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ABSTRACT 
 
The Actinobacteria receive much attention, since they produce a variety of metabolites, including 
antibiotics and enzyme inhibitors. These bacteria are distributed in various habitats, including soil, 
ocean, extreme environments, lichen, plants, and animals. The classification of Actinobacteria 
based upon the morphological observation, physiological and biochemical characteristics were not 
adequate to differentiate the genera of this phylum. Following, another identification was available 
based in the distribution of specific constituents from the cellular wall, such as diaminopimelic acid 
and carbohydrates. With the advent of molecular biology, the identification of genera and species 
was more reliable. The screening of microbial natural products has become an important route to 
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discover new bioactive compounds in order to develop new therapeutic agents. Actinobacteria 
remains one of the leading producers of biopharmaceuticals; endophytic Actinobacteria also yield 
secondary metabolites with wide range of biological activity. This review focus on gathering relevant 
information on identification, classification, chemical diversity of Actinobacteria, as well as reveals 
some biotechnological applications of these bacteria.    
  

 
Keywords: Actinobacteria; microorganisms; biotechnology potential. 
 
1. INTRODUCTION 
 
Previously, the Actinobacteria were called 
actinomycetes, name of greek origin, where aktis 
means "lightning" and mykes, fungus, or "radial 
growth as fungus" that were initially classified as 
an intermediate group between fungi and 
bacteria. Investigations with electron microscopy 
and cytological studies showed that filamentous 
bacteria are prokaryotic [1].  
 
The phylum Actinobacteria contains unicellular, 
Gram-positive, aerobic, facultative anaerobic or 
anaerobic microorganisms [2]. There is 
predominant filamentous morphology with the 
ability to form filiform aggregates due to the 
formation of hyphae with a diameter between 0.5 
to 1.0 µm resembling the filaments of fungi (Fig. 
1). The diameter of Actinobacteria cells varies 
between 0.5 and 2.0 µm, generally less than 1.0 
µm, being most of free life or saprophytic [3].  
 
Actinobacteria can be autotrophic, heterotrophic, 
chemotrophic or phototrophic, however, for the 
most part, they are chemoorganotrophic, which 
grow at neutral pH; But there are some 
acidophilic, alkalophilic or halophilic [3]. The 
majority of Actinobacteria are mesophilic and the 
optimum temperature for growth is between 25ºC 

and 30ºC. At temperatures below 5ºC growth is 
virtually null, and above 55ºC, there are some 
thermophilic species, belonging to the         
genus Streptomyces, Thermonospora and 
Thermoactinomyces. However, high 
temperatures can be lethal if the microorganism 
is not in a humid environment [4]. 
 
The less evolved Actinobacteria have an 
incomplete mycelial development, which occurs 
only during active growth. However, most 
developed ones have two types of mycelium, in 
the substrate, the rhizoids; and outside substrate, 
the aerial mycelium. The Actinobacteria, which 
produce mycelium using this structure for 
attachment and penetration, can release 
enzymes that degrade essential compounds in 
order to obtain nutritional supplements [5].   
 
Actinobacteria produce spores that allow survival 
in extreme habitats conferring protection, 
normally correlated to their morphological 
diversity, leading to the formation of a wide 
variety of spore structures. There are the 
arthrospores in Streptomyces, endospores in 
Thermoactinomyces, aleuriospores in the genus 
Micromonospora and mobile zoospores in 
Oerskovia, Geodermatophilus and Kitasatoa 
[6,7].

    

 
Fig. 1. Optical microscopy of Actinobacteria: A, Streptomyces  sp. (spiral spore chains);  
B, Nocardiopsis sp. (long chains of spores in abundance); C, Streptomyces  sp. (straight 

verticillate chains)  

AAAA    BBBB    CCCC    
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The growth cycle of some Actinobacteria is 
primarily designed for sporulation phase. After 
germination of the spores, vegetative mycelium 
substrata grows at the surface and inside of the 
solid culture medium, until it differentiates                   
into reproductive aerial mycelium on which                      
spore formation occurs [8]. At the stage of 
formation of these spores, pigments and 
antimicrobial substances are produced                          
occurring activation of secondary metabolism          
[9].  
 
The cell wall is composed of peptidoglycans, 
lipoproteins, lipopolysaccharides, teichoic acids, 
among others. The presence of guanine-cytosine 
(GC) from 63 to 75% constitutes a group            
of bacteria with a higher percentage of that pair 
of nitrogenous base with genomes ranging     
from 2.5 Mb to 9.7 MB [3,4,10]. On solid     
culture media, they have colonies dry                 
or coriaceous, which may be smooth to    
wrinkled appearance with strong adhesion to    
the culture medium, which can be coated by      
air or reproductive mycelium, and this is              
a peculiar feature. This aerial mycelium can  
have different colors in different culture media  
for the same species, such as white and gray 
(Fig. 2). 

 

The Actinobacteria have a characteristic odor of 
"wet earth", which is related to volatile 
compounds produced by its secondary 
metabolism, such as geosmin. Besides that, 
feature intense metabolic activity, producing 
terpenoids, pigments and extracellular enzymes 
with which degrade organic matter of plant and 
animal origin producing secondary metabolites    
of economic importance [11]. These 
microorganisms have a worldwide distribution 
and occur in plants, isolated from leaves and 
roots [12]. The soil is the most common habitat of 
Actinobacteria, being abundant in rhizosphere 
soil region influenced by the roots of the plant 
[13,14]; The bacteria can occur in the desert [15]; 
Mangrove [16]; Pasture [17]; Insects [18]; And 
marine organisms [19]. 
 

Filamentous bacteria are found in extreme 
habitats such as marine sediments [20], glaciers 
[21] and hyper-arid desert [22]. In addition, are 
included pathogens (particularly from the genus 
Corynebacterium, Mycobacterium, Nocardia, 
Propionibacterium and Tropheryma), inhabitants 
of soil (for example, Micromonospora               
and Streptomyces), plant commensal (e.g., 
Frankia spp.), and gastrointestinal commensal 
(Bifidobacterium spp.) [23,24]. 

 
 

Fig. 2. Macroscopic characteristics of Streptomyces  spp. in different media of solid culture. A, 
agar malt yeast [ISP2]; B, international Streptomyces  project medium 4 [ISP4]; C, casein starch 

agar [CAA]; D, glycerol starch agar [GAA]; E, Czape k [CZ] and F, medium complete [MC] 
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2. TAXONOMY 
 
The molecular, biochemical or physiological 
characteristics to distinguish between species 
belonging to the phylum Actinobacteria from 
other bacteria were not known initially. However, 
after the advent of genomic analysis, specific 
proteins identified from the Actinobacteria helped 
to distinguish Actinobacteria and subgroups [25]. 
 
Waksman & Henrici [26] proposed the 
classification system of Actinobacteria based on 
micro-morphology and variable cellular wall 
chemotype; there are four main types of cellular 
wall (Table 1). The most common approach used 
to classify genres within the group of 
Actinobacteria includes phylogeny based upon 
16S rRNA [27].  

 
This characterization followed the composition 
and structure of peptidoglycan by the amino acid 
located in position 3 of the side chain from the 
tetrapeptides, the presence of glycine in 

interpeptide bridges and carbohydrate contained 
in peptidoglycans. In addition to the above 
mentioned groups of Actinobacteria there are 
Actinomyces (V- lysine; Ornithine), Rothia (VI- 
lysine and aspartic acid), Oerskovia (VI + Gal- 
lysine; Galactose; Aspartic acid), Agromyces 
(2,4-D acid diaminobutyric acid and glycine) and 
Mycoplana (meso-DAP numerous amino acids) 
[28]. 

 
Mingma et al. [32] isolated from 317 
Actinobacteria, 77 from roots of leguminous 
plants and 240 from rhizosphere soil. Analysis of 
the cellular wall showed that 289 strains were of 
type L, L-isomer of 2-6- diaminopimelic acid, 
whereas 28 strains had the meso isomer. 
Isolates were identified by sequence analysis of 
16S rRNA, whose L-DAP were identified as 
Streptomyces sp.; however, isolates which 
contained meso-DAP belonged to the genera 
Amycolatopsis, Isoptericola, Micromonospora, 
Microbispora, Nocardia, Nonomuraea, 
Promicromonospora and Pseudonocardia.  

 
Table 1. Major constituents of the cellular wall fr om actinobacteria and its relation to the 

taxonomy 
 

Data obtained from [28,29,30,31]. 

Group  Cellular wall type DAP: 2-6-  
diaminopimelic 
acid 

Detected major 
constituents  

Streptomyces (Streptoverticillium, 
Chainia, Actinopycnidium, 
Actinosporangium, 
Elytrosporangium); 
Microellobosporia; Sprorichthya  
Nocardiopsis Intrasporangium 

I L,L Glycine 

Micromonospora 
Actinoplanes; 
Amorphosporangium; 
Ampullariella; Dactylosporangium 

II Meso Xylose, arabinose 

Actinomadura Dermatophilus 
Microbiospora, 
Pilimelia 
Actinoplanes 
Frankia 
Streptosporangium; Spirillospora; 
Planomonospora  Dermatophilus 

III Meso Madurose,  
without arabinose 
and xylose 

Nocardia 
Rhodococcus Corynebacterium 
Mycobacterium 
Saccharomonospora 
 Micropolyspora 
Pseudonocardia 
Thermomonospora 

IV Meso Galactose, 
arabinose and  
without xylose  
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The Actinobacteria is considered one of the 
largest phylum in the domain Bacteria; This is 
inferred from the standard phylogenetic branch 
16S rRNA of belonging microorganisms. The 
separation of the phylum from other taxa of 
Bacteria concerns insertions/deletions in some 
proteins, the presence of a large insertion in the 
23S rRNA gene and different arrangements of 
genes [33].   
 
The order Actinomycetales consists of 63 genera 
[34], generally divided into two groups. The 
nocardioforme actinomycetes feature with crude 
mycelium followed by fragmentation; the group 
esporoactinomicetes displays an aerial mycelium 
network well developed with spores. In the latter 
group are the Streptomyces genus, Actinoplanes 
and Microbispora, among others [35]. 
 
The most recent data about the taxonomic 
classification of the phylum Actinobacteria, 
present in Bergey's Manual of Systematic 
Bacteriology 2012, include five classes, 19 
orders, 50 families and 221 genera; Also 
Acidimicrobiia, Actinobacteria, Coriobacteriia, 
Rubrobacteria and Thermoleophilia, the 
constituent classes [4].  
 
3. LIFE CYCLE 

 
The life cycle of Actinobacteria varies with the 
nutritional status, that is, under good growing 
conditions exhibit septated mycelia similar to 
multicellular fungi; While in limiting conditions, 
only the vegetative mycelia is developed [36]. 
The microorganisms have a complex life cycle 
which begins by germinating the spores, causing 
the vegetative mycelia with branching hyphae 
which penetrate the substrate being responsible 
for support and adsorption of nutrients, 
metabolizing organic sources (polysaccharides, 
proteins, lipids and aromatic compounds), by 
extracellular enzymes. The vegetative mycelium 
or primary hyphae originates the secondary 
hyphae or aerial mycelium, which protrude on the 
substrate surface constituting the reproductive 
mycelium undergoing morphological 
differentiation, which include septation and spore 
formation. These are formed as a result of 
nutrient reduction, most of which are 
thermosensitive, but well support desiccation that 
are important in adaptation, promoting survival of 
the species during dry season [8,37].  
 
Most genres reproduced by the formation of 
spores may vary from mobile zoospores to 
specialized propagules [38]. Within this 

Actinobacteria group are the sporoactinomycetes 
forming spores in specific regions of the aerial 
mycelium, produced in large quantities, where 
each one has germination potential. 
Streptomyces are characteristic arthrospores; in 
Thermoactinomyces, endospores; in 
Micromonospora, aleuriospores; in 
Actinoplanaceae, Geodermatophilus, Kitasatoa 
and Oerskovia, mobile zoospores [7,39]. 
However, Micrococcus, Arthrobacter and 
Corynebacterium genera reproduce by binary 
fission, whereas the genera Mycobacterium, 
Nocardia and Rhodococcus, known as 
nocardioforme Actinobacteria, have rudimentary 
mycelium which fragments into coccoid 
elements, yielding a new mycelium [40]. 
 
The pigments and secondary metabolites are 
produced at the stage of spore formation due to 
activation of secondary metabolism [8,41], which 
accumulates in vitro during the fermentative 
process. This methodology consists of the 
cultivation of microorganism in special 
conditions, necessary for maximum production of 
the desired metabolite, which may occur, in liquid 
or solid media, but the liquid assets are the most 
used by industry [42]. 
 
The temperature control and pH, in which there 
is a great productivity of metabolite, are 
important factors to be established. It is 
interesting to note that the variation in production 
of the compounds depends upon both 
environmental factors and genetic of the 
microorganism. This variation is apparently 
caused by the low specificity of the enzymes 
involved in secondary metabolism, since errors in 
the processing of these substances would not be 
lethal to the microorganism [42]. 
 
4. ISOLATION AND IDENTIFICATION OF 

ACTINOBACTERIA 
 
The phylum Actinobacteria is isolated from 
different sources, such as, soils, plants, animals 
and humans (pathogens, like Mycobacterium 
tuberculosis and Corynebacterium diphtheriae) 
[42]. The diversity of the phylum is influenced by 
environmental factors such as temperature, pH 
and nutrient availability, promoting the 
development and proliferation of Actinobacteria 
[12].  
 
The plate cultivation method, used for the study 
of microorganisms is used as being effective to 
analyze the morphological characteristics of 
Actinobacteria. The presence, shape and color of 
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the mycelia and spores, as well as the 
characteristic of the colonies can allow 
classifying as family and gender, being very 
important the choice of suitable culture media, 
aiming to promote differences in development 
due to nutritional and population dynamics 
involved in the environment [43]. 
 
Most Actinobacteria grow in culture media, such 
as Agar Triplicase Soy, Blood Agar, Brain Heart 
Infusion, for not producing mucopolysaccharides, 
such as other bacteria, exhibit dry and not 
creamy colonies. For the differentiation and 
development of spores and / or pigments, it is 
necessary a culture media supplemented with 
colloidal chitin, oat, starch with inorganic salts, 
and water with certain polysaccharides such as 
carbon source, yeast extract or peptone. For 
example, some colonies of Streptomyces 
species which grow as hard bright and pale 
colonies in Nutrient Agar. In a medium with oat, 
or medium starch with inorganic salts, bright 
yellow colonies can grow with powdery aerial 
mycelium of various colors [44]. 
 
The growth of Actinobacteria colonies on solid 
medium can be visualized after 3 to 4 days of 
incubation, but the development of mature aerial 
mycelium with spores range from 7 to 14 days; In 
some slow growing strains, the development of 
colony can take up to a month in culture [45]. 
However, growth in stationary liquid media is 
restricted to the formation of a surface film or 
particulate sediment leaving the liquid medium 
transparent, facilitating differentiation. Medium 
contaminated by bacteria becomes turbid, as can 
be seen in Fig. 3. Agitation at a speed between 
200 and 220 rpm allows a better aeration. Unlike 
non-filamentous bacteria, Actinobacteria may 
grow forming pellets or filament groups in liquid 
medium.  
 

The microscopic examination reveals the micro-
morphology of Actinobacteria varying depending 
on the genus; For example, Arthrobacter and 
Rhodococcus result in coccobacillus shape, 
Nocardia shows fragmentation of hyphae, and 
Streptomyces is highly differentiated with 
branched aerial mycelium. Regarding the spores, 
there are types, number and arrangements of the 
chain, in Microbispora in longitudinal pairs; 
Streptomyces, spiral spore chains, straight or 
verticillate, while in Actinoplanes and 
Streptosporangio, the spores are within the 
sporangium. The use of electron microscopy has 
some additional information about the surface of 

the spores, such as smooth, wrinkled, prickly or 
downy [46, 47, 48]. 
 

 
 
 

Fig. 3. Actinobacteria growth in liquid 
medium. A, agar yeast malt (ISP-2) sterile and 

clear; B, pure Actinobacteria (particulate 
sediment) and C, contaminated 

Actinobacteria 
 
A biochemical nutritional and physiological 
characterization occurs along the cultivation in 
order to assist in the classification. Some assays 
may be performed as the use of different 
sources of carbon and nitrogen, antibiotic 
resistance, substrate degradation tests, growth 
test on different conditions and biochemical 
tests, such as the catalase and proteolysis 
[31,48]. 
 

The macro and micromorphologic analysis 
combined with other biochemical tests and 
physiological nutrition, are usually not sufficient 
for distinguishing Actinobacteria from other 
groups of Gram-positive bacteria. Thus, the 
analysis of genotypic characteristics, by 
molecular biology techniques, presents itself as a 
highly effective alternative to classify, identify and 
determine the phylogenetic relationships within 
the group of Actinobacteria [49]. 
 
A widely used method is the analysis by PCR 
(Polymerase Chain Reaction) [50]. The subunits 
16S and 23S rRNA molecules are fairly large 
and therefore contain sufficient information to 
allow meaningful comparisons. The 16S rRNA 
gene is more manageable than the 23S in 

BBBB    AAAA    CCCC    
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experiments; Therefore, it is widely used in 
phylogenetic studies [10]. 
 
The guanine and cytosine content (GC) in the 
Actinobacteria DNA can vary from 51% to 
Corynebacterium genus, more than 70% in 
species of Streptomyces and Frankia, but less 
than 50% was observed in Tropheryma whipplei 
[7]. 
 
The sequence of nucleotides from 16S rRNA is 
highly conserved in some regions, containing 
also variable regions; Mutation rates are 
relatively low. A large number of sequences are 
available in databases, facilitating the 
identification of regions with unique sequences 
by alignments, with consequent determination of 
species. In addition to the highly conserved 
sequences, the 16S rRNA gene has very 
variable regions, which enable the measurement 
of both near and far phylogenetic relationships, 
allowing determine the Domain, Division, 
Family, Class, Order, genus and species of the 
analyzed microorganisms [51]. 

 
5. ENDOPHYTIC ACTINOBACTERIA 

 
Some associations between Actinobacteria and 
plants are well characterized within the 
Actinomycetales order, where there are 
examples of phytopathogenic, symbiotic and 
endophytic species. Regarding endophytic 
Actinobacteria, higher plant tissues constitute an 
important niche. Biodiversity of endophytic 
Actinobacteria is huge and have been isolated 
from different internal tissues of a variety of 
vegetables such as wheat, rice, potatoes, 
carrots, tomatoes and citrus fruits [52,53], 
different species of woody trees, ferns and 
mosses [12].   
 
Endophytic microorganisms enter the plant 
primarily through the roots; however, aerial parts, 
such as flowers, stems and cotyledons can be 
used as input ports (Fig. 4). The penetration may 
occur through active forms in tissues of plants by 
the use of hydrolytic enzymes such as cellulases 
and pectinases, or passively promoted by natural 
openings or caused by injury [54]. 
 
The first Actinobacteria isolated from plants of 
internal tissues belong to the genus Frankia, a 
nitrogen fixer microorganism from legumes [55]. 
However, the Actinobacteria genera reported in 
the literature as more frequent in plant tissues 
are Streptomyces, Microbispora, 
Micromonospora  and Nocardioides  [56,57]. 

 
 

Fig. 4. Schematic representation of a 
vegetable colonization by bacteria and fungi 

 
In the work carried by Rao et al. [58], endophytic 
Actinobacteria were isolated in 117 strains from 
Combretum latifolium (Combretaceae), 
representing 9 different genera of Actinobacteria 
among them Streptomyces (35%), Nocardiopsis 
(17%) and Micromonospora (13%). The 
preliminary evaluation of antibacterial activity 
showed that all strains of Streptomyces spp. 
exhibited significant activity against the tested 
pathogens; CLA-66 and CLA-68 strains, 
Nocardiopsis sp., also showed satisfactory 
results. 
 
The work carried out by Tanvir et al. [59] allowed 
the isolation of endophytic Actinobacteria of 
Parthenium hysterophoru: Ageratum conyzoides, 
Sonchus oleraceus and Hieracium canadense. 
Most of the isolates were obtained from roots 
(69.7%) being the predominant genus 
Streptomyces while Amycolatopsis, 
Pseudonocardia, Nocardia, and Micromonospora 
were also isolated in lower frequency. From total 
isolates, 47.2% showed antimicrobial activity, 
while 52.1% and 66.6% showed potent 
cytotoxicity and antioxidant activity, respectively.  
 
Numerous Actinobacteria genera have been 
isolated from marine environments such as 
marine sediments and several species of 
sponges. Vincent et al. [60] identified and 
isolated 180 Actinobacteria from 16 different 
species of sponges. Phylogenetic analysis 
revealed the presence of Actinobacteria 
belonging to the genera Micromonospora, 
Verrucosispora, Streptomyces, Salinispora, 
Solwaraspora, Mycobacterium and 
Cellulosimicrobium.    
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Janso et al. [61] performed isolation of 123 
endophytic Actinobacteria from roots and leaves 
of tropical plants, which were more prevalent     
in roots and the following genera were    
identified: Sphaerisporangium, Planotetraspora, 
Thermomonosporae, Micromonosporacea. In 
addition to performing bioactivity tests and mass 
spectrometry liquid-chromatography (LC-MS) to 
profiles of crude extracts of fermentation in 91 
strains. About 60% of the extracts exhibit 
bioactivity and LC-MS spectra profiles indicative 
of secondary metabolites. 
 
Other bioactive compounds were obtained from 
endophytic Actinobacteria, as anguciclines with 
antimicrobial activity against Bacillus cereus and 
Listeria monocytogeneses [62]; Irumamicine, 
14952b and X-17-hydroxy-venturicidina A the 
active compounds, which are all taken from the 
same strain of Streptomyces sp. [63]; 8-
hydroxyquinoline with activity against pathogenic 
Gram-positive and Gram-negative bacteria [64].   
 
The kakadumicine, a broad-spectrum antibiotic 
with action on Plasmodium falciparum, the 
causative agent of malaria, was produced by 
strain Streptomyces sp. (NRRL 30566), 
endophytic of Grevillea pteridifolia [65]. The 
munumbicines, peptidic antibiotic produced by 
Streptomyces sp. (NRRL 30562), obtained from 
medicinal plant Kennedia nigriscans, has a broad 
spectrum of action on Gram-positive bacteria 
such as Bacillus anthracis and multiresistant 
Mycobacterium tuberculosis. The munumbicine B 
proved to be active also against methicillin-
resistant Staphylococcus aureus (MRSA) but the 
best activity was against Plasmodium falciparium 
[66]. 
 

6. ACTINOBACTERIA BIOTECHNO-
LOGICAL IMPORTANCE  

 
The first antibiotic was isolated from the genus 
Streptomyces, in the 1940s; From that moment, 
the Actinobacteria highlighted in the production 
of active compounds [67,68]. These 
microorganisms hold an extremely rich and 
diverse metabolism, producing secondary 
metabolites of extraordinary chemical variety, 
which attracted the attention of biotechnology 
branch [60], with applications in human medicine, 
animal and agriculture [58,69,70,71]. The most 
studied and representative genera with this 
potential are Microbispora, Micromonospora, 
Nocardia and Streptomyces [72].  
 
Products from Actinobacteria include antibiotics, 
antifungals, extracellular enzymes (chitinases, 

peroxidases, glucanases), enzyme inhibitors, 
neurotransmitters, terpenoids, pigments, anti-
tumor, plant growth promoters, pesticides, etc. 
[73]. From 45% of composites with biological 
activities derived from filamentous 
Actinobacteria, approximately 80% of 7,600 
compounds are produced by Streptomyces sp. 
characterizing this genus as one of the most 
important in producing bioactive compounds [74]. 
Even with this metabolic diversity, only about 
10% of the total number of natural products 
synthesized by these organisms were discovered 
[75]. 
 
Silva Lacerda et al. [76] assessed the 
antimicrobial potential of Actinobacteria isolated 
from Caesalpinia pyramidalis rhizosphere of the 
Caatinga Biome, evaluating 78 Actinobacteria for 
antimicrobial activity. The isolates of 52.9% 
(obtained at 37ºC) and 47.05% (produced at 
45ºC) had activity against Bacillus subtilis, 
Staphylococcus aureus methicillin-resistant 
(MRSA), Fusarium moniliforme and Candida 
albicans. Highlighting the isolated C1.129 
identified by 16S rDNA analysis as Streptomyces 
parvulus, fermented in liquid medium, a crude 
ethanolic extract showed a MIC of 0.97 µg / mL 
for MRSA and B. subtilis; An ethyl acetate extract 
showed MIC of 3.9 .µg / ml for S. aureus and 
MRSA, showing the great potential of 
metabolites produced.    
 
There are several bioactive compounds 
industrially produced by Actinobacteria. The 
antibacterials, such as penicillins, 
cephalosporins, and many macrolides; antifungal 
agents, such as amphotericin B and nystatin; 
immunosuppressants, such as FK-506, 
ascomycin and rapamycin; Chemotherapeutic 
agents such as bleomycin, dactinomycin, 
doxorubicin, staurosporine; Herbicides, such as 
phosphinothricin; In the treatment of diabetes, 
such as acarbose; And anthelmintic agents such 
as avermectin and milbemycin [77]. 
 
Another source of promising uses of metabolites 
originating from Actinobacteria is from 
endophytic microorganisms, since they may act 
to improve crop yields by its host protection 
against pathogens. Therefore, the presence of 
endophytic Actinobacteria may represent an 
important agent in the development and 
maintenance of plant health and act on plant 
growth, through assimilation of nutrients and 
production of secondary metabolites.  
 
Endophytic Actinobacteria, are considered as 
bio-inoculants to improve crop performance 
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through organic agriculture. The association of 
endophytes with plants allows the discovery of 
new taxons and its metabolites with new 
chemical structures of biotechnological 
importance [78]. 
 
The work of Soares et al. [79] demonstrated the 
effect of soil inoculation with six isolates of 
Actinobacteria, on tomato seedlings as 
compared with uninoculated soil control. After    
30 days, the seedlings were collected                
to determine the height, stem diameter, dry 
weight of shoots and roots as well as 
accumulation of nutrients. The Actinobacteria 
isolated promoted significant increases in growth 
and accumulation of nutrients in tomato 
seedlings.  
 
Thirty-four endophytic Actinobacteria were 
isolated from plant roots, of which twenty-nine 
isolates belonging to the Streptomyces genus 
and five belonging to other genus. All isolates 
were screened for antifungal activity against 
Rhizoctonia solani; six strains were selected for 
biocontrol of R. solani in sterile and non-sterile 
soil to promote the growth of tomato seedlings. In 
both soils, tomato seeds coated with endophytics 
significantly reduced the severity of tipping 
tomatoes [80].   
 
The study by Conti et al. [81] using an 
endophytic Actinobacteria of Lychnophora 
ericoides evaluated the biotechnological potential 
of extracts from filamentous bacteria using 
antimicrobial and cytotoxic assays, as well as 
investigation of chemical profile. A percentage of 
92% of the extracts showed high or moderate 
activity against at least one type of cancer cell or 
pathogenic microbial agents. Sixteen 
compounds, of which 2,3-dihydro-2,2-dimethyl-4 
(1H)-quinazolinone, showed potent cytotoxic 
activity against all cancer cell lines tested. 
 
Endophytics are equipped with degradation 
pathways, producing metabolites, which could 
promote cleaning of pesticides through bio-
emulsifiers. Recently the use of endophytic 
Actinobacteria has been proposed for 
bioremediation. Fuentes et al. [82] performed 
assays using pure and Actinobacteria culture 
associations with the purpose to achieve 
bioremediation of chlordane (insecticide),                     
using six Streptomyces sp., which showed no 
growth inhibition, and were assayed for removing 
chlordane. In pure cultures, all strains                     
showed dechlorination activity and removal of 
chlordane.  

7. CONCLUSIONS 
 
Actinobacteria, microorganisms widely 
distributed in nature, inhabit mainly the soil. 
These prokaryotes are broadly responsible for 
the production of various metabolites 
commercially available, such as antibiotics. 
Endophytic Actinobacteria also produce active 
substances, and have important functions in the 
development of plants with agro industrial 
interest. This review provides data with a focus 
on spreading the importance of these 
microorganisms, as well as turn the attention to 
the fact that more studies are necessary for 
application of these Actinobacteria as innovative 
biotechnological tools. 
 
ACKNOWLEDGEMENTS 
 
Authors are grateful to the Conselho Nacional de 
Desenvolvimento Científico e Tecnológico 
(CNPq) for fellowship (LCBBC), the 
Coordenação de Aperfeiçoamento de Pessoal de 
Nível Superior (CAPES) and the Fundação de 
Amparo à Ciência e Tecnologia do Estado de 
Pernambuco (FACEPE). 
 
COMPETING INTERESTS 
 
Authors have declared that no competing 
interests exist. 
 
REFERENCES   
 
1. Pandey B, Ghimire, P, Agrawal, VP. 

Studies on the antibacterial activity of the 
actinomycetes isolated from the Khumbu 
region of Nepal. Acad Sci Technol. 
2004;4(3):1-4. 

2. Hopwood D. Streptomyces genes: from 
Waksman to Sanger. J Ind Microbiol 
Biotechnol. 2003;30(8):468-471. 

3. Konemann EW, Allen SD, Janda WM, 
Schreckenberger PC, Winn WC. 
Diagnóstico microbiológico: Texto e atlas 
colorido. 6th ed. Rio de Janeiro: Editora 
Médica e Científica; 2008. 

4. Goodfellow M. Phylum XXVI. 
Actinobacteria phylum. Nov. In: Bergey's 
Manual® of Systematic Bacteriology. 2th.  
Springer: New York; 2012.  

5. Huang XL, Zhuang L, Lin HP, Goodfellow 
M, Hong K. Isolation and bioactivity of 
endophytic filamentous Actinobacteria 
from tropical medicinal plants. Afr J 
Biotechnol. 2012;11(41):9855-9864.  



 
 
 
 

Araujo-Melo et al.; BBJ, 15(4): 1-13, 2016; Article no.BBJ.28728 
 
 

 
10 

 

6. Raju A, Piggott AM, Conte M, Tnimov Z, 
Alexandrov K, Capon RJ. nocardiopsins: 
New fkbp12-binding macrolide polyketides 
from an Australian marine-derived 
Actinomycete, Nocardiopsis sp. Chem Eur  
J. 2010;16(10):3194-3200.  

7. Ventura M, Canchaya C, Chandra G, 
Fitzgerald GF, Chater KF, Sinderen D. 
Genomics of Actinobacteria: Tracing the 
evolutionary history of an ancient phylum. 
Microbiol Mol Biol Rev. 2007;71(3):495-48. 

8. Yague P, López-García MT, Rioseras B, 
Sánchez J, Manteca A. Pre-sporulation 
stages of streptomyces differentiation: 
State-of-the-art and future perspectives. 
Fems Microbiol Lett. 2013;342(2):79-88. 

9. Qin S, Xing K, Jiang JH, Xu LH, Li WJ. 
Biodiversity, bioactive natural products and 
biotechnological potential of plant-
associated endophytic Actinobacteria. Appl 
Microbiol Biotechnol. 2011;89(3):457-473. 

10. Madigan MT, Martinko JM, Dunlap PV, 
Clark DP. Microbiologia de Brock. 12th ed. 
Porto Alegre: Artmed; 2010.  

11. Choi HJ, Kim DW, Choi YW, Lee YG, Lee 
Y, Jeong YK, Joo WH. Broad-spectrum    
in vitro antimicrobial activities of 
Streptomyces sp. strain BCNU 
100.  Biotechnol Bioprocess Eng. 2012; 
17(3):576-583. 

12. Zhao K, Penttinen P, Guan T, Xiao  J, 
Chen Q, Xu J, et al. Actinomycetes 
isolated from medicinal plants in Panxi 
Plateau, China. Curr Microbiol. 2011;62(1): 
182-190. 

13. Mehravar M, Sardari IS, Owlia P. 
Screening of membrane active 
antimicrobial metabolites produced by soil 
actinomycetes using membrane models. J 
Paramed Sci. 2010;1(4):18-25. 

14. Vasconcellos RLF, Silva MCP, Ribeiro CM, 
Cardoso EJBN. Isolation and screening  
for plant growth-promoting (PGP) 
Actinobacteria from Araucaria angustifolia 
rhizosphere soil. Sci. Agric. 2010;67(6): 
743-746.  

15. Norovsuren ZH, Oborotov GV, Zenova 
GM, Aliev RA, Zvyzgintsev DG. 
Haloalkaliphilic actinomycetes in soils of 
Mongolian desert steppes. Biol Bull. 
2007;34(4):505-07. 

16. Yu Y, Li H, Zeng Y, Chen B. Phylogenetic 
diversity of culturable bacteria from 
Antarctic Sandy intertidal sediments. Polar 
Biol. 2010;33(6):869-875.  

17. Lee JL, Hwang BK. Diversity of antifungal 
actinomycetes invarious vegetative soils of 

Korea. Can J Microbiol. 2000;48(5):407-
17.  

18. Kaltenpoth M, Gottler W, Herzner  G, 
Strohm E. Symbiotic bacteria protect wasp 
larvae from fungal infestation. Curr Biol. 
2005;15(5):475-479. 

19. Zheng Z, Zeng W, Huang Y, Yang Z, Li J, 
Cai H et al. Detection of antitumor and 
antimicrobial activities in marine organism 
associated actinomycetes isolated from the 
Taiwan strait, China. Fems Microbiol Lett. 
2000;188(1):87-91.  

20. Pathom-Aree W, Stach JE, Ward AC, 
Horikoshi K, Bull AT, Goodfellow M. 
Diversity of actinomycetes isolated from 
challenger deep sediment (10,898 m) from 
the Mariana Trench. Extremophiles. 
2006;10(3):181-189.  

21. Reddy VPV, Rao SNSS, Pratibha MS, 
Sailaja B, Kavya B, Manorama RR et al. 
Bacterial diversity and bioprospecting for 
cold-active enzymes from culturable 
bacteria associated with sediment from a 
melt water stream of Midtre Lovenbreen 
glacier, an Arctic glacier. Res Microbiol. 
2009;160(8):538-546. 

22. Okoro CK, Brown R, Jones AL, Andrews 
BA, Asenjo JA, Goodfellow M, et al. 
Diversity of culturable actinomycetes in 
hyper-arid soils of the Atacama Desert, 
Chile. Anton Leeuw Int J G. 
2009;95(2):121-133. 

23. Barkaa EA, Vatsaa P, Sancheza L, 
Gaveau-Vaillanta N, Jacquarda C, Klenkb 
HP et al. Taxonomy, physiology and 
natural products of Actinobacteria. 
Microbiol Mol Biol R. 2016;80(1):1-43. 

24. Goodfellow M, Fiedler HP. A guide to 
successful bioprospecting: Informed by 
Actinobacterial systematics. Anton Leeuw 
Int J G. 2010;98(2):119-42. 

25. Gao B, Paramanathan  R, Gupta RS. 
Signature proteins that are distinctive 
characteristics of Actinobacteria and their 
subgroups. Anton Leeuw Int J G. 
2006;90(1):69-91.  

26. Waksman SA, Henrici AT. The 
nomenclature and classification of the 
actinomycetes. J Bacteriol. 1943;46(4): 
337-341.  

27. Krishnaveni J, Radzom M, Zeeck A, 
Kishan V. Taxonomy, fermentation, 
biological activities, isolation and 
characterization of metabolites obtained 
from a new strain of Streptomyces noursei 
(KC46). Indian J Biotechnol. 2011;10(2): 
212-218.  



 
 
 
 

Araujo-Melo et al.; BBJ, 15(4): 1-13, 2016; Article no.BBJ.28728 
 
 

 
11 

 

28. Lechevalier HA, Lechevalier MP. Chemical 
composition as a criterion in the 
classification of aerobic actinomycetes. Int 
J Syst Bacteriol. 1970;20:435-443. 

29. Hecht ST, Causey WA. Rapid method for 
the detection and identification of mycolic 
acids in aerobic actinomycetes and related 
bacteria. J Clin Microbiol. 1976;4(3):284-
287.  

30. Anderson AS, Wellington EMH. The 
taxonomy of Streptomyces and related 
genera. J Syst Evol Microbiol. 2001;51(3): 
797-814. 

31. Chun J, Blackall LL, Kang SO, Hah YC. 
Goodfellow MA. Proposal to reclassify 
Nocardia pinenses Blackall et al., as 
Skermania piniforms Gen. Nov., Comb. 
Nov. J Syst Evol Microbiol. 1997;47(1): 
127-131.                                                                                                                                   

32. Mingma R, Pathom-Aree W, 
Trakulnaleamsai S, Thamchaipenet A, 
Duangmal K. Isolation of rhizospheric     
and roots endophytic actinomycetes     
from Leguminosae plant and their   
activities to inhibit soybean pathogen, 
Xanthomonas campestris pv. glycine. 
World J Microbiol Biotechnol. 2014;30(1): 
271-280. 

33. Cuzzi C, Link S, Vilani A, Onofre SB. 
Enzimas extracelulares produzidas por 
fungos endofíticos isolados de Baccharis 
dracunculifolia D.C. (Asteraeceae). Global 
Sci Tech. 2011;4(2):47-57. 

34. Whitman WB, Goodfellow M, Kämpfer P, 
Busse HJ,Trujillo ME, Ludwig W et al. In: 
Bergey’s manual® of systematic 
Bacteriology. 2nd Springer: New York; 
2012. 

35. Olano C, Méndez C, Salas JA. Molecular 
insights on the biosynthesis of antitumour 
compounds by actinomycetes. Microb 
Biotechnol. 2011;4(2):144-164. 

36. Procópio REL, Silva IR, Martins MK, 
Azevedo JL, Araújo JM. Antibiotics 
produced by Streptomyces. Braz J Infect 
Dis. 2012;16(5):466-471. 

37. Ambarwati A, Sembiring L, Soeghihardjo 
CJ. Antibiotic produced by Streptomyces 
associated with rhizosphere of purple nut 
sedge (Cyperus rotundus L.) in Surakarta, 
Indonesia. Afr J Microbiol Res. 2012;6(1): 
52-57. 

38. Gao B, Gupta RS. Conserved indels in 
proteins sequences that are characteristic 
of the philum Actinobacteria. J Syst 
Evol Microbiol. 2005;55(6):2401-2412.  

39. Cunha IGB, Sobrinho TJSP, Silva REA, 
Amorim ELC, Araujo JM. Influência do 
meio de cultura na produção de 
metabólitos bioativos do endófito 
Streptomyces sp. EBR49-A UFPEDA. 
Brazilian Journal of Farmacy. 2009;90(2): 
120-123.  

40. Flardh K, Butter MJ. Streptomyces 
morphogenetics: Dissecting differentiation 
in a filamentous bacterium. Nature Rev 
Microbiol. 2009;7:36-49. 

41. Mahajan GB, Balachandran L. 
Antibacterial agents from actinomycetes a 
review. Front Biosci. 2012;4(1):240-253. 

42. Okafor N. Modern industrial microbiology 
and biotechnology. Science Publishers: 
Enfield, New York; 2007.        

43. Gil SV, Pastor S, March GJ. Quantitative 
isolation of biocontrol agents Trichoderma 
spp., Gliocladium spp. and actinomycetes 
from soil with culture media. Microbiol Res. 
2009;164(2):196-205. 

44. Bergey J, Hendricks D, Holt J. Bergey’s 
Manual of Determinative Bacteriology. 9th 

ed. Philadelphia: Editorial Lippincott. 
Williams & Wilkins Co; 2000. 

45. Letek M, Fiuza M, Villadangos AF, Mateos 
LM, Gil JA. Cytoskeletal proteins of 
Actinobacteria. Int J Cell Bio. 2012;13(2): 
1-10. 

46. Oliveira ALM, Canuto EL, Reis VM, 
Baldani JI. Response of micropropagated 
sugarcane varieties to inoculation with 
endophytic diazotrophic bacteria. Braz J 
Microbiol. 2003;34(1):59-61.  

47. Bull AT. Microbial Diversity and 
Bioprospecting. 1th ed. American Society 
for Microbiology ASM Press: Washington; 
2004. 

48. Williams ST, Goodfellow M, Alderson G, 
Wellington EMH, Sneath PHA, Sackin MJ. 
Numerical classification of Streptomyces 
and related genera. J Gen Microbiol. 
1983;129(6):174-1813.  

49. Cook AE, Meyers PR. Rapid identification 
of filamentous actinomycetes to the genus 
level using genus-specific 16S rRNA gene 
restriction fragment patterns. J Syst 
Evol Microbiol. 2003;53(6):1907-1915.  

50. Stackebrandt E, Rainey FA, Ward-Rainey 
N. Proposal for a new hierarchic 
classification system, Actinobacteria class 
nov. Int J Syst Bacteriol. 1997;47(2):479-
491.  

51. Peters S, Koschinsky S, Schwieger F, 
Tebbe CC. Secession of microbial 
communities during hot composting as 



 
 
 
 

Araujo-Melo et al.; BBJ, 15(4): 1-13, 2016; Article no.BBJ.28728 
 
 

 
12 

 

detected by PCR single-strand 
conformation polymorphism-based 
genetics profiles of small-subunit rRNA 
genes. Appl Environ Microbiol. 
2000;66(3):930-936. 

52. Tian XL, Cao LX, Tan HM, Han WQ, Chen 
M, Liu YH, Zhou SN. Diversity of   
cultivated and uncultivated actinobacterial 
endophytes in the stems and roots of rice. 
Microbial Eco. 2007;53(4):700-707.  

53. Velazquez E, Rojas M, Lorite MJ, Rivas R, 
Zurdopineiro JL, Heydrich M, et al. Genetic 
diversity of endophytic bacteria which 
could be find in the apoplastic sap of 
medullary parenchym of the stem of 
healthy sugarcane plants. J Basic 
Microbiol. 2008;48(2):118-124.  

54. Stępniewska Z, Kuźniar A. Endophytic 
microorganisms—promising applications in 
bioremediation of greenhouse gases. Appl 
Microbiol Biotechnol. 2013;97(22):9589-
9596. 

55. Provorov NA, Borisov IA, Tikhonovich A. 
Comparative genetics and evolutionary 
morphology of symbiosis formed by plants 
with nitrogen-fixing microbes and 
endomycorrhizal fungi. J Gen Biol. 
2002;63(6):451-472. 

56. El-Shatoury  SA, El-Kraly OA, Trujillo ME, 
El-Kazzaz WM, El-Din ESG, Dewedar A. 
Generic and functional diversity in 
endophytic  actinomycetes from wild 
compositae plant species at south Sinai. 
Egypt Res Microbiol. 2013;164(7):761-769.  

57. Shutsrirung A, Chromkaew Y, Pathom-
Aree  W, Choonluchanon S, Boonkerd N. 
Diversity of endophytic actinomycetes in 
mandarin grown in northern Thailand, their 
phytohormone production potential and 
plant growth promoting activity. Soil Sci 
Plant Nutr. 2013;59(3):322-330.  

58. Rao HCY, Rakshith D, Satish S. 
Antimicrobial properties of endophytic 
actinomycetes isolated from Combretum 
latifolium Blume, a medicinal shrub from 
western ghats of India.  Front Biol. 
2015;10(6):528-536.  

59. Tanvir R, Sajid I, Hasnain S. 
Biotechnological potential of endophytic 
actinomycetes associated with Asteraceae 
plants: isolation, biodiversity and 
bioactivities. Biotechnol Lett. 2014;36 
(4):767-773.  

60. Vicente J, Stewart A, Song B, Hill RT, 
Wright JL. Biodiversity of actinomycetes 
associated with caribbean sponges and 
their potential for natural product 

discovery. Mar Biotechnol. 2013;15(4):413-
424.  

61. Janso JE, Carter GT. Biosynthetic potential 
of phylogenetically unique endophytic 
actinomycetes from tropical plants. Appl 
Environ Microbiol. 2010;76(13):4377-4386. 

62. Maruna M, Sturdikova M, Liptaj T, Godany 
A, Muckova M,  Certik M, et al. Isolation, 
structure elucidation and biological activity 
of angucycline antibiotics from an epiphytic 
yew Streptomycete. J Basic Microbiol 
2010;50(2):1-8.  

63. Fguira LFB, Fotso S, Ameur-Mehdi RB, 
Mellouli L, Laatsch H. Purification and 
structure elucidation of antifungal and 
antibacterial activities of newly isolated 
Streptomyces sp. strain US80. Res 
Microbiol. 2005;156(3):341-347. 

64. Narayana KJP, Prabhakar P, 
Vijayalakshmi M, Venkateswarlu Y, 
Krishna PSJ. Study on bioactive 
compounds from Streptomyces sp. ANU 
6277. Pol J Microbiol. 2008;57(1):35-39.  

65. Bieber B, Nüske J, Ritzau M, Gräfe U. 
Alnumycin a new naphthoquinone 
antibiotic produced by an endophytic 
Streptomyces sp. J Antibiot.1998;51(3): 
381-382.  

66. Castillo UF, Strobel GA, Ford EJ, Hess 
WM, Porter H, Jensen JB, et al. 
Munumbicins, wide-spectrum antibiotics 
produced by Streptomyces NRRL 30562, 
endophytic on Kennedia nigriscans. 
Microbiol. 2002;148(9):2675-2685. 

67. Su R, Wang A, Hou S, Gao P, Zhu G, 
Wang W. Identification of a novel fumarase 
C from Streptomyces lividans TK54 as a 
good candidate for L-malate production. 
Mol Biol Rep. 2014;41(1):497-504.  

68. Wu H, Liu W, Dong D, Li J, Zhang D, Lu C. 
SlnM gene overexpression with different 
promoters on natamycin production in 
Streptomyces lydicus A02. J Ind Microbiol 
Biotechnol. 2014;41(1):163-172.  

69. Ballav S, Dastager SG, Kerkar S. 
Biotechnological significance of Actino-
bacterial research in India. Recent Res Sci 
Technol. 2012;4(4):31-39. 

70. Soares ECL, Costa EP, Silva LCN, Araújo 
JM. Isolamento, identificação e atividade 
antimicrobiana de Streptomyces sp. UFPE 
968. Sci Plen. 2012;8(12):01-07.   

71. Tian XL, Cao LX, Tan HM, Zeng QG, Jia 
YY, Han WQ, et al. Study on the 
communities of endophytic fungi and 
endophytic actinomycetes from rice and 



 
 
 
 

Araujo-Melo et al.; BBJ, 15(4): 1-13, 2016; Article no.BBJ.28728 
 
 

 
13 

 

their antipathogenic activities in vitro. 
World J Microbiol Biotechnol. 2004;20(3): 
303-309.  

72. Oliveira MF, Silva MG, Van Der Sand   ST. 
Potencial antifitopatógeno de 
Actinobacterias endofíticas aisladas para 
plantas de tomate (Lycopersicum 
esculentum) del sur de Brasil y 
caracterización de Streptomyces sp. 
R18(6), un agente potencial de biocontrol. 
Res Microbiol. 2010;161(1):565-572. 

73. Franco-Correa  M, Quintana  A, Duque  C, 
Suarez C, Rodríguez M, Barea J. 
Evaluation of actinomycetes strains for key 
traits related with plant growth promotion 
and mycorrhiza helping activities. Appl Soil 
Ecol. 2010;45(3):209-217. 

74. Berdy J. Bioactive microbial metabolites.  J 
Antibiot. 2005;58(1):1-26. 

75. Watve MG, Tickoo R, Maithili M, Jog B, 
Bholen D. How many antibiotics are 
produced by the genus Streptomyces? 
Arch Microbiol. 2010;176(5):386-390. 

76. Silva-Lacerda GR, Santana RCF, Vicalvi-
Costa MCV, Solidônio EG, Sena KXFR, 
Lima GMS, et al. Antimicrobial potential of 
Actinobacteria isolated from the 
rhizosphere of the caatinga biome plant 
Caesalpinia pyramidalis Tul. Genet Mol 
Res. 2016;15(1):1-12. 

77. Rodrigues KF, Hesse M, Werner C. 
Antimicrobial activities of secondary 
metabolites produced by fungi from 

Spondias mombin. J Basic Microbiol. 
2000;40(4):261-267.  

78. Masand M, Jose PA, Menghani E, 
Jebakumar SRD. Continuing hunt for 
endophytic actinomycetes as a source of 
novel biologically active metabolites. World 
J Microbiol Biotechnol. 2015;31(12):1863-
1875.  

79. Soares ACF, Sousa CS, Garrido MS, Lima 
FS. Isolados de estreptomicetos no 
crescimento e nutrição de mudas de 
tomateiro. Pesq Agropec Bras. 
2010;40(4):447-453.  

80. Goudjal Y, Toumatia O, Yekkour A, 
Sabaou N, Mathieu F, Zitouni A. Biocontrol 
of Rhizoctonia solani damping-off and 
promotion of tomato plant growth by 
endophytic actinomycetes isolated from 
native plants of algerian Sahara. Microbiol 
Res. 2014;169(1):59-65. 

81. Conti R, Chagas FO, Caraballo-Rodriguez 
AM, Melo WGP, Nascimento AM, 
Cavalcanti BC, et al. Endophytic 
Actinobacteria from the Brazilian medicinal 
plant Lychnophora ericoides Mart. and the 
biological potential of their secondary 
metabolites. Chem Biodiv. 2016;13(6):727-
736.   

82. Fuentes MS, Colin VL, Amoroso MJ, 
Benimeli CS. Selection of an 
actinobacteria mixed culture for chlordane 
remediation. Pesticide effects on microbial 
morphology and bioemulsifier production. J 
Basic Microbiol. 2016;56(2):127-137. 

_________________________________________________________________________________ 
© 2016 Araujo-Melo et al.; This is an Open Access article distributed under the terms of the Creative Commons Attribution 
License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution and reproduction in any 
medium, provided the original work is properly cited. 
 
 

Peer-review history: 
The peer review history for this paper can be accessed here: 

http://sciencedomain.org/review-history/15996 


