proposed the

Streptomyces sp. strain DBT204 for inoculums production or development of biofertilizers for

enhancing growth of chilli and tomato seedlings.

In the last part of the present study, 59 endophytic actinomycetes isolates recovered from

another three (Adhatoda vasica, Amomum subulatum and Eugenia jambolana) medicinal plants

were studied for their genetic diversity and compared genotypically by using DNA based
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methods of fingerprinting. The highest number of endophytic actinomycetes isolates was isolated

from roots (n=27, 45.76%), followed by leaf (n=19, 32.2%) and stem (n=13, 22.03%)

respectively. Moreover, the highest endophytic actinomycetes was recovered from SCNA media

(n=23; 38.98%) followed by TWYE (n=17; 28.86%), AIA (n=12; 20.3%) and ISP5 (n=07;

11.86%) media respectively. All the isolates were identified based on 16S rRNA gene sequence

analysis and subsequently the isolates were grouped into twelve different genera; Streptomyces

(59.3%), followed by Microbacterium (8.47%), Actinomycetaceae (8.47%), Micromonospora

(5.08%), Kocuria (5.08%), Nocardiopsis (3.38%), Micrococcus (3.38%), Brevibacterium,

Pseudonocardia, Leifsonia, Rhodococcus and Saccharopolyspora (1.69 each). The phylogenetic

analysis indicated that the isolates can be separated into three different clades (clade I, clade II

and clade III) with high bootstrap supported value 87%. Most of the endophytic Streptomyces

forms a major clade I, along with most closely related type strains recovered from GenBank

databases with the exception to Actinomycete, which also falls in the same clade under a

bootstrap support value of 51%. Genetic relatedness amongst these isolates was determined base

on Random amplified polymorphic DNA (RAPD) and repetitive intergenic DNA sequences (rep-

PCR). PCR DNA fingerprinting using repetitive intergenic DNA sequences (rep-PCR) was

investigated as a means of differentiating between closely related strains of endophytic

actinomycetes which were, in some cases, indistinguishable by other classification methods.

Both methodologies generated specific patterns corresponding to particular genotypes. Our

results proved that the majority of strains had unique rep-PCR in comparison to RAPD

fingerprinting. DNA fingerprints and established that the technique could be a very useful tool in

rapidly determining strain identity.
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The past decade have seen a considerably increase of information in the field of novel

microbial species and bioactive compounds isolated from plant associated endophytes. There is a

pressing need to search for new therapeutic drugs, particularly anti-infective compounds due to

the rapid increase of resistance in major known pathogens against front line antibiotics.

Consequently, screening and isolation of promising strains of endophytic actinomycetes with

antimicrobial properties which are relatively poorly investigated has increased the interest of

researchers in both basic and applied fields. Therefore, it is necessary to timely review the past

successes of endophytic actinomycetes born natural products discovery and to examine future

prospects to further explore the biodiversity of endophytic actinomycetes and their bioactive

secondary metabolites for biotechnological applications.

Clearly, more research on the formulation, development of novel technologies and

methodologies is needed for employing them in the agricultural, medical and pharmaceutical

fields. An extensive characterization and identification of the diverse population of endophytic

actinomycetes associated with medicinal plants may also provide greater insight into the plant-

endophyte interaction and evolution of mutualism. It is also important to understand the

mechanism that enables these microbes to interact with their host plants may be of

biotechnological potential. Even so, the study on endophytic actinomycetes is just beginning.

We are in the early stages of regeneration in natural product discovery from endophytic

actinomycetes. Future success not only relies on continued investigations of endophytic

actinomycetes resources from wide habitats, but also dependents on applied new technologies.

Recent applied metagenomics approaches, genome scanning and whole genome sequence

mining (Hornung et al., 2007) provide efficient ways for screening gene cluster involved in the
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biosynthesis of pharmaceutical metabolites and revelation of biosynthesis mechanisms from

undiscovered endophytic actinomycetes. Advances in metabolic engineering, combinatorial

biosynthesis and heterologous expression will lead to the discovery of new pharmaceutical

compounds from endophytic actinomycetes. More successes of whole genome sequencing and

proteomic studies of key endophytes will enhance our understanding of the complicated plant-

endophyte interactions and mechanisms and enable better biotechnological applications in plant

biocontrol, growth promoting and other areas. We also suggest comprehensive cooperation

among global taxonomists, ecologists, natural product chemists, agronomists and bioengineers to

better exploit their biodiversity and biotechnological potential.

In our result found significant diversity of endophytic actinomycetes associated with

plant endosphere which suggests that the strains might represent a valuable source of new

species and biologically active compounds with antimicrobial activity and for the predicting

genes responsible for their biosynthesis. The isolation procedure is very important step in studies

of endophytic actinomycetes. It is essential to improve traditional selective isolation methods in

order to recover the endophytic actinomycetes. While, many questions remain unanswered

regarding the their ecological functions in the endophytic environment, as well as their evolution

and bio-geographic distribution, the increasing numbers of rare actinomycetes isolated from

medicinal plants indicate that these plants are potentially unique sources of novel actinomycetes

with promising potential to produce novel bioactive metabolites. We conclude that Ultra purified

liquid chromatography (UPLC) showed the presence of antibiotic compound (trimethoprim,

fluconazole, chloramphenicol, nalidixic acid, rifampicin and streptomycin) in our potential

isolate which may be the active ingredient against pathogenic bacteria. On the basis of the
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present findings, potential actinomycetes strains possess the capabilities of being a good

candidate in the search for a natural antimicrobial agent against human pathogenic bacteria and

fungi. These findings can form the basis for further studies to elucidate the structures of isolated

active compounds with the goal to find new therapeutic principles.

From this study, we conclude that endophytic actinomycetes harbors a great potential

which can be exploited as potential antagonistic agent against major fungal phytopathogens as

well as could an alternative to enhance the growth of plants by producing phytohormones (IAA

and Kinetin), ACC deaminase, solubilizing inorganic phosphorous, producing siderophores and

ammonia as well as by providing protection to plant from phytopathogens. As, in vitro studies

should be taken into account before any green house or field studies, the present finding provides

a compelling evidence that the endophytic actinomycetes resides in the healthy tissues of the

plants do posses the ability which may lead to the sustainability of the plants. Identifying and

characterizing these endophytic actinomycetes having in vitro PGPR traits from medicinal plants

would help biologists to understand the behavior of actinomycetes in the endosphere of plants

and also help in finding potential strains which can be used to improve the growth of agricultural

plants affected by fungal phytopathogens. It is further proposed to explore these properties in

microbial strain improvement and commercialization. Analysis of 16S rDNA sequences is also

currently the most powerful method for determining higher taxonomic relationships of

actinomycetes. RAPD, BOX-PCR and ERIC-PCR are also used for the study of genetic

relatedness of the different endophytic actinomycetes genera in bacterial community, but not

commonly used in endophytic actinomycetes study. The major advantages of the technique are

its simplicity, reproducibility and amenability to computer database analysis, as well as the
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universal availability of PCR primers. This technique will certainly be a valuable tool in

environmental, taxonomic, epidemiological or even clinical studies. Further studies with a larger

number of strains, and including all the species of the genus, should be performed. Biosynthetic

genes like PKS-I, PKS-II and NRPS genes are used commonly for studying endophytic

actinomycetes to analyze the potential capacity of the endophytic actinomycetes to synthesize

secondary metabolites. In conclusion, the molecular markers for endophytic actinomycetes needs

more care; the molecular marker which is used in other actinomycetes and other organism needs

to be tested for endophytic actinomycetes, so as to have effective and sufficient molecular

markers for genomic profiling of endophytic actinomycetes.

Certainly, one of the major problems facing the future of endophyte biology and natural-

product discovery is the rapid diminishment of rainforests, which hold the greatest possible

resource for acquiring novel microorganisms and their products. Few have ever expressed

information or opinions about what is happening with regard to the potential loss of microbial

diversity as entire plant species disappear. It can only be guessed that this loss is also happening,

perhaps with the same frequency as the loss of mega-life forms, especially since certain

microorganisms may have developed unique specific symbiotic relationships with their plant

hosts. Thus, when a plant species disappears, so too does its entire suite of associated

endophytes. Multistep processes are needed now to secure information and life forms before they

continue to be lost. Countries need to establish information bases of their biodiversity and at the

same time begin to make national collections of microorganisms that live in these areas.
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Conference/Seminars/Workshops Attended

Seminer/Conference

 Ajit Kumar Passari, Vincent Vineeth Leo, Vineet kumar Mishra, Vijay Kumar Gupta,

Ratul Saikia and Bhim Pratap Singh*. Presented a poster entitled “Assessing in-vitro

plant growth promoting and biocontrol efficiency of endophytic actinomycetes

associated with Rhynchotoechum ellipticum”. In the 6th International conference on

“Plant, Pathogens and People” held in ICAR, New Delhi from 22th Feb to 27th Feb, 2016

organized by ICAR, IARI, IPS, CPF, NRCPB, IIWBR, NBPGR, IASRI and IIMR.

 Ajit Kumar Passari, Vincent Vineeth Leo, Vineet kumar Mishra, Zothanpuia, Vijay

Kumar Gupta, Ratul Saikia and Bhim Pratap Singh*. Presented the paper entitled

“Diversity, in-vitro plant growth promoting abilities of endophytic actinomycetes

associated with Solanum lycopersicum and screening for their antimicrobial

biosynthetic potential”. In International Conference on “International Symposium

Sustanable of Horticulture” on 14- 16th march 2016 held in Mizoram University

organized by Department of Horticulture (MZU), ICAR, DST, DSIR, NBARD, APEDA,

DRDO and National Horticulture Borad. Received best oral presentation award from

from Governor of Mizoram.

 Attended India-UK Scientific Seminar on “Structural Elucidation of Microbial

Natural Products: Opportunities and Challenges” (15th – 17th November, 2014)

organized by Department of Biotechnology, Mizoram University, India jointly funded by
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Department of Science Technology (DST), Govt. of India, New Delhi and The Royal

Society, London, UK.

Workshop Participated

 Workshop on “HPLC, HPTLC and GC/GC-MS” (28th -30th July, 2016) organized by

Sophisticated Instrumentation Centre for Applied Research and Testing (SICART),

Vallabh Vidyanagar sponsored by Department of Science & Technology (DST),

Government of India, New Delhi.

 Short term Course on “Research Methodology” (20th -26th June, 2016) organized by

University Grants Commission (UGC), Human Resource Development Centre, Mizoram

University.

 Workshop on “Microbial Genomics and Informatics” (2nd -9th December, 2015)

organized by Department of biotechnology, Mizoram University sponsored by State

Biotech Hub Facility, Department of Biotechnology (DBT), New Delhi.

 Workshop on “Molecular Docking and Virtual Screening” (02nd -04th October, 2014)

jointly organized by Bioinformatics Infrastructure Facility, Department of Biotechnology,

Mizoram University and Schrodinger Bangalore sponsored by Department of

Biotechnology (DBT), Government of India, New Delhi.

 Workshop on “Capacity Building in Effective Management of Intellectual Property

Rights (IPRs) in Biotechnology by Universities and Research Institutes in Mizoram”

(27th -28th August, 2014) organized by Biotech Consortium India Limited (BCIL),

Government of India, New Delhi.
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 Workshop on “Biostatistics using SigmaPlot” (27th June, 2014) organized by

Department of Biotechnology, Mizoram University sponsored by Department of

Biotechnology (DBT), Government of India, New Delhi.

 Workshop on “Molecular Phylogenetics and Evolution” (26th -28th November, 2012)

organized by Bioinformatics Infrastructure Facility, Department of Biotechnology,

Mizoram University sponsored by Department of Biotechnology (DBT), Government of

India, New Delhi.

Training

 Attended one month training on NCIM Resource Centre CSIR-NCL, Pune, India to

learn “Advance Biochemical Characterization of Novel Endophytic Streptomyces” (15th

December to 15th January, 2016).

 Training on “Mushroom Production Technology” (21st -22nd January, 2016) organized

by Department of Biotechnology, Mizoram University sponsored by ICAR-Directorate of

Mushroom Research (ICAR-DMR) Himachal Pradash, India
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Isolation, abundance and
phylogenetic affiliation of endophytic
actinomycetes associated with
medicinal plants and screening for
their in vitro antimicrobial
biosynthetic potential
Ajit K. Passari 1, Vineet K. Mishra 1, Ratul Saikia 2, Vijai K. Gupta 3* and Bhim P. Singh 1*

1Molecular Microbiology and Systematics Laboratory, Department of Biotechnology, Mizoram University, Aizawl, India,
2 Biotechnology Division, CSIR-North East Institute of Science and Technology, Jorhat, Assam, India, 3Molecular

Glyco-biotechnology Group, Department of Biochemistry, National University of Ireland Galway, Galway, Ireland

Microorganisms associated with medicinal plants are of interest as the producers

of important bioactive compounds. To date, the diversity of culturable endophytic

actinomycetes associated with medicinal plants is in its initial phase of exploration. In this

study, 42 endophytic actinomycetes were isolated from different organs of seven selected

medicinal plants. The highest number of isolates (n = 22, 52.3%) of actinomycetes was

isolated from roots, followed by stems (n = 9, 21.4%), leaves (n = 6, 14.2%), flowers (n =

3, 7.1%), and petioles (n = 2, 4.7%). The genus Streptomyces was the most dominant

among the isolates (66.6%) in both the locations (Dampa TRF and Phawngpuii NP,

Mizoram, India). From a total of 42 isolates, 22 isolates were selected for further studies

based on their ability to inhibit one of the tested human bacterial or fungal pathogen.

Selected isolates were identified based on 16S rRNA gene analysis and subsequently

the isolates were grouped to four different genera; Streptomyces, Brevibacterium,

Microbacterium, and Leifsonia. Antibiotic sensitivity assay was performed to understand

the responsible antimicrobials present in the isolates showing the antimicrobial activities

and revealed that the isolates were mostly resistant to penicillin G and ampicillin. Further,

antimicrobial properties and antibiotic sensitivity assay in combination with the results

of amplification of biosynthetic genes polyketide synthase (PKS-I) and non-ribosomal

peptide synthetase (NRPS) showed that the endophytic actinomycetes associated with

the selected medicinal plants have broad-spectrum antimicrobial activity. This is the

first report of the isolation of Brevibacterium sp., Microbacterium sp., and Leifsonia xyli

from endophytic environments of medicinal plants, Mirabilis jalapa and Clerodendrum

colebrookianum. Our results emphasize that endophytic actinomycetes associated with

medicinal plants are an unexplored resource for the discovery of biologically active

compounds.

Keywords: endophytic actinomycetes, 16S rRNA gene, antibiotic sensitivity, polyketide synthase (PKS-I),

non-ribosomal peptide synthetase (NRPS)
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Introduction

Endophytic microorganisms reside in the internal tissues, and
subsist in symbiotic or mutualistic association with their host
plant without causing apparent symptoms of infection. Endo-
phytes are ubiquitous and present in almost all plant species on
earth and moreover, it is commonly speculated that they con-
tribute to the evolutionary fitness of their host by producing a
range of secondary metabolites, which provide resistance against
diseases and survival (Strobel et al., 2004). Actinomycetes are the
most frequently isolated endophytes followed by gram-positive
and gram-negative bacteria, explored as a novel source for the
production of bioactive compounds. Actinomycetes are aerobic,
gram positive bacteria comprising a group of branching unicellu-
larmicroorganism, which play a significant role in the breakdown
of organic matter into more easily obtainable nutrients. They are
also known for the production of many secondary metabolites
including various antibiotics, antitumor and plant growth hor-
mones, which are important for pharmaceutical and agricultural
industries (Fiedler et al., 2008).

Endophytic actinomycetes, recovered from healthy surface
sterilized tissues in particular are considered as potential
source for the production of secondary metabolites, vari-
ous natural products with antimicrobial, antioxidants and
plant growth promoting activities (Merckx et al., 1987; Lam,
2006; Nimnoi et al., 2010). There is increasing evidences for
the existence of new endophytic actinomycetes within var-
ious tissues of medicinal plants, and some produce bioac-
tive compounds with novel chemical structures (Qin et al.,
2008; Nimnoi et al., 2010). However, information is scarce on
the tissue distribution and biodiversity of endophytic actino-
mycetes associated with traditional medicinal plants from unique
environments.

Screening of endophytic actinomycetes for their functional
role is a promising approach to overcome the mounting threats
of drug resistance against human and plant pathogens (Tan and
Zou, 2001). It has been well documented that medicinal plants
with an established ethnobotanical history are promising candi-
dates for the isolation of potent endophytic microorganisms as
these microorganism also plays a significant role in the devel-
opment of medicinal property of the plants (Yu et al., 2010).
For instance, Qin et al. (2009) isolated 46 antimicrobial endo-
phytic actinomycetes frommedicinal plants of tropical rain forest
and they showed that medicinal plants are the reservoir of novel
endophytic actinomycetes for the isolation of biologically active
compounds. Recently, Zhao et al. (2011) also isolated 560 endo-
phytic actinomycetes from medicinal plants of China and stated
that isolates were displaying broad spectrum antimicrobial activ-
ity and proved that endophytic actinomycetes are an important
pool for bioactive compounds.

Different ecological environments greatly influence the bio-
logical diversity and species distribution among the host plants
(Sheil, 1999; Hou et al., 2009). Previous studies, have exam-
ined the diversity and antimicrobial potential from many medic-
inal plants from various parts of the world (Qin et al., 2009;
Verma et al., 2009). In this study we isolated and characterize
the diversity of endophytic actinomycetes and their biosynthetic

potential associated with some ethnobotanical medicinal plants
from Mizoram, Eastern Himalaya.

Materials and Methods

Sampling of Medicinal Plants
Healthy medicinal plants were collected from Phawngpuii
National Park [Phawngpuii NP] (22◦40′N; 93◦03′E) and Dampa
Tiger Reserve Forest [Dampa TRF] (23◦25′N; 92◦20′E) in Mizo-
ram, India during November, 2012 (Figure 1). The distance
between the selected sites is 242 miles. From seven selected
plants, 560 tissues of leaf, stem, root, flower (if present) and peti-
ole were taken. Roots were collected by digging the soil adjacent
of the main stem and collecting samples about 0.6 cm diameter
and 5–6 cm in length. The cut ends were sealed with wax, and
then all samples were brought into the laboratory in an icebox
and used for isolation within 48 h.

Isolation of Endophytic Actinomycetes and
Relative Abundance
Collected plant materials were separated into individual organs
i.e., leaves, stems, roots, flowers, and petioles by cutting with a
scalpel. All samples were washed carefully in tap water for 3–
5min to remove soil and organic debris, and successively cut into
pieces of 1 cm2, rinsed in 0.1% Tween 20 for a few seconds, and
transferred to clean conical flasks. Samples were surface steril-
ized by immersing them sequentially in 70% ethanol for 3min,
followed by 0.4% NaOCl for 1min, 70% ethanol for 2min, fol-
lowed by three washes with sterile distilled water for 1min each.
Samples were dried in a laminar airflow chamber and by using
sterile scalpel, outer tissues were removed; the inner tissue of
0.5 cm size was carefully dissected. It was placed on Petri dishes
containing different isolation media supplemented with nystatin
and cycloheximide (60µg/ml) to suppress fungal growth. The
media was amended with nalidixic acid and K2Cr2O7, both in
a final concentration of 60µg/ml to restrict the grown of non-
actinomycetes. The plates were incubated at 26 ± 2◦C in BOD
incubator for 2–4 weeks. Bacterial colonies growing out of the
plated tissue segments were transferred onto ISP2 media slants
and repeatedly recultured until pure cultures were obtained, and
maintained at 4◦C.

Isolation Media and Conditions
The following five isolation media were used, all supplemented
with 2.0% agar, nystatin, and cycloheximide to suppress fun-
gal growth, nalidixic acid and K2Cr2O7 to inhibit fast growing
bacteria, all in final concentration of 60µg/ml: 1. Starch Casein
Nitrate Agar (SCNA); 2. Actinomycetes Isolation Agar (AIA); 3.
Tap Water Yeast Extract Agar (TWYE); 4. Yeast Malt Extract
Agar (ISP2); 5. Glycerol Asparagine Agar (ISP5) as described by
Taechowisan and Lumyong (2003).

To validate the efficacy of surface sterilization and to prove
that the isolates indeed emerged from internal tissues of the host
plants fingerprints of the surface sterilized tissues were taken on
ISP2 agar media plates and incubated at 26 ± 2◦C, and in addi-
tion, surface sterilized tissues were washed in sterilized distilled
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FIGURE 1 | Map showing the locations of the sampling sites. Dampa Tiger Reserve forest and Phawngpuii National Park, Mizoram, India.

water at least three times, soaked in water for 1min with con-
tinuous stirring. A 0.1ml aliquot of the last wash was inoculated
again on ISP2 media. If no microbial growth was observed on the
agar plates, the sterilization was considered as effective (Schulz
et al., 1993).

Preliminary Identification of Actinomycetes
Analysis of the morphological and cultural characteristics of
endophytic actinomycetes was carried out according to the Inter-
national Streptomyces Project (Shirling and Gottlieb, 1966). All
the isolates were identified up to genus level; including color of
aerial and substrate mycelium, color and characteristics of the
colony on the Petri plate, spore mass color, production of dif-
fusible pigment, utilization of carbon sources and spore chain
morphology for identification up to genus level (Goodfellow and
Haynes, 1984). The structure of mycelium was observed using an
oil immersion microscope. The spore chain morphology and sur-
face of spore were examined by Field Emission Gun—Scanning
electronmicroscopy (FEG-SEM) of 10-day old cultures grown on
ISP1 media. The organism was identified by following the keys of
Bergey’s Manual of Determinative Bacteriology (Bergey andHolt,
2000).

Screening for Antimicrobial Activity
Antimicrobial screening was performed against Staphylococ-
cus aureus (MTCC-96), Pseudomonas aeruginosa (MTCC-
2453), Escherichia coli (MTCC-739), and Candida albicans

(MTCC-3017). The cultures were obtained from Microbial Type
Culture Collection (MTCC), Chandigarh, India. Endophytic acti-
nomycetes were inoculated in Tryptone yeast extract broth
medium (ISP medium 1) and incubated at 28◦C, 250 rpm for
7–10 d. Cells were harvested by centrifugation at 8000 rpm and
the supernatant was collected into a fresh tube and tested for
antimicrobial activity by the agar well diffusionmethod (Saadoun
and Muhana, 2008). The test pathogenic microbes were inocu-
lated on nutrient agar plate and wells of 6mm diameter were
prepared by using sterile cork borer. In each of the plates, wells
were filled with 50µl of clear supernatant of endophytic actino-
mycetes and the plates were incubated at 28 ± 2◦C for 24 h. All
experiments were performed in triplicates.

Antibiotic Sensitivity Test
Ten different standard antibiotic discs were used against endo-
phytic actinomycetes isolates to check the antibiotic sensitivity
pattern on Muller Hinton agar medium. The isolates were inoc-
ulated in ISP 2 broth and incubated at 28 ± 2◦C, 250 rpm for 7–
10 d. The grown cultures were distributed with a sterile spreader
over the plates of Muller Hinton agar. The antibiotic discs were
placed on the plate and incubated at 28± 2◦C for 24 h. All exper-
iments were performed in triplicate. Antibiotic sensitivity was
observed by measuring inhibition zone diameters as described
earlier (Williams et al., 1989). Actinomycetes isolates were either
considered as sensitive (S), intermediate (I), or resistant (R) to an
antibiotic.
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DNA Isolation, 16S rRNA Gene Amplification and
Phylogenetic Analysis
Genomic DNA was extracted using FastPrep kit (MP Biomed-
ical, USA) according to the manufacturer’s protocol. All the
isolates were subjected to the amplification of 16S rRNA gene
by using universal primers (forward 16S rRNA primer 5′-AGA
GTTTGATCCTGGCTCA-3′ and reverse 16S rRNA primer 5′-
ACGGCTACCTTGTTACGACT-3′) (Cui et al., 2001). Reactions
were performed in a Veriti thermal cycler (Applied Biosystem,
Singapore) in a total volume 25µl consisting of 1.0µl genomic
DNA (50 ng), 0.5µl of each primer (10 pmol), 2.0µl of deoxynu-
cleotide triphosphates (2.5mM each), 2.5µl of 1x PCR buffer,
1.0µl of Taq DNA polymerase (1U/µl) and 17µl MilliQ grade
water. PCR was performed under the following conditions: ini-
tial denaturation step at 95◦C for 4min, followed by 30 cycles of
denaturation at 94◦C for 1min, annealing at 57◦C for 1min and
extension at 72◦C for 1.2min with a final extension step at 72◦C
for 10min. A negative control reaction mixture without DNA
template of actinomycetes was also included with each set of PCR
reactions. The amplified PCR products were analyzed by elec-
trophoresis through 1.2% agarose gels made in TAE buffer. The
PCR bands were analyzed under UV light and documented using
a Bio-rad Gel Doc XR+ system (Hercules, CA, USA). The PCR
products were purified using QIAquick gel extraction kit (Qia-
gen, Hilden, Germany), and sequencing was done commercially
at SciGenome Pvt. Ltd. Kochin, India.

DNA Sequence data were compared with Gen-
Bank/EMBL/DDBJ database using BlastN search program
and sequences were aligned using Clustal W (Thompson et al.,
1997). The evolutionary models were selected according to the
lowest BIC (“Bayesian Information Criterion”) and AIC (“Akaike
Information Criterion”) values using MEGA 5.05. Analysis based
on 16S rRNA gene sequences used the model T92+ G (G = 0.21
and R = 0.42) and model K2+I (I = 0.55, R = 1.93) for
construction of neighbor-joining and maximum likelihood trees,
respectively. Phylogenetic trees were constructed using Tamura
3-parameter and Kimura 2 parameter models respectively with
MEGA 5.05 (Saitou and Nei, 1987; Tamura et al., 2011), taking
E. coli as an out group. The robustness of the phylogenetic trees
was evaluated by bootstrap analysis with 1000 resamplings using
p-distance model (Felsenstein, 1985). Trees were viewed and
edited by using program FigTree 1.3.1 (2012).

PCR Amplifications of Biosynthetic Genes (PKSI
and NRPS)
Polyketide synthase (PKS) type I gene fragments were ampli-
fied by using degenerate primers: K1F 5′-TSAAGTCSAACATC
CGBCA-3′ and M6R 5′-CGCAGGTTSCSGTACCAGTA-3′ and
non-ribosomal peptide synthetase (NRPS) gene fragments were
amplified by using degenerate primers: A3F 5′-GCSTACSYSAT
STACACSTCSGG-3′ and A7R 5′-SASGTCVCCSGTSGCGTAS-
3′ (Ayuso-Sacido and Genilloud, 2005). The reaction was carried
out in the Veriti thermal cycler (Applied Biosystems, Singapore)
in a final volume of 50µl containing 50 ng of genomic DNA,
2.0 U of Taq DNA polymerase, 1mM MgCl2, 0.5mM of dNTPs,
2.0µM of each primer and 10% DMSO. PCR conditions con-
sisted of one denaturation step at 96◦C for 5min, followed by 35

cycles of denaturation at 96◦C for 60 s, annealing at 59◦C for 60 s,
and extension at 72◦C for 2min. Final extension step was done
at 72◦C for 10min. A negative control reaction mixture with-
out DNA template of actinomycetes was also included with each
set of PCR reactions. The PCR products were visualized as stated
above.

Statistical Analysis
The data (expressed as the mean± standard deviation of mean of
three replicates) were calculated using Microsoft Excel XP 2007
and One-Way analysis of variance (ANOVA) was performed to
analyzed significant differences (P = 0.05) between antimicro-
bial activities of different isolates by using SPSS software version
20.0. Relative abundance of actinomycetes isolates was compared
between the selected two locations by using Sigma Plot 12.0.

Results

Isolation, Distribution and Relative Abundance of
Endophytic Actinomycetes
From 560 tissues, 42 presumed endophytic actinomycetes were
isolated and were further characterized based on colonial mor-
phology, ability to form aerial hyphae and substrate mycelia.
Out of 42 isolates, the majority (n = 22, 52.38%) were isolated
from roots followed by stem (n = 9, 21.42%), leaf (n = 6,
14.28%), flower (n = 3, 7.14%), and petiole (n = 2, 4.76%).
Thirteen isolates were from starch casein nitrate agar (SCNA)
medium, 10 isolates from actinomycetes isolation agar (AIA)
medium, 10 from tap water yeast extract agar (TWYE) medium,
6 from glycerol asparagines agar medium (ISP5) and 3 isolates
were obtained from malt yeast extract agar medium (ISP2). Most
of the isolates showed moderate to slow growth on the media.
After 1 month incubation, the colonies of the actinomycetes were
observed with white, yellow, orange, brownish white and pale
yellow colors (Table 1 and Figure 2). The Field Emission Gun—
Scanning electronmicroscopy (FEG-SEM) result showed that the
aerial mycelia produce spiral spore chains (Figure 3). Most of
the tissues except flower and petiole in some cases yielded at
least one isolate which indicates that endophytic actinomycetes
isolates can colonize different tissues throughout the plants.

Relative abundance of endophytic actinomycetes at the species
level reveals that Streptomyces sp. was most abundant at Dampa
TRF and Phawngpuii NP with 54.2 and 50.3%, respectively.
Microbacterium sp. was dominant in Phawngpuii NP (27.7%) as
compared to Dampa TRF (16.6%). However, some rare isolates
like Leifsonia xyli recovered from Phawngpuii NP and Brevibac-
terium sp. along with Actinomycete were obtained from Dampa
TRF (Figure 4). These results indicate that the population of
endophytic actinomycetes varies between places likely influenced
by different climatic conditions.

Evaluation of Antimicrobial Activity
All 42 isolates were tested for antimicrobial activities against three
bacterial pathogens P. aeruginosa, S. aureus, E. coli, and yeast
C. albicans. Out of 42 isolates, 22 (52.3%) exhibited antagonis-
tic activity against at least two of the four tested pathogens and
all of them were positive against S. aureus and E. coli (Table 2).
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TABLE 1 | Morphological and microscopic characteristics of endophytic actinomycetes isolates with their respective media and place of isolation.

Isolate No. and NCBI Isolate Growth and Aerial Substrate Pigmentation Media name Place

Genbank accession No. identified as colony nature mycelia mycelia

BPSAC1 Streptomyces sp. Slow and rough White White No SCNA Phawngpuii NP

BPSAC2 (KF255557) Streptomyces sp. Slow and powdery Brownish white Light brown No SCNA Dampa TRF

BPSAC3 Microbacterium sp. Slow and smooth Yellow Light yellow No ISP5 Phawngpuii NP

BPSAC4 Streptomyces sp. Slow and rough Orange Light orange No AIA Dampa TRF

BPSAC5 (KF255560) Streptomyces sp. Slow and powdery Brownish white Brown Yellowish brown SCNA Dampa TRF

BPSAC6 Microbacterium sp. Slow and sticky Orange Light orange No SCNA Phawngpuii NP

BPSAC7 Streptomyces sp. Slow and rough Brownish white Brownish white No ISP5 Phawngpuii NP

BPSAC8 Streptomyces sp. Slow and firm Gray Light brown No SCNA Dampa TRF

BPSAC9 Microbacterium sp. Slow and sticky Orange Orange No SCNA Dampa TRF

BPSAC10 Streptomyces sp. Slow and rough Brownish white Brownish white No ISP5 Dampa TRF

BPSAC11 Actinomycete Slow and powdery White White No SCNA Dampa TRF

BPSAC12 Microbacterium sp. Slow and smooth Yellow Light yellow No SCNA Dampa TRF

BPSAC13 Streptomyces sp. Slow and rough Brownish white Brownish white Yellowish brown TWYE Dampa TRF

BPSAC14 Streptomyces sp. Slow and firm Brownish white Light brown No AIA Phawngpuii NP

BPSAC15 Streptomyces sp. Slow and powdery Light brown Brown No TWYE Phawngpuii NP

BPSAC16 Microbacterium sp. Slow and sticky Yellow Yellow No TWYE Dampa TRF

BPSAC17 Actinomycete Slow and rough Cream white Cream white Light brown ISP2 Dampa TRF

BPSAC18 Streptomyces sp. Slow and rough Brownish white Brown Light brown AIA Dampa TRF

BPSAC19 Streptomyces sp. Slow and powdery Gray Light brown Light brown AIA Dampa TRF

BPSAC20 Streptomyces sp. Slow and firm Light brown Light brown No TWYE Dampa TRF

BPSAC21 (KF255576) Microbacterium sp. Slow and sticky Yellow Yellow No SCNA Dampa TRF

BPSAC22 Streptomyces sp. Slow and rough White White No AIA Phawngpuii NP

BPSAC23 Streptomyces sp. Slow and powdery Light brown Light brown No TWYE Phawngpuii NP

BPSAC24 (KJ584866) Leifsonia xyli Slow and firm White White No ISP5 Phawngpuii NP

BPSAC25 (KJ584867) Streptomyces sp. Slow and rough Light brown White No SCNA Phawngpuii NP

BPSAC26 (KJ584868) Streptomyces sp. Slow and firm Brownish white Brown Light brown AIA Phawngpuii NP

BPSAC27 (KJ584869) Microbacterium sp. Moderate and smooth Orange Light orange No TWYE Phawngpuii NP

BPSAC28 (KJ584870) Microbacterium sp. Slow and smooth Orange Dark orange No TWYE Phawngpuii NP

BPSAC29 (KJ584871) Microbacterium sp. Moderate and smooth Orange Dark orange No TWYE Phawngpuii NP

BPSAC30 (KJ584872) Streptomyces

olivaceus

Slow and powdery Brownish white Light brown No SCNA Phawngpuii NP

BPSAC31 (KJ584873) Streptomyces

thermocarboxydus

Slow and firm Brownish white Brown No AIA Phawngpuii NP

BPSAC32 (KJ584874) Streptomyces sp. Slow and firm White White No TWYE Phawngpuii NP

BPSAC33 (KJ584875) Streptomyces sp. Slow and firm Gray Blackish white No TWYE Dampa TRF

BPSAC34 (KJ584876) Streptomyces sp. Moderate and firm White White No AIA Dampa TRF

BPSAC35 (KJ584877) Brevibacterium sp. Moderate and smooth Orange Light orange No AIA Dampa TRF

BPSAC36 (KJ584878) Streptomyces

thermocarboxydus

Slow and powdery Brownish white White No ISP5 Dampa TRF

BPSAC37 (KJ584879) Actinomycete Slow and smooth Cream white White No AIA Dampa TRF

BPSAC38 (KJ584880) Streptomyces

thermocarboxydus

Moderate and firm Brownish white White No ISP5 Dampa TRF

BPSAC39 (KJ584881) Streptomyces sp. Slow and firm Gray Brown No SCNA Dampa TRF

BPSAC40 (KJ584882) Streptomyces mutabilis Slow and firm Brownish white Brown Dark brown SCNA Phawngpuii NP

BPSAC41 (KJ584883) Streptomyces sp. Slow and firm Brownish gray Brown Dark brown ISP2 Dampa TRF

BPSAC42 (KJ584884) Streptomyces mutabilis Slow and firm Brownish gray Brown Dark brown ISP2 Dampa TRF

SCNA, starch casein nitrate agar medium; AIA, Actinomycetes isolation agar medium; TWYE, tap water yeast extract agar medium; ISP5, glycerol asparagines agar medium; ISP2, malt

yeast extract agar medium; Dampa TRF, Dampa Tiger Reserve Forest; Phawngpuii NP, Phawngpuii National Park.
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FIGURE 2 | Appearance of actinomycetes like colonies emerging from

the organs of the plant after 3 weeks of incubation. Arrows indicated the

isolates.

FIGURE 3 | Scanning electron microscope showing spore chain

morphology of BPSAC38 isolate.

About two-third of isolates, inhibited the growth of all tested
pathogens (Table 2). Among them, 13 isolates belongs to genus
Streptomyces, two isolates belong toMicrobacterium and one iso-
late each assigned under Leifsonia and Brevibacterium as des-
ignated by both morphological characteristics and 16S rRNA
gene sequence analysis. Isolates BPSAC26 (Streptomyces sp.),
BPSAC35 (Brevibacterium sp.), and BPSAC38 (Streptomyces ther-
mocarboxydus) exhibited broad spectrum antimicrobial activi-
ties and are considered the most promising isolates for further
attention. BPSAC38 showed activity against S. aureus (14.8mm)
and E. coli (9.8mm), antimicrobial activity of BPSAC26 was also
found to be high against S. aureus (12.8mm) and E. coli (8.6mm),
BPSAC35 which is considered as a rare isolate showed the highest

FIGURE 4 | The relative abundance of endophytic actinomycetes at the

species level from Dampa TRF and Phawngpuii NP.

antimicrobial activity against S. aureus (13.7mm) and P. aerug-
inosa (10.1mm); whereas, different isolates of Streptomyces sp.
showed an array of activity against bacterial and yeast pathogens,
especially BPSAC39 (10.6mm) and BPSAC37 (9.6mm), had
acute activities against P. aeruginosa and C. albicans respectively
(Table 2).

Antibiotic Sensitivity Assay
To confirm the potency of the isolates as a source of new antibi-
otics, isolates were screened for their antibiotic sensitivity pattern
against 10 standard antibiotics viz. gentamycin (G), penicillin G
(P), vancomycin (V), norfloxicin (N), tetracycline (T), nalidixic
acid (Na), ampicillin (A), chloramphenicol (C), erythromycin
(E), and streptomycin (S). Most of the isolates showed high sensi-
tivity against tetracycline and erythromycin (100% each) followed
by gentamicin (77%), norfloxcin (68%) and chloramphenicol
(59%). All isolates were resistance to penicillin G and ampi-
cillin (100% each) whereas the degree of resistance to nalidixic
acid, streptomycin and vancomycin was shown as 77, 59, and
31%, respectively (Table 2). The isolates BPSAC35, BPSAC38,
and BPSAC26 showed resistance against 5 out of 10 antibi-
otics assessed; those might be a candidate for the discovery of
antibiotics.

Detection of PKS and NRPS Genes in Selected
Strains
The presence of genes encoding PKSI and NRPS were detected
in 22 isolates of endophytic actinomycetes using two sets of
degenerate primers. PCR amplification from 10 isolates out
of 22 showed a band of the expected size for PKS type
I (45%), whereas NRPS candidate amplicons were detected
in 13 isolates (59%). Strains BPSAC26, BPSAC32, BPSAC33,
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TABLE 2 | Antibiotic sensitivity pattern, presence of biosynthetic genes (PKS1 and NRPS) and antimicrobial activity of the representative strains of

endophytic actinomycetes.

Isolate No Antimicrobial activity (zone of inhibition in mm) Antibiotic sensitivity Biosynthetic genes

P. aeruginosa S. aureus E. coli C. albicans G P V N T Na A C E S PKSI NRPS

BPSAC2 0.00a 6.6±0.28a 4.0± 0.00a 0.00a S R I S S I R S S I + +

BPSAC5 0.00a 9.2±0.57bc 6.3± 0.54bc 0.00a S R I S S R R S S I − −

BPSAC21 0.00a 7.0±0.25a 4.0± 0.00a 0.00a S R I I S R R S S I − −

BPSAC24 6.9± 0.20bc 10.3±0.57bde 4.3± 0.57a 7.1±0.25bc S R R S S R R S S I − +

BPSAC25 5.3± 0.57bde 9.3±0.57bc 4.3± 0.57a 6.3±0.57bde I R I S S R R S S I − −

BPSAC26 5.1± 0.76bde 12.8±0.76bdfg 7.6± 0.55bde 7.5±0.10bc I R R I S R R S S R + +

BPSAC27 5.3± 0.57bde 9.3±0.57bc 6.3± 0.57bc 5.1±0.76bdfg S R I I S R R I S I − −

BPSAC28 0.00a 9.3±0.57bc 9.6± 0.57bdfg 0.00a S R I S S I R I S R − −

BPSAC29 4.6± 0.57bdfg 7.1±0.25a 9.6± 0.57bdg 5.1±0.76bdfg S R I S S R R S S I − −

BPSAC30 6.3± 0.57bc 11.5±0.50bdfhi 9.0± 1.0bdfg 5.9±0.10bdfhi S R I S S R R S S R − +

BPSAC31 5.1± 0.76bde 11±1.0bdfhi 4.0± 1.0a 4.0±1.0bdfhjk S R I S S R R S S R − −

BPSAC32 0.00a 0.00bdfhjk 6.0± 0.64bc 5.5±0.10bdfg S R I S S R R I S I + +

BPSAC33 6.2± 0.20bdfhi 12.3±0.30bdfg 7.1± 0.25bde 4.0±1.0bdfhjk I R R I S I R I S R + +

BPSAC34 8.0± 0.28bdfhjk 11.5±0.50bdfhi 6.3± 0.57bc 5.1±0.76bdfg I R I S S R R I S R + +

BPSAC35 10.1± 0.36bdfhjlm 13.7±0.25bdfhjlm 6.3± 0.28bc 4.6±0.57bdfg S R R I S R R I S R + +

BPSAC36 9.6± 0.57bdfhjlm 10.6±0.57bde 4.5± 0.50a 5.1±0.76bdfg S R I S S I R S S R + +

BPSAC37 4.6± 0.57bdfg 11.5±0.50bdfhi 8.3± 0.26bdfhi 9.6±0.57bdfhjlm S R I S S R R I S I + +

BPSAC38 6.2± 0.20bdfhi 14.8±0.20bdfhjln 9.0± 1.0bdfg 8.0±0.28bdfhjln S R R I S R R S S R + +

BPSAC39 9.6± 0.57bdfhjlm 13.4±0.05bdfhjlm 7.1± 0.25bde 6.2±0.20bde S R R S S I R I S R + +

BPSAC40 0.00a 11.2±0.57bdfhi 6.3± 0.57bc 4.0±1.0bdfhjk I R I S S R R I S R − −

BPSAC41 7.1± 0.25bc 7.2±0.30a 4.6± 0.28a 6.2±0.20bde S R I I S R R S S R − −

BPSAC42 0.00a 6.8±0.05a 5.3± 0.26bdfhj 0.00a S R R S S R R S S R + +

Mean (±SD) followed by the same letter(s) in each column are not significantly different at P< 0.05 using Duncan’s new multiple range test. Degree of susceptibility: >10mm—Sensitive;

5.0–9.9mm—intermediate); 0.0–4.9mm—resistant. G, gentamicin (10µg); P, Penicillin G (10µg); V, vancomycin (30 ug); N, Norfloxcin (30µg); T, tetracycline (30µg); Na, Nalidixic acid

(30µg); A, ampicillin (10µg); C, chloramphenicol (30µg); E, erythromycin (15µg); S, streptomycin (30µg).

BPSAC34, BPSAC35, BPSAC36, BPSAC37, BPSAC38, BPSAC39,
and BPSAC42 showed positive amplification products with both
the PKSI and NRPS primers (Table 2). Isolate no. BPSAC32 with
limited antagonistic activity showed the presence of both PCR
products. Two isolates (BPSAC24 and BPSAC30) showing a pos-
itive result against NRPS primers exhibited significant antimicro-
bial activities against all tested pathogens. These results indicate
that some of the pathways encoding antimicrobial genes may not
be functional under studied climatic or environmental conditions
and can synthesize them if cultivated under the modified condi-
tions. However, highest detections rates were found among the
members of Streptomyces sp. where PKSI andNRPS amplification
were observed in 53.3 and 66.6% of the strains, respectively. Leif-
sonia xyli (BPSAC24) and Brevibacterium sp. (BPSAC35), con-
sidered as rare genera among actinomycetes, also showed some
biosynthetic potential. This knowledge may prove to be useful for
isolation of natural products.

Sequence Alignment and Phylogenetic Analysis
To investigate the relationships among themore promising endo-
phytic actinomycetes isolate, 16S rRNA gene sequences were
aligned along with the sequences of type strains retrieved from
DDBJ/EMBL/NCBI GenBank databases. The results showed

that the isolates were classified into four families and five
genera. Most of the isolates grouped into Streptomycetaceae
(68.18%), followed by Microbacteriaceae (22.7%), Brevibacteri-
aceae, and Actinomycetaceae (4.5% each). Analysis of the 16S
rRNA gene sequence by BlastN with 99–100% similarity con-
firmed that 15 isolates could be members of genus Streptomyces.
The sequences of the 4 isolates (BPSAC21, BPSAC27, BPSAC28,
and BPSAC29) showed 96–100% identity to the sequences
retrieved from genus Microbacterium and isolates BPSAC24,
BPSAC35, and BPSAC37 showed high identity (99% each) to the
genus Leifsonia, Brevibacterium, and Actinomycete, respectively
(Table 3). Maximum-likelihood and neighbor-joining methods
were used for the construction of phylogenetic tree. The topol-
ogy of the phylogenetic tree generated by both methods showed
that all Streptomyces forms a major clade I, along with the type
strains retrieved from databases with the exception to Actino-
mycete, which also falls in the same clade under a bootstrap sup-
port value of 76 and 98%. Most of the putative species in the
genera Brevibacterium, Leifsonia, and Microbacterium, cluster-
ing to form another clade II. The neighbor-joining analysis did
not cluster Leifsonia and Microbacterium together, though they
belong to same family, but maximum-likelihood clearly clusters
both genera together (Figures 5, 6).
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TABLE 3 | Identification of antagonistic potential endophytic actinomycetes based on 16S rRNA gene sequences.

Isolate No NCBI-GenBank accession number Closest species with accession

number

Similarity Identification

BPSAC2 KF255557 Streptomyces pactum(KF973317)

Streptomyces pactum(KF973313)

99% Streptomyces sp.

BPSAC5 KF255560 Streptomyces pactum(KF973313)

Streptomyces pactum(AB915617)

100% Streptomyces sp.

BPSAC21 KF255576 Microbacterium

testaceum(JQ726628)

Microbacterium

testaceum(JQ660317)

96% Microbacterium sp.

BPSAC24 KJ584866 Leifsonia xyli(DQ232616)

Leifsonia xyli(AE016822)

99% Leifsonia xyli

BPSAC25 KJ584867 Streptomyces aureus(EU841581)

Streptomyces sp.(EU054366)

99% Streptomyces sp.

BPSAC26 KJ584868 Streptomyces sp.(EU257268)

Streptomyces sp.(EU257266)

99% Streptomyces sp.

BPSAC27 KJ584869 Microbacterium sp.(JX949719)

Microbacterium

testaceum(JN084147)

100% Microbacterium sp.

BPSAC28 KJ584870 Microbacterium sp.(KF551098)

Microbacterium

testaceum(HF937038)

99% Microbacterium sp.

BPSAC29 KJ584871 Microbacterium sp.(FR872489)

Microbacterium

testaceum(JN084147)

99% Microbacterium sp.

BPSAC30 KJ584872 Streptomyces olivaceus(HQ607424)

Streptomyces sp.(FJ492846)

98% Streptomyces olivaceus

BPSAC31 KJ584873 Streptomyces sp.(JN578484)

Streptomyces

thermocarboxydus(GU980959)

99% Streptomyces thermocarboxydus

BPSAC32 KJ584874 Streptomyces sp.(JQ731859)

Streptomyces sp.(JF806661)

99% Streptomyces sp.

BPSAC33 KJ584875 Streptomyces sp.(KF194334)

Streptomyces thermocarboxydus

(JF899294)

99% Streptomyces sp.

BPSAC34 KJ584876 Streptomyces sp.(JN936841)

Streptomyces sp.(JN683657)

99% Streptomyces sp.

BPSAC35 KJ584877 Brevibacterium sp.(EU333894)

Brevibacterium sp.(EU333879)

99% Brevibacterium sp.

BPSAC36 KJ584878 Streptomyces sp.(KJ021960)

Streptomyces

thermocarboxydus(KF442437)

99% Streptomyces thermocarboxydus

BPSAC37 KJ584879 Actinomycete(JF512511)

Actinomycete(JF512549)

99% Actinomycete

BPSAC38 KJ584880 Streptomyces sp.(KJ021960)

Streptomyces

thermocarboxydus(KF442437)

100% Streptomyces thermocarboxydus

BPSAC39 KJ584881 Streptomyces sp.(EU257268)

Streptomyces sp.(EU257266)

99% Streptomyces sp.

BPSAC40 KJ584882 Streptomyces mutabilis (EU570369)

Streptomyces sp.(KC336327)

99% Streptomyces mutabilis

BPSAC41 KJ584883 Streptomyces mutabilis (KF991655)

Streptomyces mutabilis (KF991648)

100% Streptomyces sp.

BPSAC42 KJ584884 Streptomyces mutabilis (KF991655)

Streptomyces mutabilis (KF991632)

99% Streptomyces mutabilis

Discussion

Endophytic microorganisms acquire specific traits that allow
them to thrive within the living tissues of a plant without

any detectable infectious symptoms to the host. However,
they are of immense importance due to their capability to
produce wide array of natural bioactive compounds (Faeth
and Hammon, 1997; Strobel and Long, 1998). Endophytic
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FIGURE 5 | Neighbor-joining phylogenetic tree based on 16S rRNA

gene of endophytic actinomycetes. Numbers at branches indicate

bootstrap values of neighbor joining analysis (>50%) from 1000 replicates.

actinomycetes from different medicinal plants are reported as
major source of natural products with potential antimicrobial
activity (Cao et al., 2004; Castillo et al., 2007). These find-
ings encouraged us to explore traditional medicinal plants
of Mizoram for understanding the endophytic actinomycetes
community and their biosynthetic potential as antimicrobial
agents.

FIGURE 6 | Maximum likelihood phylogenetic tree based on 16S rRNA

genes of endophytic actinomycetes from Mizoram. Numbers at

branches indicate Bootstrap values of neighbor-joining analysis (>50%) from

1000 replicates.

Isolation, Distribution and Relative Abundance of
Endophytic Actinomycetes
Among 42 endophytic actinomycetes obtained from seven
medicinal plants, Streptomyces was the dominant genus (n = 28,
66.6% of all isolates), a finding consistent with other reports
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from different hosts showing the dominance of species within
the Streptomyces genus (Coombs and Franco, 2003; Cao et al.,
2004). Besides Streptomyces sp., other genera were also reported
occasionally from medicinal plants like Microbacterium from
Maytenus austroyunnanesis (Qin et al., 2012), Leifsonia fromGin-
seng roots (Qiu et al., 2007) and Brevibacteriumwas isolated from
Centella asiatica and Conyza canadensis (Kim et al., 2012; Rako-
toniriana et al., 2013) Therefore, it looks like that these reported
rare genera are also able to associate endophytically with various
hosts. The Streptomyces genus has an excellent track record for
the discovery of secondary metabolites. Strobel and Daisy (2003)
described plant selection as tactical, plants with an unusual loca-
tion and biology with traditional ethnobotanical history should
be chosen for isolating endophytes producing novel bioactive
products. Endophytic actinomycetes were isolated from every tis-
sue; however, isolate to tissue ratios was highest in root tissues
(n = 22, 52.3%) followed by stem (n = 9, 21.4%), leaf (n = 6,
14.2%), flower (n = 3, 7.1%), and petiole (n = 2, 4.7%), which
indicates that endophytic actinomycetes are most dominant in
the root tissues. Our results are consistent with the findings of
Taechowian et al. (Taechowisan et al., 2003), who stated that roots
represent a good territory for endophytic actinomycetes by exam-
ining 5400 different tissues from 36 species of plants in Thailand
and recovering 212 (64%) isolates from roots followed by leaves
(n = 97, 29%) and stem (n = 21, 6%). Furthermore, more
than double the number of endophytic actinomycetes was recov-
ered from roots (55%) than from stem (24%) and leaves (22%)
from 20 different Azadirachta indica trees growing in northern
India by Verma et al. (2009). Many researchers isolated most
endophytic actinomycetes from roots (Taechowisan and Lumy-
ong, 2003; Cao et al., 2005). This may be due to the fact that
actinomycetes present in rhizosphere can be transferred very eas-
ily to plant roots since roots are the site of water and nutrient
uptake. Also, actinomycetes get access to the plant when the epi-
dermal layer gets damaged due to side roots growing out from the
existing roots (Sardi et al., 1992).

Out of seven plants selected for this study, to our best under-
standing isolation of endophytic actinomycetes was attempted
first time from five plants viz. Mirabilis jalapa, Clerodendrum
colebrookianum, Eupatorium odoratum, Alstonia scholaris, and
Musa superba. Among them the maximum endophytic isolates
(n = 12) were recovered fromMirabilis jalapa.

Evaluation of Antimicrobial Activity
We detected significant antimicrobial activity of endophytic acti-
nomycetes isolated in this study against both Gram positive and
Gram negative bacteria. Similarly, earlier studies also reported
on potential antimicrobial activity from extracts isolated from
endophytic actinomycetes (Taechowisan et al., 2003; Verma et al.,
2009). It has also been reported that endophytic actinomycetes
obtained from non-medicinal plants possess a small percentage
with antimicrobial potential (Taechowisan et al., 2003). In our
finding more than half, altogether 22 isolates showed antimicro-
bial activities against at least two tested pathogens, which clearly
shows that endophytic actinomycetes associated with medicinal
plants can have a greater degree of antagonistic activities. Our
results support the hypothesis that the medicinal properties of

the plants could be partially due to the existence of endophytes
in the host (Strobel et al., 1999). The presence of antagonis-
tic activity against tested bacterial and yeast pathogens guaran-
teed further study to find potential antimicrobial compounds.
For example isolate BPSAC38 identified as Streptomyces thermo-
carboxydus showed significant antimicrobial activity against S.
aureus (14.8mm). Similarly, isolates BPSAC28, 35, and 37 iso-
lated fromM. jalapa and C. colebrookianum, respectively showed
significant antimicrobial activity against E. coli, P. aeruginosa,
and C. albicans. Furthermore, antioxidant, antimicrobial, and
hypertension activity has been reported for these isolates (Nath
and Bordoloi, 1991; Verma et al., 2009; Akintobi et al., 2011).
The findings from our study are in agreement with previously
reports of Li et al. (2008), who stated that endophytic Strepto-
myces species isolated from pharmaceutical plants have antimi-
crobial and antitumor properties. Several other researchers also
support these findings that endophytic actinomycetes recovered
from medicinal plants having ethnobotanical history are poten-
tial candidates for the recovery of potential antimicrobial natural
products (Sharma et al., 2001).

Antibiotic Sensitivity Assay
Here we detected significant antibiotic resistance activity of endo-
phytic actinomycetes. Among 22 isolates four of them (BPSAC
26, 35, 38, and 42) were resistant against penicillin G, van-
comycin, nalidixic acid, ampicillin, and streptomycin and nine
isolates showed resistance against four of the tested antibiotics.
Interestingly, the isolates that showed the most resistance against
antibiotics also showed antagonistic activity. Isolates BPSAC26,
35, and 38 which were the most potential antimicrobial isolates
were resistant against five major antibiotics. The characteristic of
antibiotic resistance in bacterial endophytes from Andrographis
paniculata leaves was reported by Pal et al. (2012), which also
includes Micrococcus, an actinobacteria. Gousterova et al. (2014)
tested the biosynthetic abilities of 26 thermophilic actinobac-
teria and screened for their sensitivity against 12 antibiotics.
Few reports are available for the antibiotic sensitivity profiling
among the endophytic actinomycetes associated with medici-
nal plants. Antibiotic-resistant strains are common in the envi-
ronment irrespective of the human use of antibiotics. With the
presence of plasmids, antibiotic resistance can transfer horizon-
tally from one bacterium to another and also between phyloge-
netically distant bacteria, which contributes to the well-known
problem of antibiotic resistance (Khachatourians, 1998; Davison,
1999).

Detection of PKS and NRPS Genes in Selected
Strains
To understand the biosynthetic potential of the isolates, detec-
tion of genes encoding polyketide synthases and nonribosomal
peptide synthetases, responsible for the synthesis of most biologi-
cally active polyketide and peptide compounds have been broadly
used for assessing biosynthetic potential of culturable and non-
culturable microorganisms (Minowa et al., 2007). However, the
antimicrobial potential of the culturable actinomycetes may only
be assessed by screening of antimicrobial activity against desired
pathogens. The number of isolates having antimicrobial property
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does not correlate with the percentage of isolates showing the
presence of PKSI and NRPS genes and vice versa (Li et al., 2008;
Qin et al., 2009). In this study most of the isolates showed the
presence of genes that could encode PKSI and NRPS enzymes,
which also showed antimicrobial activity against most of the
tested pathogens. However, five isolates (BPSAC25, 27, 29, 31,
and 41) that were negative for PKSI andNRPS genes, also demon-
strated non-significant antimicrobial potential. Similarly, only
three isolates (BPSAC2, 32, and 42) that had PKSI and NRPS
genes based on PCR amplification showed very limited antimi-
crobial activity. These results indicate that either the isolates pos-
sess moderate antimicrobial activity that is ineffective against the
pathogens tested, or the quantity of antimicrobials produced was
low which fails to elicit antimicrobial action. Lack of amplifica-
tion of PKSI and NRPS in some of the isolates may be due to
absence of these genes (Hornung et al., 2007; Qin et al., 2009).
Furthermore, not all NRPS genes are involved in the produc-
tion of secondary metabolites, rather they may play role in iron
metabolism or quorum sensing (Finking and Marahiel, 2004).
Interestingly, most of the isolates identified as Streptomyces sp.
demonstrated the presence of antimicrobial genes were positive
for most of the tested pathogens. Similar findings were reported
by a subset of the researchers (Baltz, 2006; Qin et al., 2009; Zhao
et al., 2011).

Sequence Alignment and Phylogenetic Analysis
All antagonistic isolates were characterized by PCR amplification
of the 16S rRNA gene. Sequences were analyzed to predict the
diversity of the isolates and assign them molecular taxonomic
unit. DNA sequences of most isolates showed 97–100% identity
with a reference sequence in GenBank. All the isolated endo-
phytic actinomycetes were classified into four families and five
possible genera, indicates a good association of endophytic acti-
nomycetes associated with medicinal plants. The composition of
endophytic actinomycetes as revealed by phylogenetic trees was
more diverse as compared to endophytic actinomycetes isolated
from Azadirachta indica (Verma et al., 2009), medicinal plants

and rainforests of China (Li et al., 2008; Zhao et al., 2011). All the
Streptomyces isolates fall under onemajor clade with an exception
of Actinomycete sp. morphologically similar with Streptomyces
sp. and hence clustered together and rarer isolates Leifsonia xyli,
Brevibacterium sp., and Microbacterium were clustered together
formed another major cluster, consistent with the findings of
previous studies (Zhao et al., 2011). Rare endophytic actino-
mycetes of the genera Leifsonia and Brevibacterium, were first
time found to be endophytic by Qiu et al. (2007) and Qin et al.
(2012) both studying Chinese medicinal plants for the isolation
of endophytes. Since, similar media andmethods for the recovery
of isolation were used in other studies, the findings of Qin et al.
(2012), and our results indicates that in general medicinal plants
harbors a good population of endophytic actinomycetes includ-
ing some rare genera. This is the first report of L. xyli (BPSAC24)
[KJ584866] isolated as an endophyte from the medicinal plant
C. colebrookianum, though, Qiu et al. (2007) isolated Leifsonia
ginseng from roots of medicinal plant Panax ginseng. It is also
worth noting that Brevibacterium sp. isolate BPSAC35, recovered

from stem ofM. jalapa is the first from this genus to be reported
as endophytic. The nucleotide sequences of 16S rRNA gene of
all endophytic actinomycetes have been deposited in GenBank
with accession number (KF255557, KF255560, KF255576, and
KJ584866–KJ584884).
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Abstract
Endophytic actinomycetes have shown unique plant growth promoting as well as antago-

nistic activity against fungal phytopathogens. In the present study forty-two endophytic acti-

nomycetes recovered from medicinal plants were evaluated for their antagonistic potential

and plant growth-promoting abilities. Twenty-two isolates which showed the inhibitory activ-

ity against at least one pathogen were subsequently tested for their plant-growth promoting

activities and were compared genotypically using DNA based fingerprinting, including

enterobacterial repetitive intergenic consensus (ERIC) and BOX repetitive elements.

Genetic relatedness based on both ERIC and BOX-PCR generates specific patterns corre-

sponding to particular genotypes. Exponentially grown antagonistic isolates were used to

evaluate phosphate solubilization, siderophores, HCN, ammonia, chitinase, indole-3-acetic

acid production, as well as antifungal activities. Out of 22 isolates, the amount of indole-3-

acetic acid (IAA) ranging between 10–32 μg/ml was produced by 20 isolates and all isolates

were positive for ammonia production ranging between 5.2 to 54 mg/ml. Among 22 isolates

tested, the amount of hydroxamate-type siderophores were produced by 16 isolates rang-

ing between 5.2 to 36.4 μg/ml, while catechols-type siderophores produced by 5 isolates

ranging from 3.2 to 5.4 μg/ml. Fourteen isolates showed the solubilisation of inorganic phos-

phorous ranging from 3.2 to 32.6 mg/100ml. Chitinase and HCN production was shown by

19 and 15 different isolates, respectively. In addition, genes of indole acetic acid (iaaM) and

chitinase (chiC) were successively amplified from 20 and 19 isolates respectively. The two

potential strains Streptomyces sp. (BPSAC34) and Leifsonia xyli (BPSAC24) were tested in
vivo and improved a range of growth parameters in chilli (Capsicum annuum L.) under

greenhouse conditions. This study is the first published report that actinomycetes can be

isolated as endophytes from within these plants and were shown to have antagonistic and

plant growth promoting abilities. These results clearly suggest the possibility of using
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endophytic actinomycetes as bioinoculant for plant growth promotion, nutrient mobilization

or as biocontrol agent against fungal phytopathogens for sustainable agriculture.

Introduction
Plants exhibit an intrinsic relationship with a broad range of microbial populations that colo-
nize the rhizosphere (rhizobacteria), the phyllosphere (epiphytic bacteria) and plant tissue
(endophytes) [1]. An endophytic microorganism resides within their host plant, for at least a
part of its life without causing any apparent disease symptom or infection. They are ubiquitous
in nature and are present in all the plant species on earth; however, most of these endophytes
and their relationship with plants are not well understood and remain in the initial phase of
exploration [2, 3]. The plant endosphere is a complex micro-ecosystem where different niches
can be occupied by different types of microorganisms representing rich and genuine sources of
novel bioactive metabolites [4, 5].

In spite of ever increasing information about endophytes associated with different host
plants, measures to understand their functional diversity is limited especially for ethnomedic-
inal plants. Parrent et al. [6] suggested that functional diversity could be more effective and
powerful than taxonomic measures to understand the mechanistic basis of diversity effects on
plant-endophyte relationship. Further, Hardoim et al. [7] suggested the key fitness enhancing
traits that are important for the endophytic host relationship, results in the emergence of effi-
cient physiological systems which enable endophytic residence in the host endosphere. The
present study focused on understanding the plant growth promoting traits of endophytic acti-
nomycetes, demonstrating the role and importance of endophytic actinomycetes to their host
plant.

Endophytes can occupy the cortical tissues of roots and have been effective in the defense
against invading pathogens whereas, the cortex evidently confers protection to endophytes
from the harsh environment of the rhizosphere [8]. Actinobacteria associated with plants pro-
vide a number of benefits to host plants such as the production of phytohormones, nitrogen
fixation and secondary metabolites [9]. Although, many species of actinomycetes particularly
those belonging to genus Streptomyces inhibit many fungal pathogens and are considered as
efficient biocontrol agents, their metabolic products can influence plant growth [5, 10]. The
antagonistic activity of Streptomyces against phytopathogens is related to the production of
antimicrobial compounds [11, 12] and extracellular hydrolytic enzymes capable of lysing fun-
gal cell walls [13]. They promote plant growth by producing indole-3-acetic acid (IAA) to help
root growth [14], siderophores to improve nutrient uptake [15] and a number of antibiotics
that are secondary metabolites [16].

Various molecular techniques such as 16S rRNA gene sequencing, amplification of repeti-
tive extragenic palindromic-PCR (REP-PCR) like enterobacterial repetitive intergenic consen-
sus-PCR (ERIC-PCR) and BOX-PCR are progressively used for identification, comparative
analysis and to put Bacteria, Archaea and Eukarya [17, 18]. Here, we compare the robustness
of REP-PCR fingerprinting to differentiate among the various potential endophytic actinomy-
cetes isolates obtained from different tissues of plants.

Chilli (Capsicum annuum L) is an essential spice crop that is grown all over the world. It is
an economically important and valuable cash crop that is produced and consumed fresh and
processed. The production and yield is greatly affected by Fusarium wilt caused by the soil
pathogen Fusarium oxysporum [19]. Currently the applications of biological control agents are
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in practice but they have not provided sufficient disease control [20]. In this study, the potential
antagonistic isolates, BPSAC 34 (Streptomyces sp.) and BPSAC 24 (Leifsonia xyli) were evalu-
ated in a greenhouse experiment to determine their potential use for plant growth promotion
individually and in consortium by measuring the shoot length, root length and plant weight.

Endophytic actinomycetes from seven selected ethnomedicinal plants in Mizoram, North-
East, India, were used to represent medicinal plants from a biodiversity hotspot [21, 22]. This
study described the functional and genetic characterization of endophytic actinomycetes from
seven selected medicinal plants from two protected forest areas of Mizoram, India. The results
underscore the importance of endophytic actinomycetes community for host plants and can be
used for the development of microbial formulations to enhance growth of Capsicum annuum L.

Materials and Methods

Plant collection and description
Seven healthy medicinal plants, viz. Eupatorium odoratum,Musa superba,Mirabilis jalapa, Cur-
cuma longa, Clerodendrum colebrookianum, Alstonia scholaris and Centella asiatica were col-
lected from Phawngpuii National Park [Phawngpuii NP] (22°400N; 93°030E) and Dampa Tiger
Reserve Forest [Dampa TRF] (23°250N; 92°200E) in Mizoram, India during the month of
November, 2012. Permission for the collection of medicinal plants was obtained from the Chief
wildlife warden, Environment and forest department, Government of Mizoram, India issued by
Mr. Liankima Lailung, Conservator of forest (WL), Mizoram, India. The selection of plant spe-
cies was based on their ethnomedicinal history and abundance (Table 1). The tissues from root,
stem, leaf and flower were carefully collected. The tissue samples were placed in sterile polythene
bags and brought into the laboratory in an icebox and processed within 24 h of collection.

Isolation of endophytic actinomycetes
All the collected samples were washed with tap water to remove debris. Tissues were cut into
small pieces and subjected to surface sterilization [23]. The tissue samples were placed on five
different isolation media, supplemented with filter sterilized nystatin and cycloheximide to
suppress fungal growth and nalidixic acid to inhibit bacterial growth. Isolation media used
were; (1) Starch Casein Nitrate Agar (SCNA); (2) Actinomycetes Isolation Agar (AIA); (3) Tap
Water Yeast Extract Agar (TWYE); (4) Yeast Malt Extract Agar (ISP2) and (5) Glycerol Aspar-
agine Agar (ISP5). The surface sterilization process was confirmed by spreading aliquots of the
sterile distilled water from the final rinse on ISP2 medium, followed by incubation at 28°C, and
observation of microbial growth. If there was no visible growth of microorganism on the sur-
face of agar plates, the sterilization was assumed completed [24]. Pure isolates of endophytic
actinomycetes were obtained by repeated streaking, and the pure isolates were stored at -20°C
in 20% glycerol.

Identification and antagonistic activity of endophytic actinomycetes
isolates
The phenotypic characterization of the endophytic actinomycetes were based on cultural and
morphological characteristics including colony colour and characteristics, aerial and substrate
colour, spore mass colour, production of diffusible pigment and spore chain morphology
according to Bergey`s manual of determinative bacteriology [25]. Field emission gun-Scanning
electron microscopy (FEG-SEM) was used for observation of the spore chain morphology for
10 d grown culture on ISP4 media [26]. The identification of the isolates was further confirmed
by 16S rRNA gene amplifications sequencing.
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All isolates were evaluated for their antagonistic activity against six major plant pathogenic
fungi, Rhizoctonia solani (MTCC-9666), Fusarium oxysporum f. sp. ciceri (MTCC-2791),
Fusarium proliferatum (MTCC-286), Fusarium oxysporum (MTCC-284), F. graminearum
(MTCC-1893) and Colletotrichum capsici (MTCC-8473) using a dual culture in vitro assay
[27]. The pathogens were obtained fromMicrobial Type Culture Collection, Institute of Micro-
bial Technology (IMTECH), Chandigarh, India. Plates with only pathogen culture served as
control. All plates were incubated at 28°C for 14 d and the percent inhibition was calculated
using the formula C-T/C x 100, where, C is the colony growth of fungal pathogen in control,
and T is the colony growth in dual culture. All experiments were carried out in triplicate.

Determination of plant growth promoting activities
Phosphate solubilization. Qualitative phosphate solubilization activity of potential antag-

onistic endophytic actinomycetes isolates were analyzed on PKV agar media. Those forming
clear halo zone around their colonies after day 5 incubation were considered to have P-solubili-
zation and were selected for quantitative estimation of P- solubilization using a standard
method [28]. Endophytic actinomycetes suspension (1ml, 10−3 cfu/ml) was added to 50 ml of
NBRIP broth which contained the following ingredients: 10 g of tricalcium phosphate (TCP),
10 g of MgCl2.6H2O, 5 g of MgSO4.7H2O, 0.25 g of KCl and 0.2 g of (NH4)2SO4. The culture

Table 1. Summary of plant sample collection, taxonomic status, uses Sharma et al. [21] and endophytic actinomycetes isolated from different
tissues.

Location Local Name
(Voucher No.)

Scientific Name Traditional medicinal value Tissue of
origin

Isolates
obtained

Family

Dampa Tiger
Reserve Forest

Tlangsam
(MZU/BT/
001)

Eupatorium
odoratum

Used as an antiseptic and to remove pinworm
from the anus

Root 5 Asteraceae

Stem 2

Changel (MZU/
BT/002)

Musa superb Roxb. Treatment of chilling sensation, convulsion,
cough, snake bites and bee stings

Flower 2 Musaceae

Artukhuan
(MZU/BT/
003)

Mirabilis jalapa Treatment of sexually transmitted diseases,
kidney and urinary infection. Reduce swelling
due to bone fracture or twisting

Root 6 Nyctaginaceae

Stem 3

Leaf 1

Petiole 2

Lambak (MZU/
BT/004)

Centella asiatica Popularly used as memory stimulator.
Treatment of asthma and eye problems and
also used in hypertension

Root 3 Apiaceae

Flower 1

Phawngpuii
National Park

Aieng (MZU/BT/
005)

Curcuma longa Treatment of cancer, heart diseases and
stomach colic

Root 2 Zingiberaceae

Leaf 3

Phuihnam
(MZU/BT/
006)

Clerodendrum
colebrookianum

Treatment of hypertension, diabetes and
colics in infants

Root 4 Verbenaceae

Stem 3

Leaf 2

Thuamriat
(MZU/BT/
007)

Alstonia scholaris Treatment of malaria, diarrhea, heart diseases
and hypertension

Root 2 Apocynaceae

Stem 1

doi:10.1371/journal.pone.0139468.t001
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was incubated at 30°C with shaking at 125 rpm for 10 d, centrifuged at 10,000 rpm for 10 min
and the amount of phosphate in the supernatant was estimated by the ascorbic acid method
[16]. The absorbance was measured at 880 nm using a spectrophotometer and compared with
the standard curve of KH2PO4. The amount of KH2PO4 was expressed in mg/100ml.

Indole acetic acid (IAA) production. The production of IAA by endophytic actinomy-
cetes isolates were estimated according to Gordon andWeber (1951) [29]. The actinomycetes
isolates were grown on ISP2 medium at 30°C for 7 d. Four-millimeter-diameter agar discs were
cut using sterile cork borer and inoculated into 100 ml of ISP-2 broth containing 0.2% L-tryp-
tophan. The culture was incubated at 30°C with continuous shaking at 125 rpm for 14 d. After
incubation the suspension was centrifuged at 11,000 rpm for 15 min and the supernatant (1
ml) was mixed with 2 ml of Salkowski’s reagent and further incubated for 25 min in dark at
30°C. IAA production was observed as the development of a pink-red color and the absorbance
was measured at 530 nm using a Thermo scientific (Multiskan GO) spectrophotometer and
compared with the standard curve of IAA and the amount of IAA was expressed in μg/ml.

Ammonia production. The endophytic actinomycetes isolates were tested for the produc-
tion of ammonia using the method described by Cappucino and Sherman [30]. In this method
20 μl of seed culture was propagated in 10 ml of peptone water and incubated at 30°C with
shaking at 120 rpm for 15 d. Subsequently, 0.5 ml of Nesseler’s reagent was added to the culture
and the development of brown to yellow color indicated a positive test for ammonia produc-
tion. The absorbance was measured at 530 nm using a Thermo scientific (Multiskan GO) spec-
trophotometer, compared with the standard curve of (NH4)2SO4 and expressed in mg/ml.

Siderophore production. Siderophore production of the endophytic actinomycetes was
determined by the method of Schwyn and Neilands [31]. A loop full of culture was inoculated
on Chrome azurol S (CAS) agar medium and incubated at 28± 2°C for 5 d. The colony with a
halo zone of yellow-orange color was considered positive for siderophore production. The pos-
itive isolates were cultured on modified Gaus No. 1 [32] and incubated at 30°C with shaking at
120 rpm for 10–15 d. Catechol-type siderophores were estimated by Arnow’s method [33] and
hydroxamate siderophores were determined using the Csaky test [34].

Chitinase activity of the isolates. Chitinase enzyme activity of the selected isolates was
tested on the colloidal chitin agar medium. The colloidal chitin medium contained:- colloidal
chitin—15 g, yeast extract—0.5 g, (NH4)2 SO4−1 g, MgSO4 � 6H2O—0.3 g, KH2PO4−1.36 g,
agar– 15 g and distilled water—1000 ml. The clear halo zone measured on colloidal chitin agar
medium showed positive chitinase activity [35].

Hydrogen cyanide production. Hydrogen cyanide production was evaluated according to
the methods of Lorck, [36]. The isolates were grown in Bennett agar amended with 4.4 g/l gly-
cine. AWhatman filter paper No. 1 flooded with 0.5% picric acid in 2% sodium carbonate for a
minute and stuck underneath the Petri dish lids. The plates were sealed with parafilm and incu-
bated at 28 ± 2°C. After 7 d, an orange to red color on the filter paper was indicative of positive
HCN production.

In vivo plant growth promotion assay. The two most potent endophytic actinomycetes
isolates Streptomyces sp. 34 (BPSAC34) and Leifsonia xyli 24 (BPSAC24) were grown on ISP1
broth at 30°C for seven d with continuous shaking at 150 rpm. The cells were centrifuged at
10,000 rpm for 15 min and the pellets diluted with distilled water to yield a final concentration
of 106 CFU/ml. The endophytic actinomycetes suspension was used to treat targeted plants
under green house conditions.

The chilli seeds were surface sterilized according to the protocol previously described [37].
Healthy chilli seeds were immersed in distilled water for 24 h, surface sterilized with 70% etha-
nol for 5 min followed by 1% NaOCl treatment for 5 min and five washes with sterile distilled
water before planting in sterile soil. The seeds were transferred onto wet sterile tissue paper at
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28°C. The seeds were supplied with 2 ml distilled water for 2–3 d to promote seed germination
under dark conditions. After 3 weeks, the germinated chilli seedlings were planted separately in
plastic pots filled with greenhouse soil. Four greenhouse treatments included T1: untreated chilli
seedlings as control. T2: Streptomyces sp. 34 (BPSAC 34) inoculum treated chilli seedlings. T3:
Leifsonia xyli 24 (BPSAC 24) inoculum treated chilli seedlings T4: the mixture of two endo-
phytic actinomycetes inoculum (BPSAC 24 and BPSAC 34) applied to the seedlings. All treat-
ments were carried out in seven d interval repeated four times with plants were watered twice
daily. Root length, shoot length and fresh plant weight were measured between inoculated and
uninoculated plants. Data were statistically analysed using one way ANOVA and turkey tests
and P = 0.05 was considered significant. All experiments were performed in triplicates.

Molecular characterization and phylogenetic analysis of antagonistic
endophytic actinomycetes

DNA extraction, amplification of 16S rRNA gene and sequencing. Genomic DNA
extraction was carried using the Pure link genomic DNA extraction kit (In-vitrogen, Carlsbad,
CA, USA) according to the manufacturer’s instructions. Genomic DNA was quantified by
using Cary 60 UV-VIS (Agilent Technologies). The 16S rRNA gene was amplified using the
universal primers set PA (50-AGAGTTTGATCCTGGCTCA-30) and PH (50-ACGGCTACCT
TGTTACGACT-30) [38]. The DNA sequencing was carried out commercially (Sci-Genome
Labs Private Ltd., Chennai, India) and the nucleotides obtained were subjected to BLAST anal-
ysis using the NCBI database and deposited in NCBI GenBank.

ERIC-PCR fingerprinting. The PCR reactions were carried out as described by Versalovic
et al. [39] using a set of primer sequences ERIC-1R (50-CACTTAGGGGTCCTCGAATGTA- 30)
and ERIC-2F (50-AAGTAAGTGACTGGGGTGAGCG- 30) to amplify the regions in the bacterial
genome positioned between the ERIC sequences. The PCR amplification was performed on
Veriti thermal cycler (Applied Biosystem, Singapore) in a total reaction mixture volume of
25 μl. The reaction mixture consist of 1 μl of DNA template (50 ng), 2.5 μl of 10 x reaction
buffer, 0.5 μl of dNTP mix (10 mM), 10 pmol of each primer (ERIC 1R and ERIC 2F), 1.5 μl of
MgCl2 (25 mM), and 1.5 U of DreamTaq DNA polymerase (In-vitrogen, USA). PCR was per-
formed under following conditions; initial denaturation at 95°C for 7 min and then subjected
to 30 cycles of denaturation at 94°C for 1 min, annealing at 52°C for 1 min and extension at
68°C for 8 min with a final extension step at 65°C for 16 min. A negative control reaction mix-
ture without DNA template of actinomycetes was also included with each set of PCR reactions.
The amplified products were separated by electrophoresis on a 1.5% agarose gel using 1x TAE
buffer solution. The PCR bands were analyzed under UV light and documented using a BioRad
Gel Doc XR+ system (Hercules, CA, USA).

BOX PCR fingerprinting. BOX primer sequences were used in PCR to detect differences
in the number and distribution of these bacterial repetitive sequence elements dispersed
throughout the bacterial genome. BOXA1R PCR fingerprinting was carried out using primer
sequences BOXA1R (50-CTACGGCAAGGCGACGCTGACG-30) as previously described by
Rademaker et al. [40]. The PCR amplification was carried out in 25 μl total volume reaction
mixture, containing 50 ng of genomic DNA, 2.5 μl of 10 x Taq Buffer, 1.5 μl of 25mMMgCl2,
2.0 μl of 2.5mM dNTPs, 1 μl of 10 pmol BOXA1R primer, 1 μl of DMSO (100%), 0.5 μl of BSA
(10 mg/ml) and 1μl of 2U Taq DNA polymerase. The DNA was amplified under the following
conditions: initial denaturation at 95°C for 7 min followed by 30 cycles at 94°C for 30 sec, at
57°C for 1 min, and at 65°C for 8 min with a final extension step at 65°C for 16 min. The ampli-
fied fragments were separated on 1.2% agarose gel using 1x TAE buffer at 60V for 3h and the
restriction patterns were examined using the gel documentation system as described earlier.

Funtional Diversity of Antagonistic Endophytic Actinomycetes

PLOS ONE | DOI:10.1371/journal.pone.0139468 September 30, 2015 6 / 18



Phylogenetic analysis. 16S rRNA sequences based phylogeny and identification was
reported earlier (Passari et al. 2015) [41]. In the present study the antagonistic isolates were
phylogenetically compared using ERIC and BOX-PCR. Polymorphic DNA fingerprints were
scored in the binary form i.e. 1 for presence of a band and 0 when there is absence band, to gen-
erate a binary matrix [42] for ERIC and BOX markers. The binary matrix was used to calculate
the Simple Matching (SM) coefficient, and a phylogenetic tree was constructed using the
Unweighted Pair Group with Arithmetic Mean (UPGMA) methods [43] supported by Numer-
ical Taxonomy SYStem (NTSYS version 2.2).

Detection of iaaM gene from indole acetic acid in endophytic
actinomycetes
The indole acetic acid biosynthetic gene (iaaM) was amplified by using forward primer iaaM F
(5’-ATGACGTCCACCGTGCCCAACGCG-3’) and iaaM R (5’-CTAGTCCTCGGGGAGTTCC
ACGGG-3’) as described by Lin and Xu, 2013 [44]. The PCR amplifications were performed
in Veriti thermal cycler (Applied Bio-system, Singapore) under the following conditions: initial
denaturation at 94°C for 5 min followed by 30 cycles at 94°C for 40 s, at 59°C for 30 s and at
72°C for 2 min and a final extension step at 72°C for 10 min. The amplified fragments were
separated on 1.2% agarose gel using 1 x TAE buffer at 80V for 3h and the restriction patterns
were examined using the gel documentation system as described earlier.

Detection of chitinase gene (chiC gene) from potential chitinase
producing endophytic actinomycetes
The forward (5’- AAGCTCGCSGCSTTCCTSGC—3’) and reverse (5’- GCACTCGAGSGCG
CCGTTGAT—3’) primers were used for amplification of the chitinase gene under the following
conditions: initial denaturation at 95°C for 5 min followed by 30 cycles of denaturation for 30 s
at 98°C, annealing for 30 s at 50°C, extension for 1.0 min at 72°C were used and 10 min at 72°C
for the final extension [45].

Results

Isolation and identification of endophytic actinomycetes
A total of 42 endophytic actinomycetes were isolated from the seven healthy medicinal plants,
and identified based on their morphological characteristics. Frequency of the endophyte isola-
tion demonstrated that nutrient poor media such as ISP2, ISP5, TWYE, AIA and SCNA was
most effective for the isolation of endophytic actinomycetes from different tissues of the medic-
inal plants and that Streptomyces was the most dominant genus. The SEM images showed aerial
mycelia with spiral spore chains (Fig 1).

All the antagonistic endophytic actinomycetes isolates were amplified for the 16S rRNA
gene and an amplified fragment of about 1.5 Kb was obtained. All sequences were submitted to
the Genbank, NCBI and accession numbers assigned to KF255557, KF255560, KF255576 and
KJ584866 to KJ584884. In the present study the isolates were screened for plant growth pro-
moting activities and were compared genotypically using ERIC and BOX—PCR fingerprinting.

In vitro antagonistic screening against phytopathogens
To select the potential antagonistic isolates, the antimicrobial activity of all the isolates was
tested against six fungal phytopathogens. Among the 42 actinomycetes isolates, 22 (52.3%) iso-
lates showed inhibitory activity against at least one tested pathogen and were selected for fur-
ther studies. Out of 22 isolates, 14 isolates (63.6%) showed significant inhibitory activity
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against three important plant-pathogens, i.e. Rhizoctonia solani (MTCC-9666), Fusarium gra-
minearum (MTCC-1893) and Fusarium oxysporum (MTCC-284). The three isolates i.e.Micro-
bacterium sp. 21 (BPSAC21), Leifsonia xyli 24 (BPSAC24) and Streptomyces sp. 34 (BPSAC34)
demonstrated significant antagonistic activity ranging from 35% to 92%, against all the tested
pathogens (Table 2).

Plant growth promoting traits of antagonistic endophytic actinomycetes
Phosphate solubilization and IAA production. Among the 22 endophytic actinomycetes

isolates, 14 (63.6%) were able to solubilize inorganic phosphate and were identified as potential
phosphate solubilizing isolates based on a clear halo zone around the colony on Pikovskaya`s
medium. The phosphate solubilization efficiency varied from 35 to 73% among the isolates,
and the highest phosphate solubilization were detected in Streptomyces sp. 34 (73%) followed
by Leifsonia xyli 24 (64%) andMicrobacterium sp. 21 (59%). Quantitative estimation of phos-
phate solubilization by the endophytic actinomycetes ranged from 3.2 to 32.6 mg/100ml
(Table 2), with the highest by Streptomyces sp. 34 (32.6 mg/ 100 ml) followed by Leifsonia xyli
24 (31.5 mg/ 100 ml).

Fig 1. Field emission gun-scanning electron microscopy (FEG-SEM) micrographs of (A) Streptomyces sp. (BPSAC34) and (B) Leifsonia xyli
(BPSAC24) showing spore chain morphology.

doi:10.1371/journal.pone.0139468.g001
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Out of 22 isolates 20 endophytic actinomycetes (90.9%) were positive for IAA production,
among them the 14 isolates belongs to Streptomyces sp. Quantitative range of IAA production
was found from 10–32 μg/ml (Table 2). Leifsonia xyli 24 and Streptomyces sp. 34 produce the
most IAA, with 30.5 and 32 μg/ml, respectively. The results of PCR amplification of IAA gene
demonstrated the presence of 150 bp fragment in all the 20 positive isolates (Fig 2A).

Table 2. Top 10 best endophytic actinomycetes isolates and their antagonistic activity, antifungal mechanisms in addition to their plant growth
promoting traits and general assessment and ranking for their ability to function as PGPR.

Code Isolates Organism Antagonistic Activities Antifungal
Mechanisms

Plant growth
promoting traits

Total Ass. (29)n Rank

GI percentage (%)

Rsa Fgb Foc Fpd Foce Ccf Chig Sidh HCNi PSj IAAk Aml Sidh

BPSAC34 Streptomyces sp. 2 3 3 3 2 2 1 1 1 3 3 1 1 26 1st

BPSAC24 Leifsonia xyli 3 3 1 3 2 2 1 1 1 3 3 1 1 25 2nd

BPSAC21 Microbacterium sp. 2 3 2 3 3 1 1 1 1 2 2 1 1 23 3rd

BPSAC27 Microbacterium sp. 1 0 2 2 2 0 1 1 1 2 2 1 1 16 4th

BPSAC37 Actinomycete 1 2 0 1 3 2 1 1 0 1 2 1 1 16 4th

BPSAC42 Streptomyces mutabilis 3 1 2 3 2 1 1 0 0 1 1 1 0 16 4th

BPSAC28 Microbacterium sp. 2 0 2 2 1 0 1 1 1 2 1 1 1 15 5th

BPSAC35 Brevibacterium sp. 1 1 1 1 1 0 1 1 1 0 1 1 1 11 6th

BPSAC32 Streptomyces sp. 0 1 3 2 2 0 1 0 0 0 0 1 0 10 7th

BPSAC2 Streptomyces sp. 1 1 1 1 1 0 1 0 0 1 1 1 0 9 8th

GI (%): Growth inhibition percentage (1 = 30–54.5%; 2 = 55–74.5%; 3 = 75–95%).
aRs: Rhizoctonia solani;
bFg: Fusarium graminearum;
cFo: Fusarium oxysporum;
dFp: Fusarium prolifratum;
eFoc: Fusarium oxysporum ciceri;
fCc: Colletotrichum capsici.
gChi: Chitinase production;
hSid: Siderophores production;
iHCN: Hydrogen cyanide.
jPS: Phosphate solubilization (1 = 1.0–11.9; 2 = 12–22.9; 3 = 23–33);
kIAA: Indole acetic acid production (1 = 1.0–11.9; 2 = 12–23.9; 3 = 24–35.9).
lAm: Ammonia production.
nTotal assessment points.

doi:10.1371/journal.pone.0139468.t002

Fig 2. PCR amplification of (A) iaaM gene and (B) chiC gene for endophytic actinomycetes isolates. M: low range (100bp -3 kb) molecular marker;
N: negative control; numerical numbers represents different isolates.

doi:10.1371/journal.pone.0139468.g002
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Ammonia and siderophore production by endophytic actinomycetes. All 22 endophytic
actinomycetes isolates were positive for the production of ammonia at levels ranging from 5.2
to 54 mg/ml. Isolate Streptomyces sp. 34 produced the maximum amount of ammonia (54 mg/
ml). Siderophore production was detected in 16 (72%) isolates on CAS agar media, forming
clear orange halo zone around the colonies. The five isolates produced catachol type sidero-
phore (at levels ranging from 3.2–5.4 μg /ml), whereas, 16 isolates produced hydroxamate-
type siderophore (range from 5.2–36.4 μg /ml). Isolates Leifsonia xyli 24 and Streptomyces
sp. 34 produced mostly catechol type siderophores (5.4 μg/ ml), while the isolate Streptomyces
sp. 34 produced the greatest amount of hydroxamate type siderophores (36.4 μg /ml) on modi-
fied Gaus No.1 broth. All theMicrobacterium sp. (BPSAC 21, 27, 28 and 29) produced hydro-
xamate type siderophores at levels ranging from 15.4–34.5 μg /ml (Table 2).

Chitinase production. Nineteen isolates were positive for chitinase production and
formed clear halo zone around the colonies. Chitin degrading activity was found to be high in
Leifsonia xyli 24 andMicrobacterium sp. 21 which exhibited a colloidal chitin degradation
zone of 15 and 17mm, respectively (Table 2). All the 19 positive isolates were subjected to the
amplification of the chitinase gene and an amplified fragment that was approximately 400 bp
was obtained from these isolates (Fig 2B).

HCN production. Among the 22 isolates, 15 isolates were positive for HCN production.
Most of the HCN production positive isolates belongs to Streptomyces sp. andMicrobacterium
sp. (Table 2). Isolate Streptomyces sp. 34 exhibited the highest amount of HCN production as
indicated by a very deep red color on the filter paper.

In vivo plant growth activity of chilli seedlings. The most potent isolates Streptomyces
sp. 34 and Leifsonia xyli 24 identified by 16S rRNA gene sequencing as strains of Streptomyces
sp. and Leifsonia xyli were used for in vivo greenhouse experiments on chilli seedlings. Inocula-
tion of seedling with Leifsonia xyli 24 and Streptomyces sp. 34, showed a significant (p<0.05)
increase in root and shoot height in comparison to control (Fig 3). The mixture of two actino-
mycetes isolates (Leifsonia xyli 24 and Streptomyces sp. 34) demonstrated the maximum
increase in shoot and root length of the chilli plant when compared with the control after 30
and 45 d of sprouting (Table 3).

Concluding assessment of the in vitro PGPR traits
An attempt was made to select the best isolates among the screened endophytic actinomycetes
with high plant growth promoting potential; a bonitur scale was generated and used to assess
the PGPR traits [46, 47]. In this scale, the maximum bonitur score is 29 points. The assessment
showed that out of 22 isolates screened, 10 isolates obtained three points each against the fun-
gal pathogen for antagonistic activity (totaling 18 points). Production of the chitinase enzyme,
siderophore and HCN was evaluated with one point each (totaling 3 points). For plant growth
promoting traits, it is possible to obtain three points each for phosphate solubilization and IAA
and one point each for ammonia and siderophores (totaling 8 points). Streptomyces sp. 34 was
the most effective isolate showing the highest ∑ assessment value of 26 points (Table 2).

ERIC-PCR fingerprinting
All the antagonistic endophytic actinomycetes generated a specific pattern with ERIC-PCR and
genetic diversity of isolates was not significant from either location. The fingerprinting pattern
yielded discriminatory patterns with 3 to 12 fragments ranging in size from approx.<100 bp
to 3.0 kb which demonstrate the usefulness of this technique in differentiate the isolates. Den-
drogram generated by ERIC-PCR divided the isolates into four clusters (A-D). Cluster A con-
sist of 10 isolates, belonging to the genus Streptomyces. Isolate Streptomyces 5 (BPSAC5) and
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Streptomyces 33 (BPSAC33) showed 100% similarity and both identified as Streptomyces sp.
based on 16S rRNA gene sequencing. Cluster B consist of four isolates all belonging to the
genusMicrobacterium. Cluster C consist of five isolates comprising different genera belonging
to Leifsonia, Brevibacterium and Streptomyces and the cluster D consists of two isolates both
belonging to the genus Streptomyces (Fig 4).

BOX-PCR fingerprinting
The BOX-PCR fingerprinting of all the antagonistic endophytic actinomycetes were developed
and size recognizable bands were between<100bp to 2kb. Less visible fragments above 2kb
were also observed in some isolates. Dendrogram analysis divides the isolates into two major
clusters (A & B). Cluster A consist of 16 isolates whereas cluster B consists of six isolates. Most
of the isolates showed different BOX fingerprinting patterns, which confirms a significant
diversity exist in between the different endophytic actinomycetes isolated in this study (Fig 5).

Discussion
The environment pollution problems resulting either directly or indirectly from the use of
chemical fertilizers, pesticides, herbicides etc. are a major concern in crop production.

Fig 3. Effect of Streptomyces sp. (BPSAC34), Leifsonia xyli (BPSAC24) and combined inoculation of BPSAC 34 and BPSAC 24 on shoot length
(A1), root length (A2) and plant total weight (A3) on chilli seedlings in greenhouse conditions.

doi:10.1371/journal.pone.0139468.g003

Table 3. Effect on different growth parameters of chilli seedlings treated with Streptomyces sp. 34 (BPSAC34) and Leifsonia xyli 24 (BPSAC24) in
greenhouse pot trials within 30 and 45 d.

Treatments Shoot length (cm) Root length (cm) Plant weight (grams)

After 30 d

Control 9.7 ± 0.05 2.6 ± 0.12 1.8 ± 0.02

Inoculation with BPSAC 24 11.5 ± 0.20 3.7 ± 0.15 2.9 ± 0.03

Inoculation with BPSAC 34 12.5 ± 0.13 5.6 ± 0.11 3.1 ± 0.04

Mix inoculation with BPSAC 24 & 34 18.6 ± 0.08 8.4 ± 0.17 8.6 ± 0.02

After 45 d

Control 11.4 ± 0.115 3.0 ± 0.05 2.1 ± 0.02

Inoculation with BPSAC 24 14.5 ± 0.173 4.1 ± 0.12 3.6 ± 0.11

Inoculation with BPSAC 34 15.2 ± 0.088 6.2 ± 0.17 4.1 ± 0.12

Mix inoculation with BPSAC 24 & 34 22.4 ± 0.202 9.4 ± 0.23 9.2 ± 0.08

Data presented are mean ± SE from three replicates: Each replica consisted of three plants per jar. Means are significantly different from control at

P = 0.05 (Tukey test).

doi:10.1371/journal.pone.0139468.t003
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Therefore, forcing researchers to seek an alternative path based on natural sources for the sus-
tainable plant growth in agriculture and horticulture [48, 49]. Endophytic actinomycetes are of
special interest as they have many properties which enhance the growth of the plants [50].
These findings encouraged us to explore ethnomedicinal plants used by local tribes of Mizoram
state, India to better understand the endophytic actinomycetes community and their plant
growth promoting potential.

Our results demonstrated that endophytic actinomycetes colonizing medicinal plants pro-
mote plant growth through production of plant growth regulators (IAA, siderophore, chiti-
nase), phosphate solubilization, siderophore production and promote antagonistic activity
against pathogens such as Rhizoctonia solani, F. oxysporum f. sp. ciceri, F. graminearum, Fusar-
ium oxysporum, F. prolifratum and Colletotrichum capsici. Here we identified 22 endophytic
actinomycetes with potential antagonistic and PGPR activity. Among them the fifteen isolates
belongs to genus Streptomyces, four isolates belongs toMicrobacterium and one each belongs
to Actinomycete sp., Leifsonia and Brevibacterium. The most frequently isolates endophytic
actinomycetes from various plants in our study and in previous studies belongs to genus Strep-
tomyces [5, 51]. This suggests that the strains of Streptomyces are able to reside in the variety of
plant tissues. On the other hand, the genera Leifsonia and Brevibacterium were among the rare
genera reported from endosphere of plants [41].

All isolates were screened for their antagonistic activity against six fungal phytopathogens.
Fourteen isolates (63.6%) showed significant antimicrobial activity against three pathogens, i.e.
Rhizoctonia solani (MTCC-9666), Fusarium graminearum (MTCC-1893) and Fusarium oxy-
sporum (MTCC-284). Similar, antimicrobial activity against fungi was reported by Varma et al.
[5]. Most of the antagonistic activity positive isolates belongs to Streptomyces sp. (n = 11, 50%),
Leifsonia xyli, Brevibacterium sp. andMicrobacterium sp. However, the isolates Leifsonia xyli
24 and Streptomyces sp. 34 demonstrated a significant antagonistic activity against all the tested

Fig 4. Dendrogram generated from ERIC PCR genomic fingerprints of endophytic actinomycetes isolates using Ntsys 2.0.

doi:10.1371/journal.pone.0139468.g004
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phyto-pathogens. Similarly, Debananda et al. [52] also reported that S. vinaceusdrappus having
greater antagonistic potency against rice fungal pathogens F. oxysporum with plant growth pro-
moting properties. Metabolites produced by microbe plays an active role in resistance develop-
ment by functioning as signals to mediate cross-talk between the endophytes and their host
[53]. Since the endophytic actinomycetes isolated from medicinal plants produce a wide variety
of antifungal and plant growth regulatory bioactive metabolites [54, 55], they can be explored
as novel sources of natural products as well as novel biocontrol agents.

The maximum phosphate solubilization activity was detected in the isolate BPSAC34, iden-
tified as Streptomyces sp. (32.6 mg/100 ml). These results are in agreements with Hamdali et al.
[56] who reported 83.3, 58.9 and 39 mg/100 ml phosphate solubilization by Streptomyces
cavourensis, Streptomyces griseus andMicromonospora aurantiaca, respectively. It was reported
that the phosphate solubilizing strains plays an important role in acidification of the medium,
and the pH and the soluble phosphate concentration were inversely proportional [57]. This
result is consistent with our findings in which 63.6% (14 out of 22) isolates were identified as
phosphate solubilizers. This may be either due to the acidification of external medium by pro-
duction of low molecular weight organic acids like gluconic acid [58]. Hence, endophytic acti-
nomycetes with phosphate solubilization efficiency play an important role in the improvement
of plant growth.

Fig 5. Dendrogram generated from BOX PCR genomic fingerprints of endophytic actinomycetes isolates using Ntsys 2.0.

doi:10.1371/journal.pone.0139468.g005
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In this study, 90.9% of the isolates were positive for IAA production, among them 63.6% of
isolates belonged to genus Streptomyces. The IAA production ranges between 10–32 μg/ml,
which is in accordance with Verma et al. [50] and Khamna et al. [15]. Nimnoi and Pongslip,
[59] reported that IAA synthetic bacteria enhanced root and shoot development of Raphanus
sativus and Brassica oleraceamore than five-fold when compared with control. The endophytic
actinomycetes present inside root tissues produce IAA that may play an important role in host
plant development and growth.

Here we detected most of the endophytic actinomycetes produced ammonia. Marques et al.
[60] suggested that bacteria can produce ammonia and supply nitrogen to the host plant. The
ammonia produced by endophytes is beneficial for the root and shoot elongation, consequently
increasing plant biomass. Moreover, it is very useful for the over production of ammonia
which can serve as a triggering factor for the virulence of opportunistic plant pathogens [61].

Siderophore production is another feature that promotes plant growth by binding to the
available iron form (Fe3+) in the rhizosphere making iron unavailable to the phytopathogens
[62]. Siderophores display considerable structural variability and affinity for iron that deter-
mines the growth of a microbe under competitive conditions when iron availability itself is a
limiting factor [10]. Streptomyces species are well known for the production of hydroxamate-
type siderophores, which can inhibit phytopathogen growth by competing for iron in rhizo-
sphere soils [15]. Tan et al. [63] suggested that the production of siderophore is an important
factor for phytopathogen antagonism and developing growth of the plant. In our study, we
detected the siderophore production in 72% isolates. The maximum amount of catechol type
and hydroxamate type siderophores were produced by isolate Streptomyces sp. 34 (5.4 and
36.4 μg/ml) these are in agreement with Nimnoi et al. [64] who demonstrated that Pseudono-
cardia halophobica isolated from the roots of Aquilaria crassna possess high capacity for
hydroxymate type siderophore production (39.30 μg/ ml). Similarly, Khamna et al. [15] has
showed that Streptomyces CMU-SK 126 isolated from Curcuma mangga rhizospheric soil
exhibited high amount of siderophore, catechol type and hydroxamate types production.

Chitinase from microorganisms is crucial for the degradation and recycling of carbon and
nitrogen trapped in insoluble chitin [65] and is widely used for the preparation of biopesticides
and mosquito control [66]. Our results showed that 19 (86.3%) endophytic actinomycetes iso-
lates were positive for extracellular chitinase production, and demonstrated the presence of
chitinase gene. These results were consistent with Taechowisan et al. [11] who reported 4.56%
isolates had chitinase gene.

HCN plays an important role in disease suppression [67]. Here we detected fifteen isolates
(68.1%) were positive for HCN production, and most of which belongs to Streptomyces sp.
Similarly, Hastuti et al. (2012) [51] reported Streptomyces sp. LSW05 strain as a potent HCN
producer.

Streptomyces sp. 34 and Leifsonia xyli 24 demonstrated a significant PGPR activity under
green house experiment. And a mixture of two actinomycetes isolates (BPSAC24 and
BPSAC34) displayed the maximum increase in shoots and root length of the chilli plant when
compared with the control after 30 and 45 d of sprouting. Many reports have shown that acti-
nobacteria can increase root and shoot length in different plants [68], and such an increase
may confer advantages to the host plant with respect to health and overall growth. Taken
together, these results show that Streptomyces sp. 34 and Leifsonia xyli 24 are well suited as an
efficient biocontrol and plant growth promoting inoculam for sustainable agriculture.

All the antagonistic endophytic actinomycetes isolates were characterized by PCR amplifi-
cation of the 16S rRNA gene. The DNA sequence of most isolates showed of 97–100% identity
with BlastN sequences and phylogenetic analysis based on 16S rRNA gene amplification
showed that Streptomyces formed a major group consistent with previous studies [41, 69].
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The dendrogram generated by ERIC-PCR divided the isolates into four groups (A, B, C and
D) and the fingerprinting pattern clearly differentiate among the Streptomyces sp. whereas
Microbacterium sp. (BPSAC29) falls in group A and other genera like Leifsonia, Brevibacterium
andMicrobacterium were clearly found in a separate group B which was in agreement with the
findings of De-Bruijn et al. [70]. ERIC-PCR fingerprinting could be a reliable tool for the detec-
tion of similarities and differences in the relationships among different isolates in the same bac-
terial genus and species [71]. They are genetically diverse enough to allow the construction of a
phylogenetic tree showing the relative relatedness of the different strains. BOX-PCR finger-
printing has proved a very useful tool to discriminate highly related strains and has been
applied to study the genetic diversity at the species level among the endophytic actinomycetes
isolates [72, 73]. In this study, however, we observed that genetic variation was too high among
the 22 isolates, when analyzed by BOX-PCR fingerprinting.

Conclusions
From this study, we conclude that endophytic actinomycetes have great potential as a potential
antagonistic agent against major fungal phytopathogens. These species enhance the growth of
plants by producing phytohormones (IAA), solubilizing inorganic phosphorous, producing
siderophores and ammonia, as well as by providing protection to plant from phytopathogens.
Since, in vitro studies are a prelude to any green house or field studies, these findings provides
compelling evidence that the endophytic actinomycetes residing in the healthy tissues of plants
posses the ability to supply sustainable options for agriculture. The identification and charac-
terization of these endophytic actinomycetes having in vitro PGPR traits from medicinal plants
help us understand the behavior of actinomycetes in the endosphere of plants while identifying
potential strains to improve the growth of agricultural plants affected by fungal
phytopathogens.
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Introduction

Loss in crop production caused by fungal diseases is 
a major concern resulting in loss of 25% yield in west-
ern countries and almost 50% in developing countries 
(Gohel et al., 2006). Several economically important 
crops in tropical and sub-tropical regions are affected 
due to diverse fungal diseases, so it is important to con-
trol fungal diseases for constant food supply to an ever 
increasing world population (Oskey, 2009). Synthetic 
pesticides can keep fungal infections at an acceptable 
level. However, their extensive use can lead to several 
drawbacks such as environmental pollution, lack of 
specificity, development of resistant fungal strains or 
accumulation of compounds potentially hazardous 

to other life forms as well, including humans (Dahiya 
et al., 2006; Evangelista-Martinez, 2014). Therefore, 
control of fungal pathogens requires a more environ-
mental friendly approach. Henceforth, microbe-based 
biocontrol methods could be an alternative to control 
devastating fungal diseases (Zhao et al., 2012; Patil et al., 
2014). Microbial antagonists are commonly used for 
the biocontrol of fungal diseases by the use of various 
groups of microorganism like bacteria, algae, fungi and 
actinomycetes (Brimner and Boland, 2003).

Actinomycetes are characteristic as biological con-
trol agents against fungal plant pathogens by having the 
ability to produce secondary metabolites and biologi-
cally active compounds such as enzymes and antibiotics 
(Adegboye and Babalola, 2012; Mingma et al., 2014), of 
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A b s t r a c t

The prospective of endophytic microorganisms allied with medicinal plants is disproportionally large compared to those in other biomes. 
The use of antagonistic microorganisms to control devastating fungal pathogens is an attractive and eco-friendly substitute for chemi-
cal pesticides. Many species of actinomycetes, especially the genus Streptomyces, are well known as biocontrol agents. We investigated 
the culturable community composition and biological control ability of endophytic Streptomyces sp. associated with an ethanobotanical 
plant Schima wallichi. A total of 22 actinobacterial strains were isolated from different organs of selected medicinal plants and screened 
for their biocontrol ability against seven fungal phytopathogens. Seven isolates showed significant inhibition activity against most of the 
selected pathogens. Their identification based on 16S rRNA gene sequence analysis, strongly indicated that all strains belonged to the genus 
Strepto myces. An endophytic strain BPSAC70 isolated from root tissues showed highest percentage of inhibition (98.3 %) against Fusarium 
culmorum with significant activity against other tested fungal pathogens. Phylogenetic analysis based on 16S rRNA gene sequences revealed 
that all seven strains shared 100 % similarity with the genus Streptomyces. In addition, the isolates were subjected to the amplification of 
antimicrobial genes encoding polyketide synthase type I (PKS-I) and nonribosomal peptide synthetase (NRPS) and found to be present 
in most of the potent strains. Our results identified some potential endophytic Streptomyces species having antagonistic activity against 
multiple fungal phytopathogens that could be used as an effective biocontrol agent against pathogenic fungi. 

K e y  w o r d s: Schima wallichii, biocontrol agent, endophytic Streptomyces, nonribosomal peptide synthetase (NRPS),  
 polyketide synthase (PKS-I)
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which genus Streptomyces is of meticulous importance 
(Evangelista-Martinez, 2014). Among the 10000 anti-
microbial compounds produced by microorganisms, 
more than 50% were isolated from actinomycetes and 
about 60% of the bioactive compounds developed for 
agricultural use originated from the genus Streptomy
ces (Anderson and Wellington, 2001). It is well known 
that Streptomyces sp. can produce a wide variety of sec-
ondary metabolites including antibiotics, enzymes and 
alkaloids, which may be the causative agent for antago-
nistic activity (Hayakawa et al., 1996). 

Bioactive compounds such as benzoquinones 
(Rothrock and Gottlieb, 1984), aminoglycosides (God-
frey, 1995; Qin et al., 1994), polyenes (Smith et al., 
1990; Raatikainen et al., 1994), nucleoside antibiotics 
(Hwang et al., 1994; Trejo-Estrada et al., 1998) are some 
agriculturally useful metabolites produced by genus 
Streptomyces. Several members of genus Streptomyces 
have been reported to significantly inhibit growth of 
plant fungal pathogens (Taechowisan et al., 2005; Mal-
donado et al., 2010; Evangelista-Martinez, 2014). To 
name some, Streptomyces rochei in combination with 
Trichoderma harzianum was used to control root rot 
in pepper (Ezziyyani et al., 2007), Streptomyces aureo
faciens improved protection against anthracnose dis-
ease in mango caused by Colletotrichum goeosporioides 
(Haggag and Abdall, 2011) and Streptomyces griseus 
was used to control Fusarium wilt in tomato (Anitha 
and Rabeeth, 2009). Among the known commercial 
products produced by Streptomyces, Actinovate® and 
Mycostop® are the two most useful commercial pro-
ducts against foliar, root rot and wilt diseases marketed 
to date (Evangelista-Martinez, 2014). 

In recent years, endophytic actinobacteria have 
attracted the attention of researchers as biocontrol 
agent against plant pathogens due to their better plant 
colonizing ability and antifungal activities. Their anta-
gonistic capability has been proved against different 
phytopathogens, including Rhizoctonia solani, Verti
cillium dahlia, Fusarium oxysporum, Colletotrichum 
orbiculare (Coombs et al., 2004; Hasegawa et al., 2006; 
El-Tarabily et al., 2009; Shimizu et al., 2009). 

Attempts were made to isolate actinomycetes as 
endophytes from various plants, where they live in sym-
biotic manner without causing any apparent damage 
to the host plant (Stone et al., 2000). Biological control 
ability of endophytic actinomycetes has been reported 
both in vitro and in vivo (Cao et al., 2005; Taechowisan 
et al., 2003). Evidences indicate that new endophytic 
actinomycetes were isolated from various organs of 
medicinal plants, and produced various bioactive com-
pounds with a novel chemical structure, which would 
further increase the potential effectiveness as a biologi-
cal control agent (Godfrey, 1995; Nimnoi et al., 2010). 
Therefore, there is a need for the isolation and charac-

terization of actinomycetes from different geographi-
cal locations is important in order to identify new and 
commercially valuable genetic resources (Evangelista-
Martinez, 2014). However, there is no study on the 
isolation of endophytic actinomycetes from medicinal 
plant Schima wallichii as biocontrol agents. Further, we 
used degenerate primers to amplify the antimicrobial 
genes like Polyketide synthase (PKS) type I and non-
ribosomal peptide synthetase (NRPS) because most of 
the biosynthetic pathways for the production of second-
ary metabolites are associates with these genes.

In our study, we have attempted to isolate endo-
phytic actinomycetes from surface sterilized organs of 
medically important plant S. wallichii. The isolates were 
screened for their biocontrol ability against common 
fungal phytopathogens such as F. oxysporum, Fusarium 
proliferatum, Fusarium oxysporum f. sp. ciceri, Fusar
ium culmorum, Fusarium graminearum, Alternaria sp. 
and Colletotrichum sp. The potential strains selected as 
efficient biocontrol agents were identified by using 16S 
rRNA gene sequence. Further, biosynthetic potential 
of the potent strains was examined by amplification of 
PKS-I and NRPS genes. 

Experimental

Materials and Methods

Sample collection. Healthy and disease-free tis-
sues of the plant (S. wallichii) were collected from 
Dampa tiger reserve forest (23°44’N; 92°39’E) during 
the period of October 2013, based on ethanobotani-
cal history, commonly used by the local tribes to heal 
the wounds caused by insects like spider and scorpion, 
as antiseptic and as external application in snake bite. 
Roots were dug out carefully so that sufficient amount 
of root material was collected. The tissues were placed 
in sterile bags and brought to the lab immediately and 
processed within 6 h of collection. 

Surface sterilization and isolation of endophytic 
actinomycetes. Surface sterilization is the first and 
obligatory step for the recovery of true endophytes in 
order to kill the surface microbial population. The plant 
tissues were normally treated with oxidant or general 
sterilant for a period, followed by sterile rinse. The dif-
ferent plant tissues (leaf, fruit, root and bark) were used 
for isolation of endophytic actinomycetes and washed 
in running tap water for 5–10 minutes to remove 
adhered debris. The tissues were cut into small pieces 
(1.0 × 0.5 cm) and surface sterilized by using three step 
procedures as described by Taechowisan and Lumyong 
(2003). Tissues were sterilized by sequential immersion 
in 0.1% Tween 20 for few seconds and transferred to 
clean conical flask, followed by 70% ethanol for 2 min, 
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and a solution of 0.1% NaOCl for 1 min. Samples were 
washed in sterile water minimum three times to remove 
all surface disinfectants. An aliquot (0.1 ml) of the last 
wash was spreaded on starch casein agar (SCA) plates 
and incubated at 28 ±2°C for three weeks to proof the 
authenticity of the surface sterilization protocol (Kuster 
and Williams, 1964). The sterilized tissues were kept on 
autoclaved blotting paper to remove the any trace of 
water and inoculated on five different agar media viz. 
Starch Casein Nitrate Agar Media (SCNA), Actinomy-
cetes Isolation Agar Media (AIA) and Tap Water Yeast 
Extract Agar Media (TWYE) at the rate of 10–15 tis-
sue bits per plate. Nalidixic acid and Cycloheximide 
(80 µg/ml) were added to the media to inhibit the fun-
gal and eubacterial growth. The plates were incubated 
at 28 ± 2°C for 3–4 weeks, actinomycetes colonies were 
transferred and maintained on ISP2 media by repeti-
tive streaking. 

Identification of isolated endophytic actinomy-
cetes. The isolates were identified based on cultural and 
morphological characteristics, including, colonies on 
the plate, aerial and substrate color, spore mass color, 
production of melanoid pigments and color of diffu-
sible pigments (Goodfellow and Haynes, 1984; Shimon 
et al., 1999). Based on Bergey’s manual of systematic 
bacteriology, we classified the isolates by looking onto 
the aerial and substrate mycelia color in the following 
series: gray, white, red, yellow, green, blue, and violet 
(Buchnan and Gibbons, 2000). Microscopic character-
istics using light microscopy and gram-stain properties 
were also performed and observed that the spore chains 
under light microscope, showed various spore charac-
ters like straight or flexuous chains, spira, extended, 
long and open coils. The spore chain morphology and 
surface of spore were examined by field emission gun-
scanning electron microscopy (FEG-SEM) of 10-day 
old cultures grown on ISP4 according to the method 
described previously Kumar et al. (2011). Different bio-
chemical tests like starch hydrolysis, Citrate utilization 
test, Indole test, methyl red test, Vogus-Proskauer test, 
catalase test were performed to characterize actinomy-
cetes till genus level.

In vitro antifungal bioassay. The endophytic 
actino mycetes isolates were evaluated for their antag-
onistic activity against seven major plant pathogenic 
fungi: F. oxysporum: CABI-293942; F. oxysporum f. 
sp. ciceri MTCC-2791, F. proliferatum: MTCC-286, 
F. culmorum MTCC-2090, F. graminearum MTCC-
1893, Alternaria sp. MTCC-9601 and Colletotrichum 
sp. MTCC-3405 by dual-culture in vitro assay accord-
ing to Bredholdt et al. (2007). All the pathogens were 
maintained on potato dextrose agar and maintained in 
a  molecular microbiology and systematic laboratory, 
Department of Biotechnology, Mizoram University. An 
agar block of fungal pathogen was prepared by using 

sterile cork borer with diameter of 8 mm, and placed at 
the centre of PDA plate. Two endophytic actinomycetes 
discs (8 cm) 7 days old, grown on starch casein agar 
incubated at 28°C, were placed on the opposite sides 
of the plates, 3 cm away from the fungal block. Plates 
without endophytic actinomycetes discs were served as 
control. All plates were inoculated at 28°C for 14 days 
and percentage of inhibition was calculated by using the 
formula C-T/C × 100, where, C is the colony growth of 
fungal pathogen in control, and T is the colony growth 
in dual culture. All experiments were carried out in 
triplicates. Antagonistic activity was considered posi-
tive (+) if the zone of inhibition of the growth zone was 
more than 3 mm. 

Molecular identification by using 16S rRNA gene 
amplification. The identity of the selected strains was 
determined based on the amplification and sequencing 
of 16S rRNA gene. Total genomic DNA was extracted 
by the Puregene Yeast/Bact Kit B (QIAGEN). The integ-
rity of the genomic DNA was visualized by gel electro-
phoresis in 0.8% (w/v) by using the gel documentation 
system XR+ system (BioRed, Singapore). 

Fragment of 16S rRNA gene were amplified by PCR 
using universal primers- PA: 5’-AGA GTT TGA TCC 
TGG CTC AG-3’) and PH: 5’-AAG GAG GTG ATC 
CAG CCG CA-3’ (Qin et al., 2009). The PCR reac-
tion mixture was carried out in 25 µl total volume, 
containing 50 ng of genomic DNA, 2.5 µl (10 x) Taq 
Buffer, 1.5 µl (15 mM) MgCl2, 2.0 (2.5 mM) dNTPs, 
0.5 µl (10 pmol) each primer and 1 µl (1 U) Taq DNA 
Polymerase. The PCR conditions consisted of an initial 
denaturation at 94°C for 5 min, followed by 30 amplifi-
cation cycles of denaturation at 94°C for 1 min, anneal-
ing at 57°C for 40 sec, extension at 72°C for 1 min and 
a final extension of 10 min at 72°C. The amplified PCR 
product was separated on 1.2 % agarose gel using TAE 
buffer and examined under gel documentation system 
XR+ (BioRed). The amplified amplicon was purified by 
using the Purlink PCR Purification Kit (In-vitrogen) 
and was sequenced commercially at SciGenom Labs 
Pvt. Ltd, India. Sequences were assembled and trimmed 
by using Finch TV version 1.4 (Geospiza inc.). 

Phylogenetic analysis. Sequences of 16S rRNA gene 
were analyzed for homology using BlastN search pro-
gram and very closely related species showing high level 
of identity (97–100%) was considered as closest match. 
These sequences, along with other actinomycetes strains 
retrieved from NCBI GenBank (www.ncbi.nlm.nih.
gov) were used for the construction of phylogenetic tree 
after pairwise aligned using ClustalW (Thompson et al., 
1997). All the assembled sequences were submitted to 
NCBI Genebank and accession numbers were obtained. 
A  Maximum-Likelihood Tree was constructed using 
Kimura 2-Parameter (Kimura, 1980) and reliability of 
phylogenetic tree was evaluated by bootstrap analysis 
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with 1000 resamplings (Felsenstein, 1985) with Mega 
5.05 software, taking Escherichia coli as outgroup. 

PCR amplifications of antimicrobial genes (PKS-I 
and NRPS). Two antimicrobial genes Polyketide syn-
thase (PKS) type I and nonribosomal peptide syn-
thetase (NRPS) were amplified by using degenerate 
primers: K1F 5’-TSAAGTCSAACATCCGBCA-3’ 
and M6R 5’-CGCAGGTTSCSGTACCAGTA-3’ and 
A3F 5’-GCSTACSYSATSTACACSTCSGG-3’ and A7R 
5’-SASGTCVCCSGTSGCGTAS-3’ respectively (Ayuso-
Sacido and Genilloud, 2005). The PCR was performed 
in Veriti thermal cycler (Applied Biosystems, Singa-
pore) in a  final volume of 25 µl containing 25 ng of 
genomic DNA, 1.0 U of Taq DNA polymerase, 1 mM 
MgCl2, 0.5 mM of dNTPs, 1.0 µM of each primer and 
10% DMSO. PCR conditions were one denaturation 
step at 95°C for 4 min, followed by 30 cycles of dena-
turation at 95°C for 60 s, annealing at 59°C for 60 s, and 
extension at 72°C for 2 min. Final extension step was 
done at 72°C for 10 min. A negative control reaction 
mixture without DNA template was also included with 
each set of PCR reactions. The PCR product was visual-
ized on 1.5% agarose gel as stated above. 

Statistical analysis. The data were calculated stati-
cally by using Microsoft Excel XP 2007 and significance 

difference (P ≤ 0.05) was estimated by one way analysis 
of variance (ANOVA) between antimicrobial activities 
of different isolates by using SPSS software version 16.0. 

Results

The distribution and identification of endophytic 
actinomycetes associated with different organs of 
medicinal plant S. wallichii, collected from Dampa Tiger 
Reserve, the largest  wildlife sanctuary in Mizoram, 
Northeast, India, along with their in vitro antifungal 
activities to test the ability of the isolates to suppress the 
growth of fungal pathogens was studied. Twenty two 
isolates from 68 tissues were preliminarily characterized 
morphologically and biochemically according to inter-
national Streptomyces project (ISP method) and by fol-
lowing Bergey’s manual of determinative bacteriology. 
The Scanning electron microscope (SEM) result showed 
that the aerial mycelia produce spiral spore chains 
(Fig. 1). Isolated cultures were designated as BPSAC (2, 
8, 16, 20, 32, 40, 42, 48, 54, 57, 60, 65–72, 75 and 81) 
(Table I and II). The distribution of endophytic actino-
mycetes was found to be highest in roots (n = 9, 40.9%) 
followed by bark (n = 6, 27.2%), leaves (n = 4, 18.1%) 

BPSAC2 Streptomyces sp.  slow and rough white white no SCNA
BPSAC8  Streptomyces sp. slow and powdery brownish white light brown no ISP2
BPSAC16  Streptomyces sp.  slow and smooth yellow  light yellow no ISP5 
BPSAC20 Streptomyces sp.  slow and rough orange light orange no AIA 
BPSAC22 Streptomyces sp.  slow and powdery  brownish white  brown yellowish brown SCNA
BPSAC32 Streptomyces sp.  slow and sticky  orange light orange no TWYE 
BPSAC40 Streptomyces sp.  slow and rough  brownish white brownish white no AIA
BPSAC42 Streptomyces sp.  slow and firm  gray light brown no SCNA 
BPSAC48 Streptomyces sp.  slow and sticky  orange orange no SCNA 
BPSAC54 Streptomyces sp. slow and rough brownish white brownish white no AIA 
BPSAC57 Streptomyces sp.  slow and powdery white  white no SCNA 
BPSAC60 Streptomyces sp.  slow and smooth yellow  light yellow no SCNA 
BPSAC65 (KJ914903) S. sampsonii slow and rough brownish white brownish white yellowish brown TWYE
BPSAC66 (KJ914904) S. olivaceus slow and firm brownish white  light brown no AIA 
BPSAC67 Streptomyces sp.  slow and powdery light brown  brown no TWYE
BPSAC68 (KJ914906) Streptomyces sp. slow and sticky yellow  yellow no TWYE
BPSAC69 (KJ914907)  Streptomyces sp.  slow and rough cream white cream white light brown SCNA
BPSAC70 (KJ914908) Streptomyces sp. slow and rough brownish white  brown light brown AIA
BPSAC71 (KJ914909) S. tempisquensis  slow and powdery gray light brown light brown AIA
BPSAC72 (KJ914910) S. anulatus  slow and firm light brown  light brown no TWYE
BPSAC75  Streptomyces sp. slow and sticky yellow yellow no SCNA
BPSAC81 Streptomyces sp. slow and rough white  white no ISP5

Table I
Morphological and microscopic characteristics of endophytic actinomycetes isolates with their different media

Isolate No.
and NCBI Genbank

accession No.

Isolate
identified

Growth and
colony nature Aerial Mycelia Substrate

Mycelia Pigmen tation Media
name
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and fruit (n = 3, 13.6%). Five different nutritional media 
were used to understand the best suitable media for the 
recovery of endophytic actinomycetes and found that 
starch casein nitrate agar media (SCNA) (n = 8, 36.3%) 
was most effective followed by actinomycetes isolation 
agar media (AIA) (n = 6, 27.0%), tap water yeast extract 
agar media (TWYE) (n = 5, 22.0%), glycerol asparagine 
agar media (ISP5) (n = 2, 14.0%) and yeast and malt 
extract agar media (ISP2) (n = 1, 9.0%) (Fig. 2). 

Fifteen of the 22 isolates showed significant growth 
inhibitory activity against at least two tested pathogens, 
when assayed against seven  fungal phytopatho gens 
(F. culmorum MTCC-2090, F. proliferatum MTCC-286, 
F. oxysporum CABI-293942, F. graminearum MTCC-
1893, F. oxysporum f. sp. ciceri MTCC-2791, Alternaria 
sp. MTCC-9601 and Colletotrichum sp. MTCC- 3405). 
The results showed that most of the strains suppressed 
the test fungi with percentage of inhibition ranging from 

Fig. 1. Scanning electron microscope showing spore chain morphology of BPSAC70 strain and grown on AIA
(actinomycetes isolation agar) media after 2 weeks at 28°C.

BPSAC2 + + + + + +
BPSAC8 – + + – + –
BPSAC16 – – + + – –
BPSAC20 – – + – + +
BPSAC22 – + – + – +
BPSAC32 – + – + – –
BPSAC40 – + + + + –
BPSAC42 – + + – – –
BPSAC48 – – + + + +
BPSAC54 – – – – + –
BPSAC57 – – + – + –
BPSAC60 – – – + – –
BPSAC65 + + + – + +
BPSAC66 – + + + + +
BPSAC67 – + – – + –
BPSAC68 – + + + – –
BPSAC69 – + – + – –
BPSAC70 + + + + + +
BPSAC71 + + + + + +
BPSAC72 + + + + – +
BPSAC75 – + + – + +
BPSAC81 + + + + – –

Table II
Biochemical characterization of endophytic Actinomycetes isolates

Isolate No Indole Catalase Urease Oxidase Nitrate Starch
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26% to 98%. All isolates showed antagonistic activity 
against F. culmorum and F. proliferatum, whereas four 
isolates BPSAC (65, 68, 70 and 71) exhibited positive 
antagonistic effect against all selected pathogens (Fig. 3). 
Antagonistic activity of isolate number BPSAC 70 
showed most prominent antagonism against F. culmorum 
(98.3%) and F. graminearum (92.3%), whereas isolate 

numbers BPSAC 66, 68 and 71 showed the highest anta-
gonistic activities against Alternaria sp. (90.6%), F. oxy
sporum f. sp. ciceri (92.3%) and F. proliferatum (90.6%), 
respectively. The use of several indicator organisms 
will help us in selecting the broad spectrum antifungal 
strains. Among all selected pathogens Alternaria sp. was 
the most susceptible fungal pathogen against most of 
the endophytic actinomycetes isolates with the excep-
tion to BPSAC (2, 22, 32, 42, 54, 60 and 69) (Table III). 

The selected potential isolates BPSAC (65, 66, 68, 
69, 70, 71 and 72) which showed highest antagonistic 
activity against most of the pathogens were identified 
by amplification of 16S rRNA gene. The sequences were 
aligned by BLAST analysis along with the type strains 
downloaded from NCBI GenBank databases. Analysis 
of partial 16S rRNA gene sequences (565–830 bp) of 
potential seven strains exhibited high level of sequence 
similarity (97–99%) with sequences of Streptomyces 
species deposited in NCBI GeneBank. This indicates 
that all strains were closely related with the members 
of genus Streptomyces. The phylogenetic tree was con-
structed based on maximum likelihood method (Fig. 4) 
with Kimura 2-parameter model (R = 1.26) accord-
ing to lowest BIC values using Mega 5.05. Gaps were 
treated by pairwise deletion and the estimated Transi-
tion/Transversion bias (R) was 1.25. The phylogenetic 
tree also confirmed the above results and the potent 
isolates were shorted out into four groups along with 
their closest relatives retrieved from NCBI GenBank. 

Fig. 2. Pie chart of isolated endophytic actinomycetes based
on different isolation media and plant tissues.

BPSAC2 0.0 ± 0.0a 46.6 ± 2.8a 44.0 ± 3.4a 40.6 ± 5.1a 0.0 ± 0.0a 0.0 ± 0.0a 37.6 ± 2.5a

BPSAC16 0.0 ± 0.0a  41.3 ± 3.2bc 37.6 ± 2.5bc 44.0 ± 3.4bc 0.0 ± 0.0a 35.3 ± 3.2bc 0.0 ± 0.0bc

BPSAC22 40.6 ± 5.1bc 0.0 ± 0.0bde 35.3 ± 3.2bde 26.6 ± 2.8bde 31.3 ± 3.2bc 0.0 ± 0.0a 0.0 ± 0.0bc

BPSAC32 0.0 ± 0.0a 0.0 ± 0.0bde 40.6 ± 5.1bdfg 37.6 ± 2.5bdfg 40.6 ± 5.1bde 0.0 ± 0.0a 37.1 ± 2.8a

BPSAC40 0.0 ± 0.0a 0.0 ± 0.0bde 39.6 ± 4.0bdfhi 30.2 ± 2.8bdfhi 0.0 ± 0.0a 35.3 ± 3.2bc 0.0 ± 0.0bc

BPSAC42 0.0 ± 0.0a 0.0 ± 0.0bde 36.3 ± 3.2bdfhjk 40.6 ± 5.1a 0.0 ± 0.0a 0.0 ± 0.0a 0.0 ± 0.0bc

BPSAC54 0.0 ± 0.0a 0.0 ± 0.0bde 85.3 ± 5.1bdfhjlm 29.7 ± 2.8bdfhi 0.0 ± 0.0a 0.0 ± 0.0a 0.0 ± 0.0bc

BPSAC60 44.0 ± 3.4bde 72.3 ± 2.5bdfg 44.0 ± 3.4a 30.7 ± 2.8bdfhi 31.3 ± 3.2bc 0.0 ± 0.0a 40.6 ± 5.1bde

BPSAC65 90.0 ± 2.0bdfg 84.5 ± 0.5bdfhi 74.6 ± 5.0bdfhjlno 85.0 ± 0.5bdfhjk 75.3 ± 2.5bdfg 62.6 ± 0.57bde 73.3 ± 0.57bdfg

BPSAC66 72.3 ± 2.5bdfhi 0.0 ± 0.0bde 64.6 ± 0.5bdfhjlnpq 79.0 ± 1.0bdfhjlm 72.3 ± 2.5bdfhi 90.6 ± 0.5bdfg 0.0 ± 0.0bc

BPSAC68 85.3 ± 5.1bdfhjk 76.67 ± 2.8bdfhjk 72.3 ± 2.5bdfhjlnprs 72.3 ± 2.5bdfhjlno 92.3 ± 2.5bdfhjk 76.67 ± 2.8bdfhi 64.6 ± 0.5bdfhi

BPSAC69 0.0 ± 0.0a 72.3 ± 2.5bdfg 72.3 ± 2.5bdfhjlnprs 76.67 ± 2.8bdfhjlnpq 79.0 ± 1.0bdfhjlm 0.0 ± 0.0a 52.5 ± 0.5bdfhjk

BPSAC70 90.6 ± 0.5bdfg 92.3 ± 5.1bdfhjlm 98.3 ± 2.8bdfhjlnprt 86.0 ± 1.7bdfhjlnprs 76.67 ± 2.8bdfhjln 64.6 ± 0.5bdfhjk 74.6 ± 5.0bdfhjlm

BPSAC71 74.6 ± 5.0bdfhjlm 85.3 ± 2.5bdfhjlno 74.6 ± 5.0bdfhjlnotuv 90.6 ± 0.5bdfhjlnprtu 44.0 ± 3.4bdfhjlno 56.6 ± 2.8bdfhjlm 72.3 ± 2.5bdfhjlno

BPSAC72 72.3 ± 2.5bdfhi 85.3 ± 5.1bdfhjlm 76.67 ± 2.8bdfhjlnprtuwx 74.6 ± 5.0bdfhjlnprtvw 0.0 ± 0.0a 87.0 ± 1.7bdfhjlno 85.3 ± 5.1bdfhjlnpq

Control  35.4 ± 2.5bdfhjln 38.2 ± 2.2bdfhjlnp 30 ± 0.0bdfhjlnprtuwy 25.1 ± 2.7bdfhjlnprtvx 35.4 ± 2.5bdfhjlnp 28.0 ± 2.3bdfhjlnp 26.6 ± 2.8bdfhjlnpr

Table III
Antifungal activity of endophytic actinomycetes against plant fungal pathogens

Mean (±SD) followed by the same letter(s) in each column are not significantly different at P < 0.05 using Duncan’s new multiple range test.

Isolate
No

Percentage of inhibition zone (PI) ± SD against

Colletotrichum sp.
MTCC-3405

Alternaria sp.
MTCC-9601

F. oxy. ciceri
MTCC-2791

F. proliferatum
MTCC-286

F. culmorum
MTCC-2090

F. graminearum
MTCC-1893

F. oxysporum
CABI-293942
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Fig. 3. Antagonistic activity of endophytic actinomycetes against some plant fungal pathogens.

Fig. 4. Maximum-Likelihood phylogenetic tree generated by Kimura 2 parameter model based on 16S rRNA genes
of endophytic actinomycetes.
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Isolates BPSAC (68, 69 and 70) had 96–99% similarity 
with type strains Streptomyces sp. and interestingly falls 
in one group. Other isolates conform to be a branch 
with Streptomyces sampsonii, Streptomyces olivaceus, 
Streptomyces tempisquensis and Streptomyces anulatus. 

All twenty two isolates were subjected to the detec-
tion of PKS and NRPS genes and it was found that nine 
strains BPSAC (2, 32, 65, 66, 68, 69, 70, 71 and 72) were 
positive for the PKSI and 11 strains BPSAC (16, 32, 54, 
60, 65, 66, 68, 69, 70, 71 and 72) were positive for NRPS 
gene fragments whereas other strains could not showed 
any amplification. Interestingly, all seven isolates which 
showed antagonistic activity, also showed the presence 
of PKS type I and NRPS gene fragments, which further 
proves them to be potential antagonistic strains and 
needs further attention (Fig. 5). 

Discussion

Chemical-mediated suppression of plant pathogens 
is generally the primary method to repress the plant 
diseases. Indeed, the range of secondary metabolites 
produced by Streptomyces and other microorganism 
offers a great potential to fight many soil borne patho-
gens. As compared to Streptomyces in the rhizosphere, 
endophytic Streptomyces are expelled from the competi-
tion with other soil microorganisms and can efficiently 
colonize plant tissues. Thus, endophytic Streptomyces 
plays an important role in the development of plant by 
enhancing nutrient assimilation or by producing sec-
ondary metabolites (Kizuka et al., 2002). Endophytic 
Streptomyces have been investigated in many studies as 
biocontrol agent and revealed as a promising resource 
for agricultural industry (Cao et al., 2005; Shimizu 
et al., 2006). Previous studies have proved the use of 
endophytic Streptomyces as biocontrol agent against 
F. oxysporum (Sardi et al., 1992), bacteria, yeast and 
filamentous bacteria (Shimizu et al., 2001).

Plants growing in biodiversity rich areas with eth-
ano-botanical history are likely to house endophytes 
with greater potential. Endophytes acquired a specific 
ability that allows them to sustain under the living tis-
sues without any detectable infectious symptoms to the 
host. Thus, they are of immense importance to the host 
due to their capability to produce a wide array of natu-
ral bioactive compounds (Sardi et al., 1992; Strobel and 
Daisy, 2003; Cao et al., 2005; Kim et al., 2012). 

However, this study was conducted for the first time 
to understand the endophytic actinomycetes popula-
tion distribution and their potential as a biocontrol 
agent associated with traditional medicinal plant S. wal
lichii. In total twenty two isolates were obtained, among 
them maximum were isolated from root tissues (n = 9, 
40.9%) followed by bark (n = 6, 27.2%), leaves (n = 4, 
18.1%) and fruit (n = 3, 13.6%). Our results are in con-
sensus with several studies, indicating the population 
of endophytic actinomycetes as highest in root tissues 
(De-Araujo et al., 2000; Taechowisan and Lumyong, 
2003; Cao et al., 2005; Passari et al., 2015). To name 
a few, Verma et al. (2009) reported the highest percent-
age of endophytic actinomycetes was obtained from 
roots (55%) followed by other tissues of 20 different 
Azadirachta indica trees. 

The reason may be due to the fact that actinomy-
cetes present in rhizosphere can easily penetrate to 
root tissues and since plants collect nutrient and water 
through their roots, this may be the major source for 
the recovery of actinomycetes (Nimnoi et al., 2010). 
Though, Kayini and Pandey (2010) have reported the 
recovery of endophytic fungi from S. wallichii but, to 
the best of our knowledge, this is the first attempt made 
to understand the distribution of endophytic actino-
mycetes and their potential as biocontrol agent from 
S. wallichii. Five different nutrient media were used for 
the recovery of endophytic actinomycetes and found 
that maximum isolates (36.3%) used SCNA as a source 
of nutrition, which was in contradictory with the find-

Fig. 5. Amplification of 1200–1400 bp of PKSI gene using K1F/M6R primer (A) and 700–800 bp of NRPS gene using A3F/A7R primers 
(B) from endophytic actinomycetes strains.
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ings of Coombs and Fransco (2003) and Khamna et al. 
(2009a; 2009b), who suggested that TWYE and HV 
agar medium were the best media for the isolation of 
endophytic actinomycetes.

All isolates were screened for their antagonistic abil-
ity against selected fungal phytopathogens and interest-
ingly, seven isolates identified as Streptomyces sp. found 
to inhibit growth of most of the selected pathogens. 
Genus Streptomyces has an excellent track record for the 
discovery of bioactive metabolite and for the produc-
tion of natural antibiotics (Baltz, 2006; Mingma et al., 
2014). 

Microbial metabolites may have an active role in 
resistance development by functioning as signals medi-
ating cross-talk between the endophytes and their host 
(Graner et al., 2003). Since the endophytic actino-
mycetes were isolated from medicinal plant and that 
strains expected to produce a wide variety of antifun-
gal and plant growth regulatory bioactive metabolites 
(Bredi, 1989; Franco and Cautinho, 1991), they can be 
exploited as novel sources of natural products and novel 
biocontrol agents as well. Endophytic actinomycetes 
are reported by many researchers for their role in plant 
protection against fungal pathogens. Two endophytic 
Streptomyces sp. were found to be active against all 
tested fungal pathogens including strains of Fusarium, 
Colletotrichum and Alternaria which was in agreement 
with earlier works of Khamna et al. (2009a; 2009b) and 
Intra et al. (2011). Streptomyces sp. were reported to 
suppress or inhibit plant pathogen F. oxysporum, the 
causative agent of cucumber Fusarium wilt (Zhao et al., 
2012). Similarly, Verma et al. (2009) demonstrated the 
antifungal activity of endophytic actinomycetes against 
numbers of fungal pathogens. 

Seven isolates were characterized by 16S rRNA gene 
sequence analysis and diversity of the potential isolates 
was found. The sequence of most isolates showed iden-
tity of 97–100% with BlastN sequences. All the isolates 
were classified as Streptomycetaceae family and identi-
fied as Streptomyces sp., S. sampsonii, S. tempisquensis, 
S. olivaceus and S. anulatus. Isolate BPSAC66 (S. oli
vaceus) was morphologically similar with BPSAC65 
(S. sampsonii) and they were found to cluster together.

To understand the biosynthetic potential of the iso-
lates, detection of genes encoding polyketide synthase 
and nonribosomal peptide synthetase mainly responsi-
ble for the synthesis of most biologically active polyke-
tide and peptide compounds have been broadly used 
(Khamna et al., 2009a; 2009b). However, our results 
and findings from other researchers suggest that the 
antimicrobial potential of the culturable endophytic 
actinomycetes may only be assessed by screening of 
antimicrobial activity against desired pathogens. In 
our study, most of the isolates showed the presence of 
PKSI and NRPS genes, also showed antifungal activ-

ity against most of the tested pathogens which is con-
trary to the findings of Qin et al. (2009), who stated 
that antimicrobial activity results and the detection of 
functional genes showed no direct relationship.
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Abstract

In the present study, fifteen endophytic actinobacterial isolates recovered from Solanum lycopersicum were studied for their antagonistic
potential and plant-growth-promoting (PGP) traits. Among them, eight isolates showed significant antagonistic and PGP traits, identified by
amplification of the 16S rRNA gene. Isolate number DBT204, identified as Streptomyces sp., showed multiple PGP traits tested in planta and
improved a range of growth parameters in seedlings of chili (Capsicum annuum L.) and tomato (S. lycopersicum L.). Further, genes of indole
acetic acid (iaaM) and 1-aminocyclopropane-1-carboxylate (ACC) deaminase (acdS) were successively amplified from five strains. Six anti-
biotics (trimethoprim, fluconazole, chloramphenicol, nalidixic acid, rifampicin and streptomycin) and two phytohormones [indole acetic acid
(IAA) and kinetin (KI)] were detected and quantified in Streptomyces sp. strain DBT204 using UPLC-ESI-MS/MS. The study indicates the
potential of these PGP strains for production of phytohormones and shows the presence of biosynthetic genes responsible for production of
secondary metabolites. It is the first report showing production of phytohormones (IAA and KI) by endophytic actinobacteria having PGP and
biosynthetic potential. We propose Streptomyces sp. strain DBT204 for inoculums production and development of biofertilizers for enhancing
growth of chili and tomato seedlings.
© 2016 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.

Keywords: Endophytic actinobacteria; Solanum lycopersicum; Antagonistic traits, PGP; 1-Aminocyclopropane-1-carboxylate (ACC) deaminase; iaaM; UPLC-

ESI-MS/MS

1. Introduction

The endosphere of plants harbors several groups of mi-
croorganisms, including fungi, bacteria and protozoa, which
are defined as endophytes [1]. This region is a dynamic niche
of the microbial population that indirectly benefits plant
growth by producing secondary metabolites to deteriorate
growth of plant pathogens [2,3]. The uniqueness of this region

prompted several researchers to study microorganisms from
this region for biocontrol potential, along with their beneficial
effects, by producing plant-growth-promoting (PGP) sub-
stances by different mechanisms [4]. These mechanisms
include phytohormone production [5], siderophore biosyn-
thesis [6], phosphate solubilization [7], 1-aminocyclopropane
-1-carboxylate (ACC) deaminase synthesis [8] and produc-
tion of secondary metabolites like antibiotics [9]. Further
endophytic actinobacteria are well studied for solubilizing
inorganic phosphate by production of organic acids and pro-
ducing 1-aminocyclopropane-1-carboxylate (ACC) deami* Corresponding author. Fax: þ91 389 2330861.

E-mail address: bhimpratap@gmail.com (B.P. Singh).

Research in Microbiology 167 (2016) 692e705
www.elsevier.com/locate/resmic

http://dx.doi.org/10.1016/j.resmic.2016.07.001

0923-2508/© 2016 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.

mailto:bhimpratap@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.resmic.2016.07.001&domain=pdf
http://dx.doi.org/10.1016/j.resmic.2016.07.001
http://dx.doi.org/10.1016/j.resmic.2016.07.001
http://www.elsevier.com/locate/resmic
http://dx.doi.org/10.1016/j.resmic.2016.07.001


nase, which breaks ACC down into ammonia and a-ketobu-
tyrate, and therefore decreases the ethylene content and pro-
motes plant growth.

Actinobacteria are well recognized as potential biocontrol
agents, and showed their efficiency at controlling plant dis-
eases both in vitro and in vivo [4]. Foremost biocontrol
mechanisms include parasitism of hyphae [10], secondary
metabolite production [11], siderophore production [6] and
production of extracellular enzymes like cellulases, amylase
and chitinase [12]. Due to the crucial roles they play in pro-
ducing such PGP compounds and antimicrobial agents,
exploration of endophytic microorganisms has been attracting
major attention. Several endophytic actinobacteria have been
reported as biocontrol agents against several economically
important plant pathogens such as Alternaria [6], Aspergillus
[13], Fusarium [13] and Colletotrichum [14]. Hence, there is a
need to develop novel biocontrol agents that can adapt to
conditions in which they will be applied [15]. One way is to
screen the PGP and biocontrol abilities of actinobacteria
associated with the endosphere, as they may have a better
symbiotic relationship with the plant. Recently, several at-
tempts have been made to explore endophytic actinobacteria
isolated from tomato and they have shown potential as
biocontrol agents [11], and also production of extracellular
enzymes [11]. However, no attempt has been made to produce
phytohormones and detect their biosynthetic potential.

The objective of this study was to investigate the endophytic
actinobacterial population associated with Solanum lycopersi-
cum and screen them for PGP traits. The best PGP isolates were
checked for biosynthetic potential by amplification of antimi-
crobial biosynthetic genes (PKSI, PKSII and NRPS). We also
evaluated Streptomyces sp. strain DBT204 as a source for pro-
duction of phytohormones and antibiotics. To the best of our
knowledge, this is the first report on production of phytohor-
mones [indole acetic acid (IAA), kinetin (KI) and antibiotics
(trimethoprim, fluconazole, chloramphenicol, nalidixic acid,
rifamycin, streptomycin) by an endophytic actinobacteria asso-
ciated with S. lycopersicum using UPLC-ESI-MS/MS. The
genus Amycolatopsis sp. was reported for the first time as an
endophyte from S. lycopersicum. We propose Streptomyces sp.
strain DBT204 for inoculums production and development of
biofertilizers for enhancing growth of chili and tomato seedlings.

2. Materials and methods

2.1. Sampling and surface sterilization

The seeds of S. lycopersicum were obtained from IARI,
Pusa campus, New Delhi, and were grown in a greenhouse.
Mature plants (n ¼ 10) were harvested, brought into the lab-
oratory and processed immediately. Tissue samples (leaves
stems and roots) were rinsed with tap water for 3e5 min to
remove unwanted debris and consecutively cut into small
pieces of 1 cm2, rinsed in 0.1% Tween 20 for a few seconds
and transferred to clean conical flasks. Samples were surface-
sterilized by immersing them sequentially in 70% ethanol for
3 min, followed by 0.4% NaOCl for 1 min and 70% ethanol

for 2 min. Finally, samples were washed three times with
sterile distilled water for 1 min each and dried in a laminar
airflow chamber. The outer tissue layer (for root and stem
tissues) was removed by using a sterile scalpel; the inner tissue
of 0.5 cm size was carefully dissected. The sterilized tissues
were placed on three different isolation media (starch casein
nitrate agar [SCNA]; actinobacteria isolation agar [AIA] and
tap water yeast extract agar [TWYA]) amended with nystatin
and cycloheximide (60 mg/ml each) to suppress fungal growth,
and nalidixic acid (60 mg/ml) to inhibit growth of fast-growing
eubacteria. The plates were incubated at 28 ± 2 �C for 3e4
weeks and microbial growth were observed. The pure isolates
were obtained by repeated streaking and were maintained on
ISP2 agar slants and stored at 4 �C [16].

2.2. Validation of surface sterilization

Validation of surface sterilization is important to confirm
the endophytic nature of isolates and was carried out as fol-
lows. Fingerprints of surface-sterilized tissues were taken on
ISP2 agar plates and incubated at 28 ± 2 �C and growth was
observed. An aliquot of 0.1 ml distilled water obtained from
the last wash of sterilized tissues was taken and spread on
ISP2 media, and plates were incubated at 28 ± 2 �C. If no
microbial growth was observed on the agar plates, sterilization
was considered effective [17].

2.3. Primary identification of endophytic actinobacteria

All isolates were identified up to the genus level by
morphological characteristics, including the color of aerial and
substrate mycelium, color and characteristics of the colony on
the Petri plate, spore mass colur, production of diffusible
pigment, utilization of carbon sources and spore chain
morphology for identification up to the genus level [18]. Pri-
mary identification was done by following Bergey's Manual of
Determinative Bacteriology [18]. Isolate Streptomyces sp.
DBT204 was grown in ISP1 broth and centrifuged at
10,000 rpm for 10 min. After that, the pellet was washed 3 times
with phosphate buffer saline, 0.25% glutaraldehyde was added
and it was incubated overnight at room temperature. The pellet
was washed with Na-phosphate buffer 3 times and the sample
was dehydrated using different volumes of ethanol (30%, 50%,
70%, 80%, 90% and 100%), and each volume of ethanol was
incubated for 10e15 min. Then the sample was dried for 1 h.
For field emission gun/scanning electron microscope (FEG-
SEM) analysis, a SEM stub was prepared by applying adhesive
tap and adding strain DBT204 (Streptomyces sp.) to the top of
it. The prepared stub was coated with gold and then visualized
under SEM to check spore chain morphology.

2.4. In vitro antagonistic activity

All isolates were screened for their in vitro antagonistic
activity toward five fungal pathogens, i.e. Fusarium pro-
liferatum (MTCC-286), Fusarium graminearum (MTCC-
1893), Fusarium oxysporum (MTCC-284), Aspergillus flavus
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(MTCC-9064) and Colletotrichum capsici (MTCC-8473) by
dual culture in vitro assay [19]. Briefly, one 5 mm agar block
of fully grown fungal pathogen was placed at the center of the
petri dish containing PDA media and the bacterial isolates
were streaked at the periphery of the plates. Petri dishes were
incubated at 28 �C for 7 days and the diameter of fungus
growth was measured and compared to control growth of the
fungal pathogen alone. The percent inhibition was calculated
as: % inhibition ¼ [1-(fungal growth/control growth)] x 100.
All tested pathogens were obtained from the Microbial Type
Culture Collection (MTCC), Chandigarh, India, and main-
tained in the Molecular Microbiology and Systematic Labo-
ratory, Department of Biotechnology, Mizoram University.

2.5. Determination of PGP activities

2.5.1. Indole acetic acid (IAA), ammonia production and
phosphate solubilization

All isolates were investigated for production of IAA as per
Gordon and Weber [20]. IAA estimation was done using a
spectrophotometer and values were expressed in mg/ml, as
corresponds to a standard curve of IAA. Ammonia production
was performed using the method of Cappuccino and Sherman
[21]. The absorbance was measured at 530 nm using a Ther-
moscientific (Multiscan GO) spectrophotometer and the amount
was expressed in mg/ml as compared with the standard curve of
(NH4)2SO4. All selected isolates were screened for their phos-
phate solubilization potential on PKV agar media as described
by Nautiyal [22]. The degree of phosphate solubilization was
measured by formation of a clear halo zone around the colonies.

2.5.2. Screening of carboxyl-methyl cellulase (CMCase)
enzyme

For production of CMCase, isolates were grown on CMC
agar medium (gL�1) [K2HPO4 e 0.5 g, MgSO4$7H2O e
0.25 g, carboxyl-methyl cellulose: 10 g and agar powder:
20 gL�1]. The isolates were single streaked on CMC agar
plates and incubated at 30 �C for 4e8 days. Plates were
flooded with an aqueous solution of Congo red (1 mg/ml) for
5 min. Formation of a clear zone indicated hydrolysis of cel-
lulose degradation after destaining with 1 M NaCl [23].

2.5.3. Screening ACC deaminase production
All antagonistic isolates was screened for ACC deaminase

production as described by Dworkin and Foster [24]. All
isolates were streaked on DF salt minimal medium (KH2PO4

e 4 g, Na2HPO4 e 6 g, MgSO4$7H2O e 0.2 g, FeSO4$7H2O
e 0.1 g, H3BO3 e 10 mg, MnSO4 e 10 mg, ZnSO4 e 70 mg,
CuSO4 e 50 mg, MoO3 e 10 mg, glucose e 2 g, gluconic acid
e 2 g, citric acid e 2 g and agar e 18 gL�1 of distilled water)
amended with 2 g/L ammonium sulfate and incubated at
28 ± 2 �C for seven days. The presence of growth in respective
media was considered positive.

2.5.4. Antibiotic sensitivity profiling
In total, ten different standard antibiotics (Himedia, Pvt.

Limited, India) was used to check the antibiotic sensitivity

pattern of endophytic actinobacterial isolates on Muller Hin-
ton agar (MHA) medium. Antibiotic sensitivity was done ac-
cording to Williams et al. [25] and was recorded as sensitive
(S), intermediate (I) or resistant (R).

2.6. DNA isolation and 16S rRNA gene amplification

Genomic DNA was extracted using the In-vitrogen DNA
isolation kit (K182002) according to the manufacturer's pro-
tocol. All isolates were subjected to amplification of 16S
rRNA gene using universal primers (forward 16S rRNA
primer 50-AGAGTTTGATCCTGGCTCA-30 and reverse 16S
rRNA primer 50-ACGGCTACCTTGTTACGACT-30) [26].
Reactions were performed in a Veriti thermal cycler (Applied
Biosystem, Singapore) in a total volume of 25 ml as described
earlier [17]. PCR products were purified using a Quick PCR
purification kit (GeneiPure, Merk) and sequencing was done
commercially at SciGenome Pvt. Ltd. Kochin, India.

2.7. Phylogenetic analysis

DNA sequences were compared with sequences retrieved
from the NCBI database using the BLASTn search tool. The
sequences were aligned using Clustal W software packaged in
MEGA 5.05 [27]. A suitable model was selected using lowest
BIC scores (Bayesian information criterion) and highest AICc
values (Akaike information criterion, corrected) using MEGA
5.05 [28]. The phylogenetic tree was constructed by the
neighborjoining method using MEGA 5.05 with a Kimura 3-
parameter model (K2þI) [29]. The robustness of the tree
was measured by bootstrap analysis using 1000 replicates and
the p-distance model [30].

2.8. Amplification of polyketide synthase (PKS) type I,
PKS type II and non-ribosomal peptide synthetase
(NRPS) biosynthetic genes

Biosynthetic genes, PKS I, PKS II and NRPS gene frag-
ments were amplified using degenerate primer sets K1F:50-
TSAAGTCSAACATCGGBCA-30 and M6R:50-CGCAGGT
TSCSGTACCAGTA-30, KS∞-50-TSGCSTGCTTGGAYGC-
SATC-30 and KSb-50-TGGAANCCGCCGAABCCTCT-30 and
A3F50-GCSTACSYSATSTACACSTCSGG-30 and A7R50-SAS
GTCVCCSGTSGCGTAS- 30, respectively. PCR amplification
of PKSI and PKSII gene was carried out according to Ayuso-
Sacido and Genilloud [31]. For amplification of NRPS, the
methodology of Metsa-Ketela et al. [32] was followed. PCR
products were purified using a Quick PCR purification kit
(GeneiPure, Merk) and sequencing was done commercially at
Sci-Genome Pvt. Ltd. Kochin, India.

2.9. Detection of IAA (iaaM)- and ACC deaminase
(acdS)-encoding genes

The indole acetic acid biosynthetic gene (iaaM) was
amplified using forward primer iaaM F (50-ATGACGTC-
CACCGTGCCCAACGCG-30) and reverse primer iaaM R (50

694 A.K. Passari et al. / Research in Microbiology 167 (2016) 692e705



CTAGTCCTCGGGGAGTTCCACGGG-30) as described by
Lin and Xu [33]. The PCR products separated on 1.2% agarose
gel were visualized under a gel documentation system.

Acc deaminase gene (acdS) was amplified using forward
primer 50- GGCAAGGTCGACATCTATGC-30 and reverse
primer 50-GGCTTGCCATTCAGCTATG-30 as per Antoun and
Prevost [34]. The amplified products were visualized under a gel
documentation system. The PCR products were purified using a
Quick PCR purification kit (GeneiPure, Merk) and sequencing
was done commercially at Sci-Genome Pvt. Ltd. Kochin, India.

2.10. In vivo PGP assay

Based on in vitro PGP (PGP) traits, the best isolate Strep-
tomyces sp. strain DBT204 was selected for in vivo PGP assay
on tomato and chili seedlings. The potential isolate DBT204
was grown on ISP1 broth at 30 �C for seven days with
continuous shaking at 150 g and centrifuged at 12,000 g for
15 min. The pellets were resuspended in sterile distilled water
to make a final concentration of 10�6 CFUml�1 based on
optical density. The resulting suspension was used to treat chili
and tomato seedlings under greenhouse conditions.

Chili (Capsicum annuum) seeds (PUSA-Jwala) and tomato
(S. lycopersicum) seeds (PUSA-120) were obtained from the
Indian Agricultural Research Institute (IARI), New Delhi,
India and were surface-sterilized [35]. Surface-sterilized seeds
were grown in a plastic pot in a greenhouse. After 3 weeks, the
chili and tomato seedlings that germinated were planted
separately in plastic pots filled with same soil as in the
greenhouse. Four treatments were performed in the green-
house: (1) For the control, 4e8 seedlings of chili and tomato
without any inoculations were grown separately. (2) Tomato
and chili seedlings were inoculated separately with isolates
DBT204. Mineral fertilizer solution [8.5 g L�1 Ca (NO3)2] (v/
v) was applied to control plants. The bacterial suspension was
added in the form of soil wetting every seven days, five times,
and plants were watered twice daily till harvesting. Shoot and
root length as well as fresh plant weight were measured and
compared between inoculated and uninoculated plants.

Data were statically analyzed using one way ANOVA and
Turkey's tests at P ¼ 0.05 to be considered significant. All
experiments were completed by taking five replicates in the
greenhouse with seven plants per treatment.

2.11. Detection and quantification of phytohormones
and antibiotics by UPLC-ESI-MS/MS

2.11.1. Preparation of standard solution
A mixed standard stock solution containing antibiotics

(trimethoprim, fluconazole, chloramphenicol, nalidixic acid,
rifampicin and streptomycin) and phytohormones (kinetin, 6-
benzyladenine [6BP] and IAA) were prepared in methanol.
Mixed standards were diluted with methanol within the ranges
from 0.5 to 1000 ng/ml to prepare a working standard solution
which was used for plotting the calibration curve. The stan-
dard stock and working solutions were all stored at �20 �C
until use and vortexed prior to injection.

2.11.2. Instrumentation and analytical conditions
An Acquity ultra-performance liquid chromatography

(UPLC™) system consisting of an autosampler and a binary
pump (Waters, Milford, MA) was used for analysis. Com-
pounds were separated using an Acquity BEH C18
(2.1 mm � 50 mm, 1.7 mm; Waters, Milford, MA) analytical
column. The mobile phase consisted of two solvents: 0.1% (v/
v) formic acid in water (A) and acetonitrile (B) at a flow rate
of 0.3 ml/min. The gradient program performed an initial
linear increase from 10 to 75% B at 0e2 min, 75% B at
2e2.5 min and the re-equilibration time was 1.5 min with a
sample injection volume of 5 mL.

The UPLC system was coupled to a triple-quadrupole linear
ion trap mass spectrometer (API 4000 QTRAP™ MS/MS
system from AB Sciex, Concord, ON, Canada), equipped with
an electrospray (Turbo V™) ion source operating in negative
and positive ionization mode. The optimized parameters for
negative mode were as follows: the ion spray voltage was set at
�4200 V, the turbo spray temperature, 450 �C; nebulizer gas
(gas 1), 20 psi; heater gas (gas 2), 20 psi; collision gas, me-
dium; the curtain gas (CUR) was kept at 20 psi. The optimized
parameters for positive mode were as follows: the ion spray
voltage was set to 5500 V; the turbo spray temperature, 450 �C;
nebulizer gas (gas 1), 50 psi; heater gas (gas 2), 50 psi; colli-
sion gas, medium; the curtain gas (CUR) was kept at 20 psi.

Optimization of mass spectrometric conditions was carried
out by infusing 100e500 ng/ml solutions of each analyte
dissolved in methanol at 10 ml/min using a Harvard ‘22’ sy-
ringe pump (Harvard Apparatus, South Natick, MA, USA).
For MRM quantitation, the highest abundance of precursor-to-
product ions for each compound was chosen. An Analyst 1.5.1
software package (AB Sciex) was used for instrument control
and data acquisition. For, full scan ESI-MS analysis, the
spectra covered the range of m/z 100 to 1000. All MS pa-
rameters for reference analytes, i.e., precursor ion (Q1),
product ion (Q3), declustering potential (DP), entrance po-
tential (EP), collision energy (CE) and cell exit potential
(CXP) were optimized in negative and positive ESI modes by
flow injection analysis (FIA). MRM parameters were opti-
mized to achieve the most abundant specific and stable MRM
transition for each compound, as shown in Table 1.

2.12. Data analysis

The data (expressed as the mean ± standard deviation of the
mean of three replicates) were calculated using Microsoft
Excel XP 2007 and one-way analysis of variance (ANOVA)
was performed to analyze significant differences (P � 0.05)
between antimicrobial activities of different isolates using
SPSS software version 20.0.

3. Results

3.1. Isolation of endophytic actinobacteria

A total of fifteen endophytic actinobacterial isolates were
recovered from leaf, stem and root tissues of S. lycopersicum.
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Out of fifteen isolates, the highest number of isolates were
recovered from root (n ¼ 9; 60%) followed by stem (n ¼ 4;
26.6%) and leaf (n ¼ 2; 13.3%) tissues. Three different
nutritional media were used for isolation of endophytic acti-
nobacteria, among which starch casein nutrient agar proved to
be the best medium for actinobacteria isolation (n ¼ 7;
46.6%), followed by actinobacteria isolation agar media
(n ¼ 6; 40%) and tap water yeast extract agar media (n ¼ 2;
13.3%). The scanning electron microscope (SEM) was done
for strain DBT204 and showed aerial mycelia with spiral spore
chains (Fig. 1).

3.2. In vitro antagonistic activity

Out of 15 endophytic actinobacterial isolates, eight
exhibited significant growth inhibitory activity against at least
two out of five selected fungal phytopathogens (F. pro-
liferatum, F. graminearum, F. oxysporum, A. flavus and C.
capsici) with a percentage of inhibition of pathogens ranging
from 32% to 67%. All isolates showed inhibition against F.
proliferatum and F. graminearum, whereas five isolates–
DBT204 (Streptomyces sp.), DBT207 (Streptomyces sp.),

DBT216 (Nocardiopsis sp.), DBT219 (Streptomyces thermo-
carboxydus) and DBT223 (Streptomyces sp.)– inhibited
growth of F. oxysporum and A. flavus with percent of inhibi-
tion in the range of 37%e58% and 32%e48%, respectively.
Among all selected pathogens, only C. capsici was the most
susceptible pathogen toward all isolates, with the exception of
isolate Streptomyces sp. strain DBT204. Isolate DBT204
(Streptomyces sp.) displayed the highest percentage of inhi-
bition against all tested pathogens (Table 2).

3.3. PGP traits of endophytic actinobacteria

3.3.1. IAA, ammonia production and phosphate
solubilization

Quantitative estimation of the PGP hormone indole acetic
acid (IAA) revealed that all isolates produced IAA in culture
broth ranges from 7.4 to 46.3 mgml�1 in the presence of
tryptophan. The highest IAA yield was recorded in Strepto-
myces sp. strain DBT204 and S. thermocarboxydus DBT219,
with 46.3 mgml�1 and 43.8 mgml�1 respectively followed by
Streptomyces sp. DBT210 (32.3 mgml�1), Actinomycete
DBT212 (29.4 mgml�1) and Nocardiopsis sp. DBT216
(25.2 mgml�1) (Table 3). Out of 8 isolates, 5 showed ampli-
fication of the IAA encoding gene and a desired amplified
fragment of about 150 bp was obtained (Table 2; Fig. 2A). The
IAA encoding gene of strain DBT204 was sequenced and
submitted to the NCBI GenBank with accession numbers
KX355584.

Quantitative estimation of ammonia production of positive
ammonia producers was carried out in peptone water broth and
ranged from 8.6 to 52.3 mgml�1. Streptomyces sp. strain
DBT204 produced the maximum amount of ammonia
(52.3 mgml�1), followed by S. thermocarboxydus strain
DBT219 (49.8 mgml�1) and Actinomycete isolate DBT212
(37.4 mgml�1) (Table 3).

All eight isolates that showed significant antagonistic po-
tential were checked for their ability to solubilize tri-calcium
phosphate on Pikovskay's agar medium. The solubilization
index (SI) was calculated and found that 3 isolates showed
significant phosphate-solubilizing activity under in vitro

Table 1

LC-MS/MS optimized parameters.

rta (min) Q1 (precursor ion) Q3 (product ion) DPb (V) EPc (V) CEd (eV) CXPe (V) Polarity

Kinetin 1.8 215.9 148.1 104 5 22 9 Negative

Trimethoprim 2.0 291.2 230.2 149 6 33 10 Positive

6-BP 2.1 224.0 133.0 �131 �6 �29 �17 Positive

Fluconazole 2.2 307.1 220.1 59 10 27 8 Negative

IAA 2.5 176.0 130.3 81 10 22 20 Positive

Chloramphenicol 2.5 322.1 153.1 �56 �7 �24 �27 Negative

Nalidixic acid 2.8 233.1 215.1 49 8 21 8 Positive

Rifamycin 3.1 823.5 791.4 53 9 24 19 Positive

Streptomycin 4.7 582.3 582.0 162 9 8 13 Positive

a Retention time.
b Declustering potential.
c Entrance potential.
d Collision energy.
e Cell exit potential.

Fig. 1. Scanning electron microscope showing spore chain morphology of

DBT204 isolates.
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conditions, producing a prominent halo zone around the col-
onies. Tri-calcium phosphate solubilization efficiency varied
from 27% to 54% among the isolates and was found to be
highest for Streptomyces sp. DBT204 (54%) followed by
Streptomyces sp. DBT212 (42%) and S. thermocarboxydus
DBT219 (27%) (Table 3).

3.3.2. Cellulase production by endophytic actinobacteria
Among eight isolates, 7 (n ¼ 7; 87.5%) formed clear halo

zones around the colonies on CMCase-containing medium,
indicating cellulase production. The maximum cellulase hy-
drolysis zone was again exhibited by Streptomyces sp. strain
DBT210 (Table 3).

3.3.3. ACC deaminase production
Among eight isolates, 5 (n ¼ 5; 62.5%) showed growth on

DF salts minimal medium amended with 0.2% ammonium
sulfate, which indicated they were positive for ACC deami-
nase activity. Isolates DBT203 (Amycolatopsis sp.), DBT204
(Streptomyces sp.), DBT207 (Streptomyces sp.), DBT219 (S.
thermocarboxydus) and DBT223 (Streptomyces sp.) were
found positive for production of ACC deaminase (Table 3).
The same isolates had shown the amplification of the acdS
gene, responsible for ACC deaminase activity (Table 2;
Fig. 2B). The acdS gene of strain DBT204 was sequenced and
submitted to the NCBI GenBank with accession number
KX355585.

Table 2

Antagonistic activity and presence of biosynthetic genes (PKSI, PKSII and NRPS), PGP (PGP) genes (iaaM and acdS) among isolates obtained from S.

lycopersicum.

Isolate no. Antimicrobial activity (% of inhibition ± SD)* Biosynthetic genesy PGP geney
F. graminearum F. proliferatum F. oxysporum A. flavus C. capsici PKSI PKSII NRPS iaaM acdS

DBT203 43 ± 0.15a 36 ± 0.25a e e e e e e þ þ
DBT 204 64 ± 0.2bc 67 ± 0.17bc 58 ± 0.15a 48 ± 0.25a 37 ± 0.17a þ þ þ þ þ
DBT 207 58 ± 0.15bde 32 ± 0.57bde 37 ± 0.1bc 45 ± 0.15bc e e e e þ þ
DBT 210 52 ± 0.15bdfg 39 ± 0.1bdf e e e e e e e e

DBT 212 47 ± 0.25bdfhi 45 ± 0.57bdfg e e e e þ e þ e

DBT 216 38 ± 0.17bdfhjk 42 ± 0.15bdfhi 46 ± 0.2bde 32 ± 0.37bde e e e þ e e
DBT 219 54 ± 0.2bdfhjlm 52 ± 0.2bdfhjk 48 ± 0.15bdfg 37 ± 0.1bdfg e e þ e þ þ
DBT 223 57 ± 0.1bdfhjln 46 ± 0.57bdfhjlm 52 ± 0.1bdfh 32 ± 0.17bdfh e e e e e þ
*Mean (±SD) followed by the same letter(s) in each column are not significantly different at P < 0.05 using Duncan's new multiple range test; y (þ) and (�)

indicate the presence and absence of biosynthetic genes and PGP gene.

Table 3

Antibiotic sensitivity pattern and PGP attributes of selected antagonistic endophytic actinobacterial isolates.

Isolate no Antibiotic sensitivitya PGP traits (PGPR)

Na A S T P G N C E V P-solubilizationb Ammonia (mg/ml) IAA (mg/ml) Cellulase ACC deaminase

DBT203 S R S S R S S I S R e 8.6 11.8 e þ
DBT 204 R R R S R R I S S R 54% 52.3 46.3 þþ þ
DBT 207 I R S S R S S S S R e 21.6 7.4 þ þ
DBT 210 S R S S R S I I S R e 32.5 32.3 þþþ e

DBT 212 R R S S R S S S S R 42% 37.4 29.4 þ e
DBT 216 I R S S R I S S S R e 11.2 25.2 þ e

DBT 219 R R I S R S I S S R 27% 49.8 43.8 þ þ
DBT 223 I R I S R I S I S R e 18.1 16.2 þ þ
a Degree of susceptibility: S: sensitive (�10 mm); I: intermediate (5.0e9.9 mm); R: resistant (0.0e4.9 mm). Na: nalidixic acid (30 mg); A: ampicillin (10 mg); S:

streptomycin (30 mg); T: tetracycline (30 mg); P: penicillin G (10 mg); G: gentamicin (30 mg); V: vancomycin (10 mg); N: norfloxcin (30 mg); C: chloramphenicol

(30 mg); E: erythromycin (10 mg).
b Percentage indicates efficiency of phosphate solubilization.

Fig. 2. PCR-based detection of (A) indole acetic gene (iaaM) encoding gene; M: 100 bp DNA ladder; 203, 204, 207, 212 and 219 represent actinobacterial isolates

and (B) the ACC deaminase (acdS)-encoding gene. M: low range DNA ruler (3 kb-100 bp); 203, 204, 207, 219 and 223 represent actinobacterial isolates.
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3.3.4. Antibiotic sensitivity assay
All eight isolates, based on their antagonistic activity, were

screened for their antibiotic sensitivity toward 10 standard
antibiotics, viz. penicillin G (P), tetracycline (T), nalidixic
acid (Na), ampicillin (A), gentamicin (G), norfloxcin (N),
vancomycin (V), chloramphenicol (C), erythromycin (E) and
streptomycin (S). All isolates exhibited resistance to peni-
cillin G (P), vancomycin (V) and ampicillin (A) (100% each)
(Table 3). Most of the strains showed high sensitivity toward
tetracycline and erythromycin (100% each), followed by
nalidixic acid (37.5%) and streptomycin (12.5%). DBT204
(Streptomyces sp.) isolates showed resistance to 6 out of 10
antibiotics and might be useful in the discovery of novel
antibiotics.

3.4. Amplification of the 16S rRNA gene

All selected isolates having significant PGPR and antimi-
crobial activity were subjected to amplification of the 16S
rRNA gene. The obtained sequences were aligned by the
BLAST analysis tool, along with the type strains retrieved
from the NCBI GenBank databases. Analysis of partial 16S
rRNA gene sequences (820e980 bp) of potential strains
exhibited a high level of sequence similarity (97e99%). All
sequences were deposited in NCBI GenBank with accession
numbers KU886003-KU886010.

3.5. Phylogenetic analysis

Phylogenetic analysis based on 16S rRNA gene
sequencing classified the isolates into four families: Strep-
tomycetaceae, followed by Pseudonocardiaceae and
Nocardiopsaceae, Actinomycetaceae. The phylogenetic tree
was constructed based on the neighbor joining method with
a Kimura 2-parameter model (R ¼ 0.99) according to lowest
BIC values using Mega 5.05. Gaps were treated by pairwise
deletion and the estimated transition/transversion bias (R)
was 0.99. The topology of the phylogenetic tree showed that
all endophytic actinobacterial strains were separated into
two different clades (clade I and clade II); this was sup-
ported by a high bootstrap value of 73%. Most of the
endophytic Streptomyces formed a major clade I, along with
the most closely related type strains recovered from Gen-
Bank databases, with the exception of Actinomycete, which
fell into the same clade under a bootstrap support value of
95%. Our phylogenetic tree demonstrated that isolates
DBT203 and DBT216 were close to the type strains of
Amycolatopsis rifamycinica and Nocardiopsis prasina from
the same clade I, with 85% bootstrap support, respectively.
Clade II consisted of the genus Streptomyces, which was
closely related to the type strains of Streptomyces cyaneo-
fuscatus NRRL B-2570 under a bootstrap-supported value
89% (Fig. 3). This is the first report of Amycolatopsis sp.
(DBT203) being isolated as an endophyte from S.
lycopersicum.

3.6. Detection of PKSI, PKSII and NRPS genes in
selected strains

The presence of genes encoding PKSI, PKSII and NRPS
was detected in four isolates of endophytic actinobacteria
using three sets of degenerate primers. The result showed that
isolate DBT204 was positive for PKSI, and three isolates,
DBT204 (Streptomyces sp.), DBT212 (Actinomycete) and
DBT219 (S. thermocarboxydus), were positive for PKSII gene
fragments, whereas NRPS candidate amplicons were detected
in two isolates, Streptomyces sp. strain DBT204 and Nocar-
diopsis sp. strain DBT216 (Fig. 4). Isolate DBT204 (Strepto-
myces sp.) showed the presence of all three genes (Table 2).
All fragments of antimicrobial genes obtained from all four
strains were sequenced and the gene sequences were deposited
in the NCBI Genbank with accession number KX355578 to
KX355583.

3.7. In vivo PGP assay of selected isolates

Isolate DBT204, identified as Streptomyces sp., which
showedmultiple PGP traits, was selected for in vivo experiments
on chili and tomato seedlings under greenhouse conditions. Each
treatment of seedlings with isolate DBT204 showed a significant
increase in root length, shoot length and fresh weight of plants
after 45 and 60 days of inoculation; this was found to be sig-
nificant (p < 0.05) when compared to the control (Fig. 5).

3.8. Detection and quantification of phytohormones and
antibiotics

3.8.1. Analytical method validation
The proposed UPLC-MRM method for quantitative anal-

ysis was validated according to guidelines of the International
Conference on Harmonization (ICH, Q2R1) by linearity,
LOQs and LODs, precision, solution stability and recovery.

3.8.2. Linearity, limits of detection (LOD) and
quantification (LOQ)

A series of concentrations of standard solution were pre-
pared for establishing calibration curves. The peak areas were
plotted against the corresponding concentrations to obtain the
calibration curves. LOD and LOQ were determined using
diluted standard solution when the signal-to-noise rations (S/
N) of analytes were about 3 and 10, respectively. The S/N was
calculated as the peak height divided by the background noise
value. The results are listed in Table 4. All calibration curves
indicated good linearity, with correlation coefficients (r2) from
0.9987 to 0.9999 within test ranges. The LOD for each
reference analyze varied from 0.08 to 4.32 ng/ml and LOQ
from 0.21 to 6.84 ng/ml.

3.8.3. Precision, stability and recovery
Precision was measured by relative standard deviation

(RSD); intra-day and inter-day variations were evaluated by
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Fig. 3. Neighbor-joining phylogenetic trees based on 16S rRNA gene sequences of endophytic actinobacteria and numbers of bootstrap values in 1000

replicates.

Fig. 4. Detection of antimicrobial biosynthetic genes among selected antagonistic isolates; (A) PKSI; (B) PKSII; and (C) NRPS.

Fig. 5. Effect of endophytic actinobacterial isolate DBT204 showed shoot length, root length and fresh plant weight in chili and tomato seedlings. (A) Chili and

tomato plant growth of shoot length promotion in isolate DBT204 as compared with control in greenhouse; B) chili and tomato plant growth of root length

promotion in isolate DBT204 as compared with control in greenhouse; C) Comparison of weight of fresh plant: control, DBT204 in greenhouse.
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determination of analytes in six replicates on a single day and
by duplicating the experiments over three successive days. The
overall intra-day and inter-day precision was not more than
2.11%. Stability of sample solutions stored at room tempera-
ture was evaluated by replicate injections at 0, 2, 4, 8, 12 and
24 h. The stability RSD% value of eighteen analytes was
�2.65%. To evaluate accuracy, a recovery test was applied by
spiking three different concentration levels (high, middle and
low) of analytical standards into the samples. Three replicates
were performed at each level. The analytical method devel-
oped had good accuracy, with overall recovery ranging from
98.15% to 105.29% (RSD � 2.27%) for all analytes (Table 4).

3.8.4. Quantitative analysis
In this study, the UPLC-ESI-MS/MS method was applied to

9 quantitative reference compounds, i.e., antibiotics (trimeth-
oprim, fluconazole, chloramphenicol, nalidixic acid, rifam-
picin and streptomycin) and phytohormones (kinetin, 6BP and
IAA) in isolate DBT204. Quantitative results are listed in
Table 5. Antibiotics like streptomycin (45.8 mg/g) were pre-
sent at the highest amounts, while trimethoprim (0.002 mg/g)
was lowest among all. Similarly, phytohormone IAA was
present at a maximum (12.7 mg/g), followed by kinetin
(0.075 mg/g). 6-BP was not detected in isolate DBT204. The
results indicated that there were remarkable differences in the
quantities of antibiotics and phytohormones. The MS spectra
and MRM extracted ion chromatogram of 9 mixed standards

and strain DBT204 are shown in Fig. 6 and Fig. 7,
respectively.

4. Discussion

Endophytes inhabiting plant tissues acquire unique char-
acteristics that enable them to flourish with no obvious in-
fectious symptoms in the host. Among them, endophytic
actinobacteria are well known for their ability to produce
naturally occurring bioactive molecules [36]. Endophytic
actinobacteria associated with agricultural crops are currently
of crucial importance in the search for novel natural products
for agricultural and pharmaceutical purposes [12,37].

In total, 15 endophytic actinobacterial isolates were
recovered from S. lycopersicum, with Streptomyces as the
dominant genus (73.33%). Findings were consistent with
several reports (Taechowian et al. [38]; Passari et al. [17]). The
highest number of endophytic actinobacteria were recovered
from roots, followed by stems and leaf tissues, consistent with
the findings of Taechowian et al. [38], who stated that a
maximum number of endophytes were isolated from roots
(n ¼ 212, 64%), followed by stems (n ¼ 97, 29%) and leaves
(n ¼ 21, 6%). This may be due to the fact that actinobacteria
present in the rhizosphere can be transferred easily to plant
roots during water and nutrient uptake. Starch casein nitrate
agar media was the most suitable nutritional media for re-
covery of actinobacteria, supporting the results of Coombs and
Fransco [39], who confirmed that minimal media like tap
water yeast extract agar (TWYA) would be the best media for
isolation of endophytic actinobacteria. To the best of our
knowledge, this is the first report of the genera Amycolatopsis
and Nocardiopsis reported to be endophytes from S.
lycopersicum.

In our results, eight isolates exhibited strong antimicrobial
activities against most of the tested fungal phytopathogens,
clearly indicating that selected potential isolates associated
with agricultural crops may have good antagonistic potential.
All eight selected isolates showed inhibition toward F. pro-
liferatum, whereas three isolates, DBT204 (Streptomyces sp.),
DBT219 (S. thermocarboxydus) and DBT216 (Nocardiopsis
sp.), inhibited growth of F. oxysporum. Similar finding were
reported by Varma et al. [3], who reported that 60% of the

Table 4

Validation parameters for detection and quantification of phytohormones and antibiotics.

Analytes Regression equation r2 Linear range ng/ml LOD ng/ml LOQ ng/ml Precision RSD (%) Stability Recovery RSD (%)

Intra-day Inter-day RSD (%)

(n ¼ 6) (n ¼ 6) (n ¼ 5)

Kinetin y ¼ 170.92x þ 346.1 0.9996 10e500 4.32 6.84 0.86 2.03 1.57 0.56

Trimethoprim y ¼ 1208.x � 1177 0.9987 1e100 0.28 0.70 1.37 1.02 0.63 0.91

6-BP y ¼ 1141.0x þ 653 0.9998 1e250 0.15 0.42 1.72 0.92 1.48 1.43

Fluconazole y ¼ 33453x � 997 0.9996 0.5e250 0.08 0.21 0.86 1.63 1.06 1.82

IAA y ¼ 1024.2x þ 1664 0.9997 1e250 0.42 0.78 1.22 1.76 2.65 1.37

Chloramphenicol y ¼ 722.7x � 1446 0.9993 0.5e250 0.11 0.48 0.73 0.81 1.40 2.27

Nalidixic acid y ¼ 10333x � 1095 0.9996 0.5e500 0.09 0.28 1.64 0.45 2.17 0.74

Rifamycin y ¼ 5695.x � 6260 0.9999 0.5e100 0.11 0.37 1.12 1.25 1.03 1.26

Streptomycin y ¼ 2680.x þ 1290 0.9989 0.5e100 0.13 0.45 0.69 2.11 0.92 1.49

Table 5

Quantification of phytohormones and antibiotics (content of samples in

mg/g).

Sl No Standard Isolate DBT204

1 Kinetin 0.075

2 Trimethoprim 0.002

3 6-BP Nd

4 Fluconazole 0.047

5 IAA 12.7

6 Chloramphenicol 0.059

7 Nalidixic acid 0.951

8 Rifampicin 0.017

9 Streptomycin 45.8

*nd ¼ not detected.
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Fig. 6. MS/MS spectra of reference analytes; (A) kinetin, (B) trimethoprim, (C) 6-BP, (D) fluconazole, (E) IAA, (F) chloramphenicol, (G) nalidixic acid, (H)

rifampicin, (I) streptomycin.



Fig. 7. MRM-extracted ion chromatogram of reference analytes (A) and strain DBT204 extract (B).
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isolates showed wide-spectrum antimicrobial activity against
fungal pathogens. Isolate Streptomyces sp. DBT207 showed
highest inhibition activity against F. graminearum, with a
percentage of 62%. Previous similar studies by Passari et al.
[4] reported that isolate Streptomyces sp. 24 exhibited antag-
onistic activities of 92%. These findings are in agreement with
Debananda et al. [40], who also reported antifungal activity of
actinobacteria S. vinaceusdrappus against rice fungal path-
ogen F. oxysporum, which also possessed PGP abilities.

Out of 15 isolates, 3 isolates (20%) were able to solubilize
inorganic phosphate, and strain Streptomyces sp. DBT204 was
shown to have the highest phosphate solubilization (54%),
followed by isolate Actinomycete DBT212 (42%) and S.
thermocarboxydus strain DBT219 (27%). This is in accor-
dance with Hamdali et al. [41] and Passari et al. [4], who
mentioned that the Streptomyces isolate showed phosphate-
solubilizing activity. Goldstein et al. [42] described the abil-
ity of phosphate-solubilizing microorganisms to solubilize
inorganic tricalcium phosphate Ca3 (PO4)2. Microbial solubi-
lization of phosphate in soil can be correlated with the ability
of microbes to produce selected organic acids and extracel-
lular polysaccharides. The endophytic actinomycetes were
present inside plant tissue so as to produce the IAA hormone
that may play a very important role in increasing root and
shoot growth of the plant [43]. Streptomyces sp. strain
DBT204 produced a maximum amount of IAA (46.3 mgml�1),
followed by S. thermocarboxydus strain DBT219
(43.8 mgml�1). Our findings are in accordance with Verma
et al. [44] and Khamna et al. [6], who showed that IAA pro-
duction was 13.73e142 mgml�1. Among 8 isolates, the IAA
encoding gene was detected in 5 isolates. This is in agreement
with findings of Passari et al. [4], who reported detection of
the IAA encoding gene in all endophytic actinobacterial iso-
lates obtained from medicinal plants. Ammonia production
also played a very important role in plant growth by accu-
mulating nitrogen and increasing root and shoot growth of
plants, as well as plant biomass [45]. Isolate Streptomyces sp.
DBT204 produced a maximum amount of ammonia
(52.3 mgml�1), followed by S. thermocarboxydus strain
DBT219 (49.8 mgml�1) and Actinomycete strain DBT212
(37.4 mgml�1). NH3 production is responsible for indirect
plant growth promotion and can serve as a triggering factor by
suppressing plant pathogens [46]. The maximum cellulase
hydrolysis zones were exhibited by isolate Streptomyces sp.
DBT210. Similar findings were reported by Kumar et al. [47],
who stated that 60% of endophytic isolates produced cellulase.
Endophytic actinobacterial isolates DBT203 (Amycolatopsis
sp.), DBT204 (Streptomyces sp.), DBT207 (Streptomyces sp.),
DBT219 (S. thermocarboxydus) and DBT223 (Streptomyces
sp.) were positive for production of ACC deaminase. This
finding was similarly reported by Tan et al. [48], who stated
that the Streptomyces sp. E36 and Y30 strains had the capacity
to trigger ACC deaminase activities. Francis et al. [49] sug-
gests that bacterial ACC deaminase activity has the capacity to
promote and increase plant growth under adverse environ-
mental conditions by decreasing stress-induced ethylene in
plants. Hence, all potential isolates possibly present inside the

host plants can benefit the host by reducing stress and
increasing plant growth. To the best of our knowledge, this is
the first report on detection of ACC deaminase gene (acdS) in
endophytic bacteria from a crop plant that are also responsible
for production of ACC deaminase.

All isolates exhibited resistance to penicillin G (P), van-
comycin (V) and ampicillin (A) (100% each). Similar findings
were previously reported by Passari et al. [17], who reported
that four out of 22 isolates showed resistance to penicillin G,
vancomycin, nalidixic acid, ampicillin and streptomycin.
Isolate Micrococcus showed antibiotic resistance activity, and
isolation from Andrographis paniculata leaves was reported
by Pal et al. [50].

Phylogenetic analysis based on 16S rRNA gene sequencing
divided the isolates into four genera: Streptomyces, followed
by Amycolatopsis, Nocardiopsis, Actinomycete, showing a
good relationship of endophytic actinomycetes with plants.
The composition of isolates, as revealed by phylogenetic trees,
was more diverse than that of endophytic actinobacteria iso-
lated from Azadirachta indica [3], medicinal plants and rain-
forests of China [51]. Most endophytic Streptomyces form a
major clade, with the exception of Actinomycete, which falls
into the same clade. This finding was similarly reported by
Passari et al. [17]. Some rare genera, i.e. Amycolatopsis and
Nocardiopsis, were clustered together to form another clade,
similarly reported by Zhao et al. [51]. This is the first report of
Amycolatopsis sp. (DBT203) isolated as an endophyte from S.
lycopersicum; however, Qin et al. [37] isolated Amycolatopsis
pretoriensis from the roots of the medicinal plant Osyris
wightiana.

To understand the biosynthetic potential of the isolates,
detection of genes encoding polyketide synthase and non-
ribosomal peptide synthetase have been widely used [6].
Isolate Streptomyces sp. DBT204 showed the presence of all
three genes. In the present study, the isolates which showed
the presence either of PKSI, PKSII or NRPS genes also
showed antimicrobial potential against most of the tested
pathogens, contrary to findings of Qin et al. [6] and Passari
et al. [17], who stated that there is no direct relationship be-
tween antimicrobial activity and detection of functional genes.
In our case, the isolate which showed antimicrobial potential
showed the presence of one or more biosynthetic genes as
well.

PGP bacteria have great importance for use in agricultural
crops for growth development and increased crop productivity,
stress tolerance and a reduction in disease [52]. We assessed
the effectiveness of potential strain DBT204 (Streptomyces
sp.), selected based on in vitro PGP screening, to promote
growth under greenhouse conditions, and we revealed a sig-
nificant increase in shoot length, root length and weight of
fresh chili and tomato plants compared with the control after
45 and 60 days of sprouting. These findings were similarly
reported by Passari et al. [4] and Xu and Kim [53], who stated
that endophytic actinobacteria can increase root and shoot
length and weight of the plants, as well as overall growth of
the host plant. The present study indicates that strain DBT204
(Streptomyces sp.) has good PGP activity and might be useful
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as a biofertilizer against fungal pathogens, so as to increase the
productivity of vegetable crops.
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