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Summary 

 

In the recent years, endophytes from medicinal plants have attracted 

increasing attention. In particular because they represent a rich source of 

new and useful compounds of pharmaceutical and agricultural interests and 

are a good niche for the discovery of novel microorganisms. Nowadays, very 

scanty information is available on endophytic microorganisms of the 

Madagascar flora. Although this island is rich of approximately 12000 

species, of which more than 80% are endemic and potentially having 

medicinal virtues. 

 

The present work investigated the diversity and antifungal activities of 

microbial endophytes from two Madagascan medicinal plants, Centella 

asiatica (L.) Urb. and Catharanthus roseus (L.) G. Don. The study also 

outlined the interactions of some endophytic bacteria against Colletotrichum 

higginsianum, a causal agent of anthracnose disease on several plants, using 

in vitro-produced C. asiatica plantlets. Endophytes were isolated by 

microbiological methods following surface disinfection of plant tissues and 

plating onto appropriate culture media. The microorganisms were further 

identified using molecular tools. 

 

A new species of Colletotrichum, named Colletotrichum gigasporum sp. 

nov., from C. asiatica leaves and a new subspecies within the Streptomyces 

cinnamoneus group from C. roseus stems were described based on a 

combination of phenotypic properties and phylogenetic analysis. The sexual 

stage of C. gigasporum was obtained in laboratory cultures when the 
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anamorph was plated onto culture media supplemented with sterilized leaf 

powder of C. asiatica.  

 

A number of beneficial endophytes were isolated from C. asiatica with 

biological control properties. In particular, Bacillus subtilis strain BCA31 

was found to confer enhanced resistance to the in vitro plants of C. asiatica 

and significantly reduced disease incidence and severity caused by C. 

higginsianum. Also, the xylariaceous non sporulating species NSS1, the 

most frequently isolated fungal endophyte from C. asiatica leaves markedly 

inhibited the growth of C. higginsianum in dual culture experiments.  

 

Some of the isolated endophytes produced bioactive compounds which are 

of high interest to the pharmaceutical and agricultural sectors.  In particular, 

Streptomyces cinnamoneus strain TS3RO was highly inhibitory against a 

large number of human and plant pathogenic fungi. Strain TS3RO is a good 

polyene macrolide antibiotic producer. Structural elucidation of the bioactive 

compound was obtained via LC/MS spectrometry, UV-visible spectra and 

NMR data. 

 

These findings provide additional insights on the high potential of 

endophytes from medicinal plants as a considerable source of new microbial 

species and useful bioactive compounds. 
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General introduction 

 

 

Of the 250000 to 500000 plant species that exist on Earth (Borris, 1996), 

Madagascar, the fourth largest island in the world, shelters approximately 

12000 species. Interestingly, more than 80% of these plants are endemic to 

the island (Robinson, 2004). Owing to environmental degradation, 

increasing deforestation, slash and burn agriculture in primary forest, this 

unique patrimony is threatened to extinction. Nowadays, only 9% of the 

original areas are preserved, while the country belongs to the 25 most critical 

regions for life protection in the world (Myers et al., 2000). To counter the 

rapid rate of plant species extinction, ongoing investigations should be 

conducted in parallel to effective environmental preservation policies. 

 

In 2001, the project entitled "Biodiversity and Biotechnology in 

Madagascar”, funded by the “Cooperation Universitaire belge pour le 

développement” (CUD), was initiated and joined research groups at the 

“Université Libre de Bruxelles” (ULB), “Université catholique de Louvain” 

(UCL) and “Institut Malgache de Recherches Appliquées (IMRA). The 

project is in line with the sustainable development policy in Madagascar and 

aims to preserve the medicinal plant resources of the island and its 

associated endophytic microorganisms. Ever since, a collection of various 

medicinal plants and micropropagated plants along with a collection of 

endophytic microorganisms have been maintained at IMRA. 
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Microbial endophytes have attracted considerable interest and attention since 

they have been reported to confer a wide range of beneficial effects on host 

plants such as protection against herbivore (Afkhami & Rudgers, 2009), 

growth promotion (Khan & Doty, 2009) and elicitation of defense 

mechanisms (Gao et al., 2010). In the current context, where public opinion 

and environmental stakeholders are concerned by the preservation of a 

healthy environment, the use of chemical herbicide to control weeds or 

insecticides becomes more and more restrained. Chemical products are often 

costly, require repeated applications and represent a real risk for the 

environment and human health. Endophytes are a good alternative as 

biological control agents of plant pathogens (Melnick et al., 2008; Mejía et 

al., 2008), due to their intimate association with plant tissues, occupying an 

ecological niche similar to that of phytopathogens. In addition, the need for 

new active antimicrobial compounds is constantly growing to cope with the 

increased incidence of multidrug-resistant bacteria, the emergence of life-

threatening infectious diseases, in particular in immuno-compromised 

patients. The screening of antimicrobial compounds from endophytes have 

recently shown promising results against methicillin-, penicillin- and 

vancomycin-resistant Staphylococcus aureus strains, suggesting the potential 

of endophytic secondary metabolites in medicine (Arivudainambi et al., 

2011).  

 

During their relatively long co-evolution, microbial endophytes and their 

host plants have evolved together in a balanced continual process within a 

particular ecological niche where they can interact biochemically and/or 

genetically. This long co-evolution could explain why some endophytes 

produce the same or similar bioactive compounds as those found in the host 

plants. An excellent review on this topic was reported by Zhao et al. (2011). 

For instance, taxol, an anticancer drug, that was originally extracted from the 

bark of the Pacific yew (Taxus brevifolia) (Wani et al., 1971), was found to 
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be produced by many endophytic fungi associated with Taxus species or 

related plants (Stierle et al., 1993; Strobel et al., 1996. Li et al., 2008; Zhang 

et al., 2009). This finding was very interesting because, apart from the fact 

that endophytes would be an alternative source to produce taxol, the 

development of methods for efficiently producing taxol through microbial 

fermentation processes and genetic engineering would preserve in the long 

term the over-exploitation of Taxus spp. 

 

In the recent years, several attempts have been made to isolate and identify 

secondary metabolites from endophytes associated with medicinal plants. 

Weber et al. (2004) found a novel antibiotic, phomol, in the fermentation 

broth of Phomopsis species, endophytes of the medicinal plant Erythrina 

crista-galli. Shen et al. (2006) also found that the endophytic fungi 

Myrothecium roridum isolated from the Chinese medicinal plant Artemisia 

annua produced three novel macrolides, myrothecine A-C. Two novel 

antimalarial benzoquinones were extracted from Xylaria sp., an endophytic 

fungus of the Thai medicinal plant Sandoricum koetjape (Tansuwan et al., 

2007).  

 

Ecological and environmental conditions are important factors leading to the 

diversity of the secondary metabolite profiles of microbial products. Some 

useful criteria for plant selection were proposed by Strobel & Daisy (2003) 

who stipulated that plants from unique environment, endemics, having 

ethnobotanical uses and growing in areas of great biodiversity are likely to 

harbour novel endophytes and potentially to produce new compounds. 

 

In Madagascar, medicinal plants are often used as the first resort for the 

treatment of diverse diseases. The practice of traditional medicine is well-

embedded in the lifestyle of the eighteen indigenous tribes of this island. 

Screening surveys have already shown some biological activities such as 
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antiplasmodial (Rasoanaivo et al., 2004), antiviral (Hudson et al., 2000) and 

cytotoxic activities (Williams et al., 2006). Some Madagascan medicinal 

plants have been extensively studied leading to the discovery of very useful 

drugs. For example, the Madagascar Periwinckle also called Catharanthus 

roseus is one of the island’s most famous plant, from which, the anticancer 

drugs, vinblastine and vincristine, were extracted. These secondary 

metabolites are used in the chemotherapy of various types of cancers such as 

Hodgkin’s lymphoma (Seam et al., 2009). Triterpenoids of Centella asiatica 

enter in many commercial drug formulations for skin care, anti-leprosy and 

anti-ulcerous (Kartnig, 1988). 

 

The present thesis aims to study the microbial endophytes from these two 

Madagascan medicinal plants. The research project is divided in two major 

parts. In the first part, the isolation and identification of fungal and bacterial 

endophytes from C. asiatica are reported using microbiological method for 

the isolation of endophytes and molecular tools for their identification. The 

role played by antagonistic bacteria in enhancing the resistance of C. 

asiatica against Colletotrichum higginsianum is also discussed. Finally, a 

novel species of Colletotrichum isolated from C. asiatica leaves is described. 

The second part of the project is focused on the characterization of 

endophytic whorl-forming Streptomyces producing antifungal compounds 

from C. roseus stems. The results obtained allow a better understanding of 

the plant-endophyte-pathogen interaction. 
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Overview on endophytes 

 

Introduction 

 

In contrast to epiphytic microorganisms that inhabit the outer surface 

of plants, the term “endophytes”, in its broader definition, was defined by 

Petrini (1991) as “All organisms inhabiting plant organs that at some time in 

their life can colonize internal plant tissues without causing apparent harm 

to the host”. Endophytic infections are inconspicuous; the infected host 

tissues are at least transiently asymptomatic (Stone et al., 2000). This 

definition implies that any microbe inhabiting the internal tissue of 

apparently healthy plants, for a short period or whole life cycle, can be 

referred as an endophyte. Microscopic fungi and bacteria are the most 

common endophytes that often coexist in plant tissues. However, prokaryotic 

microbes such as blue-green algae are also cited as potential endophytes 

(McInroy & Kloepper, 1995; Fisher et al., 1992) even though no evidence of 

their presence as endophytes has been reported yet. 

 

Since the discovery of fungal endophytes in darnel by Freeman in 1904, 

endophytes have been isolated from all land plants investigated to date 

throughout the world from both temperate and tropical regions (Arnold et 

al., 2000; Fröhlich et al., 2000) demonstrating their ubiquitous distribution. 

Some aquatic plants such as algae (Stanley, 1992), mosses and ferns 

(Swatzell et al., 1996) were also reported to host endophytes. Microbial 

endophytes could colonize any parts of the plant (leaves, petioles, twigs, 

bark, flowers and roots), above or below ground (Stone et al., 2000). A great 

number of economically important crops, for instance maize (Fisher et al., 
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1992), rice (Stoltzfus et al., 1997), soybean (Pimentel et al., 2006), coffea 

(Vega et al., 2005) and banana (Photita et al., 2001) have been reported to 

host endophytes. 

 

In recent years, studies on endophytes isolated from medicinal plants have 

received increasing attention because it is thought that plant with medicinal 

virtues provide a good niche for the discovery of novel microbes which 

could produce new secondary metabolites (Strobel et al., 2004). 

Bioprospection of secondary metabolites in endophytes extracted from 

medicinal plants has already revealed a wide variety of new and useful 

compounds of pharmaceutical interests possessing, for examples, 

antimicrobial, anticancer and antimalarial properties (Wiyakrutta et al., 

2004) and antioxidant activity (Huang et al., 2007).  

 

Evidence was reported that some endophytes may produce the same 

bioactive products as those found in their host plants. Stierle et al. (1993) 

demonstrated that Taxomyces andreanae, an endophyte of the Pacific yew, 

also produced taxol, an anticancer drug extracted from the bark of the plant. 

In Catharanthus roseus, a Fusarium oxysporum and a mycelia sterilia 

97CY3 endophyte were reported to produce vincristine an anticancer drug 

which is the same as that produced by the plant (Tung et al., 2002, Yang et 

al., 2004). One mechanism proposed to explain why some endophytes 

produce the same bioactive compounds as their host plants is genetic 

recombination of the endophyte with the host in an evolutionary context 

(Stierle et al. 1993; Tan & Zou, 2001). However, due to the small amounts 

of endophytic organisms within plants, it is improbable that the compounds 

are entirely produced by the endophytes in situ. But when the endophytes 

were isolated and cultivated in vitro, the numbers of cells were increased far 

above the normal concentration in the plant and measurable substances were 

detected. 
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It is not uncommon to isolate a large number of endophytes from a single 

plant species. Typically, endophytic community is characterized by a normal 

distribution where one or few species are frequently isolated in parallel to 

numerous species with rare occurrence (Rodrigues & Petrini, 1997; Fröhlich 

et al., 2000). Most endophytes are ubiquitous being isolated from various 

host plants, even though some are restricted to a single host plant. This 

phenomenon, which is termed “host-specificity”, is frequently encountered 

when studying endophytes from temperate ecosystems (Zhou & Hyde, 2001; 

Petrini et al., 1992) and should be reserved for organisms that will only grow 

in one host (Schulz & Boyle, 2005). Only scant information is available on 

the basic processes that lead to host-specificity by some endophytes. 

Leuchtmann (1992) suggested that host-specificity involved in 

grass/endophyte symbioses had a genotypic basis as specific isozyme 

genotypes were found on several host species. On the contrary, the level of 

host-specificity in tropical leaf endophytes is low because plant tissues of 

unrelated species were often infected by apparently similar endophytes 

(Cannon & Simmons, 2002). This differential pattern between temperate and 

tropical leaf endophytes in term of host-specificity is probably related to the 

type of forests which are characterized by one or a few dominant tree species 

in the temperate ecosystems while tropical forests are generally composed of 

a high diversity of tree species. 

 

Endophytes disseminate within and among plants via vertical and horizontal 

transmission (Saikkonen et al., 1998). Endophytes that infect seeds and 

spread through the seedling via hyphae causing systemic infection in above-

ground tissues are categorized as vertically transmitted. These seedborne 

endophytes never leave their host plant and can only reproduce by invading 

seed tissues of the plant. They are commonly encountered in foraging 

grasses and literally called grass endophytes or balansiaceous endophytes 

since they belong mainly to the ascomycetous genera Epichloë, Balansia, 
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and their anamorphs Neotyphodium and Ephelis. Conversely, endophytes 

that spread via spore dispersal by wind, rainfall or insects and colonize the 

internal tissue of plants after conidial attachment, germination and 

penetration (Toti et al., 1992) are categorized as horizontally transmitted. 

Generally with these organisms, the level of endophytic infection increases 

overtime as the plant tissue ages (Wilson, 2000). For examples, leaves 

within the buds are endophyte-free or contain few endophytes in comparison 

to open leaves (Wilson & Carroll, 1994). In addition, the anatomy and 

morphology of the leaves also have a key role in the infection level. The 

parts of leaves where rainwater may be channeled, through the midrib for 

example, and where trichomes that are known to act as spore trap (Allen et 

al., 1991) are dense may give rise to higher infection (Wilson, 2000). 

Horizontal transfer is also observed in the rhizosphere via lateral root 

emergence or wounded roots (Kobayashi & Palumbo, 2000). The root 

endophytes can thereafter colonize root tissues inter- and intra-cellularly and 

even spread throughout the plant (Hallmann et al., 1997). 

 

Several studies have documented the beneficial effects of endophytes to the 

host plants. These benefits range from plant growth enhancement and fitness 

to increased resistance to herbivores and pathogens. In their mutualistic 

relationship, root endophytes can benefit host plants by enhancing plant 

growth based on the production of plant growth hormone such as indole 

acetic acid (Khan & Doty, 2009) and greater absorption of soil nutrient such 

as phosphorus and other inorganic elements. Jumpponen et al. (1998) 

showed that plants associated with the dark septate root endophytes (DSE), 

Phialocephala fortinii, extracted more phosphorus from the soil than those 

grown without the DSE. In addition, some nitrogen-fixing endophytes such 

as the Acetobacter diazotrophicus (Boddey et al., 1991) and a Clostridium 

sp. (Saito & Minamisawa, 2006) can promote plant growth by fixing 

atmospheric nitrogen. Under environmental stress conditions, it is reported 
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that the protection effects of endosymbionts are most pronounced. 

Endophyte-infected grasses showed increased tolerance to drought and to 

poor soil conditions (Kuldau & Bacon, 2008; Malinowski & Belesky, 2000). 

Increased plant resistance to herbivore insects has been associated to the 

presence of some endosymbionts producing-alkaloids such as peramine and 

lolines, which serve as antifeeding agent (Clay, 1989; Tanaka et al., 2005). 

Ergovaline and lolitrem B, on the other end, act as anti-vertebrate and are 

responsible on grazing animal eating toxic forage grasses of the toxic-

syndrome called “fescue foot” and “ryegrass staggers” (Tor-Agbidye et al., 

2001). 

 

Endophytes-host plants interactions 

 

Microbial endophytes may develop diverse forms of interactions with 

their host plants ranging from benign commensals to latent and quiescent 

pathogens passing through mutualistic microbes or even saprobes (Schulz & 

Boyle, 2005).  

 

The asymptomatic colonization of endophytes within the plant tissues may 

be transient or extent throughout the plant’s life cycle. The stability of the 

status of interaction or the switch from a type of interaction to another 

depends on factors such as the genetic disposition of the two partners, their 

developmental stages, nutritional status and environmental factors (Schulz & 

Boyle, 2006). According to Schulz (1999) the asymptomatic colonization is 

the result of a balanced antagonism between host and endophytes. As long as 

the microbial virulence and the plant defense are in balance, no disease 

symptoms occur and the plant continues to grow normally. When host plants 

are stressed by changes in environmental or nutritional conditions, or are 

attacked by pathogens or senesce, the interaction becomes imbalanced 
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resulting either in the appearance of disease symptoms or the death of the 

invading microbes. 

 

It is common to isolate known pathogens as endophytes (McInroy & 

Kloepper, 1995; Bacon & Hinton, 1996). Whatever the stage of the 

development of the pathogens their presence inside the plant is 

inconspicuous until the symptoms of the disease appears. Asymptomatic 

colonization may correspond to a prolonged incubation period or a latency 

infection which is a type of tolerance of the host to certain pathogens 

(Sinclair & Cerkauskas, 1996). Colletotrichum spp., Fusarium sp., 

Phomopsis spp., Alternaria alternata are frequently reported in latent fungal 

infections of various host plants (Sinclair & Cerkauskas, 1996). Freeman & 

Rodriguez (1993) demonstrated that a mutation at a single genetic locus can 

change the pathogenic Colletotrichum magne to a non-pathogenic 

Colletotrichum endophytic organism with no effect on host. Latent-infecting 

endophytes may be responsible for the important losses in pre- and post-

harvest of economically important crops (Hartman et al., 1986). 

 

The term endophyte has also been used for saprophytic microorganisms 

found on dead or senescing tissues (Stone, 1987; Wong & Hyde, 2001). 

Promphutta et al. (2007) provided evidence of some endophytic species 

becoming saprotrophs when the host senesces or decays. Their phylogenetic 

study suggested that fungal colonizers of decaying leaves can have an 

endophytic origin. It is likely that some endophytic microorganisms have the 

ability to switch their lifestyle from endophytic to saprotrophic during host 

senescence suggesting their important ecological role in living plant and 

dead plant materials. The findings of Wilson (1993) and Faeth & Hammon 

(1997) supported the important role of fungal endophytes within leaves of 

trees to hasten the senescence and leaf abscission. The former observed that 

endophytic-free leaf discs of Oregon white oak remained green and intact for 
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over 18 months when planted out on PDA in a cold room whereas 

endophytes-infected leaf discs turned brown rapidly. While Faeth & 

Hammon (1997) found that Oak leaves with low endophytes presence, 

especially with the endophyte Ophiognomonia cryptica remained on the 

trees for up to an additional 7 months whereas those that had high 

endophytes infection presence were shed. 

 

Endophytes represent thus a continuum of variable interactions (Schulz & 

Boyle, 2005). Like pathogens, endophytes possess the necessary tools such 

as exoenzymes and phytotoxic metabolites to cross plant barriers and to 

grow within plants (Castro & Fontes, 2005). In response to this invasion, 

plants respond with their constitutive and induced defense mechanisms. 

However, in contrast to pathogens, the phenotypic plasticity of endophytes 

allows them to establish asymptomatically inside plant tissue, intercellularly 

or intracellularly with more options such as local or also systemic 

colonization, mutualism, latent pathogens, or saprophytism (Schulz & Boyle, 

2005). 

 

Methods for assessing endophytes 

 

Endophytes can be studied via three methods:  

1. Histological method revealing the internal location of the 

endophytes, whether infection is intercellular or intracellular. 

2. Genetic method by direct amplification of microbial genomic DNA 

from colonized plant tissue. 

3. Microbiological method by isolation from surface disinfected tissue 

and plating onto appropriate growth media (Schulz & Boyle, 2005).  

 

Microbiological method is so far, the most frequently practiced method 

for routine study of endophytes, and thus described in summary below 
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(for detailed information, see Bills, 1996). A typical isolation protocol 

can be resumed as follows: plant collection, transport of collected 

material to the laboratory, surface sterilization, dissection of tissue into 

small segments using aseptic techniques, plating of the plant tissue onto 

growth medium, isolation of endophytic colonies or hyphae emerging 

from the plant segments, microbial purification, conservation and 

identification. 

 

Plant collection is one of the most important steps when surveying 

endophytes. The exact position of the vegetation should be recorded using 

for example a GPS (General Positioning System) to allow for repeated re-

sampling. Healthy plant tissues without lesions or spots should be 

prioritized. In addition, conducting samplings on different parts of the plants, 

on plants of different ages, growing in different location and at different 

season allows gathering useful information on the distribution of the 

endophytes, community analysis, ecological diversity, and influence of 

abiotic factors on endophyte infections. 

 

As far as possible, fresh plant material should be transported in good 

condition to the laboratory and surface sterilization should be done within 24 

hours after moving from the collecting areas. During the transport, plant 

tissues should be maintained in proper aeration in order to prevent 

desiccation, tissue senescence and contamination by epiphytic fungi and 

bacteria. Processing plant materials at the collection site remains the most 

adequate to avoid hyper-contamination with epiphytes. 

 

The surface sterilization procedure should be optimized for the isolation of 

endophytes from a given plant. The choice of sterilization times and 

concentration of disinfectant will be dictated by the thickness of the sample, 

the relative permeability and the texture of its surface (Bills, 1996). The aim 
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of the surface sterilization is to eliminate epiphytic microorganisms from the 

surface of the plant tissues, while preserving the endophytic microorganisms 

inside the tissues by the use of disinfectant or a strong oxidant. Prior to 

surface sterilization, plant material is cut in segments followed by thorough 

washing in running tap water and/or sonication in water with tween 80 to 

remove dust and propagules adhering on the surface or hidden in the 

trichome. Eventually, plant segments are rinsed in sterile distilled water.  

 

Among the various surface sterilization procedures, the most commonly 

used is a three-step ethanol, sodium hypochlorite (NaOCl) and ethanol 

treatment (Fisher et al., 1986). Ethanol that acts as a wetting agent is 

commonly used at concentrations ranging between 70-95% while NaOCl is 

used at concentrations of 2 to 10% (Zhang et al., 2006). Calcium 

hypochlorite can be an alternative to sodium hypochlorite when assessing 

delicate tissue since it is believed to less penetrate the tissue (Boccon-Gibod, 

1982). For larger diameter twigs and wood fragments, ethanol immersion 

followed by flaming has been used in some studies (Griffith & Boddy, 

1990). Serial washing in sterile distilled water finishes ultimately the 

sterilization procedure to eliminate the penetrating and killing effects of 

sterilizing chemicals. 

 

The effectiveness of the surface sterilization procedure must be checked by 

different techniques such as plating the last rinsing water, imprinting or 

rolling the sterilized fragments on the media before incubating the plates. 

The test could be validated if no colonies or hyphae appear after 3 weeks 

(Schulz et al., 1998). Then, surface sterilized fragments are either dissected 

into small segments and placed onto appropriate growth media for the 

isolation of filamentous fungi or ground between pestle and mortar with a 

little amount of water and a serial dilution of the triturated plant tissues are 

plated on the growth media for the isolation of endophytic bacteria. Plates 
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are then incubated at 25°C or at room temperature and are examined every 

day. When hyphae or colonies emerge from plant segments, they are 

removed and sub-cultured to another growth media. In order to recover the 

broadest range of internal endophytic communities, the use of selective 

media and media which favor the growth of slow-growing endophytes is 

needed to avoid that plate to be overgrown by rapid-growing ones. For 

example, if the goal is to isolate endophytic fungi, antibacterial antibiotics 

such as chloramphenicol, streptomycine sulphate, oxytetracycline are 

incorporated into the agar media either singly or combined along with low 

concentration of cyclosporin A, dichloran or rose bengal that restrict rapid 

radial growth of fungi. In contrast, for selective isolation of endophytic 

bacteria, fungitoxic agents such as cycloheximide and/or nystatin are added 

to the growth media. 

 

Following serial subcultures to another growth media without antibiotic or 

fungitoxic agents, pure isolates are obtained and preserved prior to their 

identification. Preservation can be performed in short time period with plugs 

of fungal mycelial dipped in sterile distilled water or under paraffin oil, 

while lyophilization and freezing at ultralow temperature (e.g. -130°C) 

allowed a long-term conservation of the microbial isolates. 

 

Microbiological method has many advantages. The materials for performing 

experiences are relatively inexpensive. The results are available in days and 

the procedure is quite simple. This method may also be useful for surveying 

spatial and temporal distribution of endophytic community within the plant. 

The method present however some disadvantages. The isolation of slow 

growing endophytes may be masked by the presence of more rapidly 

growing microbes or may be discredited by speculations that sterilization 

procedures were inadequate to eliminate all adhering surface contaminants. 
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Host plants 

 

Every plant investigated to date was host to microbial endophytes. In this 

thesis project, two Madagascan medicinal plants, Centella asiatica and 

Catharanthus roseus were selected. The choice of C. asiatica and C. roseus 

was primarily based on criteria established during the project “Biodiversity 

and Biotechnology in Madagascar” including: plants of socio-economic 

importance, plants having medicinal virtue, plants being endangered, 

threatened, or rare and endemic to Madagascar.  

 

Centella asiatica is not a threatened species, but has an economic impact for 

Madagascar and is largely overexploited. This plant is the second most 

exported medicinal plant in Madagascar (Péchard et al., 2005) to meet the 

huge demand from western countries for triterpenoids. These secondary 

metabolites are components for various medicinal drugs and are largely used 

in cosmetic preparations for skin care. Even though, C. asiatica is widely 

distributed in tropical and subtropical regions such as Asia, Australia, India, 

New Guinea, Malaysia, South Africa and Madagascar, C. asiatica from 

Madagascar is strongly requested because a comparative study supported 

that C. asiatica leaves from Madagascar contain 3 to 7 times higher 

asiaticoside content than those from India (Rouillard et al., 1997).  

 

Catharanthus roseus is native and endemic to Madagascar but is now widely 

cultivated and naturalized worldwide, mainly in tropical and subtropical 

areas. Due to the practice of slash and burn agriculture in Madagascar, C. 

roseus, is a threatened plant in its natural habitat. 
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Centella asiatica 

 

Botanical description 

 

Centella asiatica (L.) Urb. also called hydrocotyle, gotu kola, 

Indian Pennywort or talapetraka in Madagascar is an evergreen perennial, 

herbaceous, creeper plant of the family Umbelliferae or Apiaceae. It is 

widely distributed in tropical and subtropical regions such as Asia, Australia, 

India, New Guinea, Malaysia, South Africa and Madagascar. It grows 

abundantly in moist areas. The plant is characterized by a long, slender 

petiole up to 30 cm in height, which brings a simple reniform-cordate leaf 

and propagated by means of horizontal stems called stolons interconnecting 

one plant to another. 

 

Fig. 1. Centella asiatica. 

 

Uses in traditional medicine 

 

C. asiatica is an ethnomedicinal herb used for ages in 

Ayurvedic medicine, Chinese and Madagascan traditional medicine. It was 

traditionally used for wounds healing, leprosy, skin tuberculosis, stomach 
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aches, arthritis, varicose veins, high blood pressure (Boiteau & 

Ratsimamanga, 1956). It is also claimed to increase performance in mentally 

retarded children (Appa-Rao et al., 1973). Other ethnomedicinal uses 

included the treatment of insomnia, depression, stress and epilepsy 

(Ganachari et al., 2004). 

 

Main chemical constituents found in the plant 

and their pharmacological and biological 

properties 

 

The major chemical constituents found in the plant are 

triterpenoids, flavonoids and an essential oil. C. asiatica contains mostly 

pentacyclic triterpenic glycosides and their respective aglycones. The four 

major triterpenes produced in the aerial parts of the plant are asiaticoside, 

asiatic acid, madecassoside and madecassic acid (Inamdar et al., 1996). 

    

 

 

 

 

Fig. 2. Structure of main triterpenoids from Centella asiatica. 
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Many other triterpenes have been found in the plant but in a lower 

proportion such as brahmic acid, brahmoside, thankuniside, isothankuniside, 

madasiatic acid, centelloside, betulinic acid, cenellic acid, centic acid, 

indocentic acid (Zheng & Qin, 2007). Earlier, the BuOH fraction of C. 

asiatica was reported to contain four new triterpenoid glycosides named 

asiaticosides C, D, E and F (Jiang et al., 2005). 

 

Triterpenoids from C. asiatica possess various biological activities providing 

strong support for its use in ethnomedicine. Kimura et al. (2008) confirmed 

that asiaticoside accelerated wound repairs by promoting angiogenesis 

process at the site of injury. However, another report showed that the 

claimed wound healing effect of C. asiatica seems to be attributed to 

madecassoside by involving various mechanisms including antioxidant 

activity (reduction of the nitric oxide levels and the malonaldehyde content 

in the burn skin), angiogenesis (proliferation of endothelial cell growth) and 

collagen synthesis in an experimental assay of burn injury in mice (Liu et al., 

2008a). 

 

The anti-inflammatory and anti-ulcerous activities of C. asiatica herbs and 

its active constituents are well established. Recent reports showed that 

madecassoside and asiaticoside inhibited the collagen-induced arthritis in 

mice in agreement with the use of C. asiatica herbs for rheumatoid arthritis 

cure (Liu et al., 2008b; Li et al., 2007). In addition, C. asiatica water extract 

and asiaticoside reduced the size of ulcers in acetic acid induced gastric 

ulcers in rats in a dose-dependent manner, with a concomitant attenuation of 

myeloperoxidase activity at the ulcer tissues (Cheng et al., 2004). 

 

The in vitro growth inhibition of several tumour cells such as the human 

gastric adenocarcinoma (MK-1), human uterine carcinoma (HeLa), and 

murine melanoma (B16F10) cells by the MeOH extract from the aerial parts 
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of C. asiatica brought evidence for its antiproliferative effects (Yoshida et 

al., 2005). This anti-cancer property is likely due to asiatic acid which was 

shown to induce apoptosis and inhibit the growth of SW480 human colon 

cancer cells (Tang et al., 2009). 

 

Asiatic acid has also been shown to possess neuroprotective properties in a 

mouse model of permanent cerebral ischemia suggesting its use for the 

treatment of cerebral ischemia (Krishnamurthy et al., 2009). Current 

research on Alzheimer’s disease in animal model revealed that C. asiatica 

extracts may reduce neuropathological mechanisms involved in the disease 

by preventing cognitive deficits (Kumar & Gupta, 2003), decreasing in a 

long-term treatment the level of amyloid β peptide (Dhanasekaran et al., 

2009) which accumulation into plaques in the brain parenchyma and cerebral 

blood vessel have been shown to play a significant role in the development 

and progression of Alzheimer’s disease (Glenner & Wong, 1984). 

 

Additionally, various flavonoids including quercetin, kaempferol, catechin, 

rutin and naringin were characterized from C. asiatica (Zheng & Qin, 2007). 

Some of them were thought to contribute to the antioxidative activity of the 

plant (Zainol et al., 2003). Petuletin, a flavonol, along with kaemferol 3-O-β-

D-glucuronide were also present in the aerial parts of C. asiatica. These 

metabolites were reported to possess potent inhibitory activity on aldose 

reductase in rats (Matsuda et al., 2001). 

 

Besides terpenoids and flavonoids, C. asiatica also contains an essential oil 

whose constituents are mainly composed of β-caryophyllene, 

bicyclogermacrene, germacrene B and D, trans-β-farnesene and myrcene 

having broad spectrum antibacterial activities against Gram-positive and 

Gram-negative bacteria (Oyedeji & Afolayan, 2005). 
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Catharanthus roseus 

 

Botanical description 

 

Known as Madagascar Periwinkle and Vinca rosea, 

Catharanthus roseus (L.) G. Don is an herbaceous sub-shrub plant of the 

family Apocynaceae. Originally native of the south-eastern and eastern area 

of Madagascar, the plant is easily cultivated and now becomes naturalized in 

many parts of tropical and subtropical countries. It develops well in hot and 

humid environment. Attractive ornamental plants found commonly in 

gardens and homes, C. roseus is now grown commercially across the world 

because of its pharmaceutical interest. The plant has white or pink flowers 

comprising five petals, dark green oval to oblong leaves arranged in opposite 

pair and is up to 30 cm to 1 m in height. The genus Catharanthus contained 

eight species, seven of which are endemic to Madagascar (C. coriaceus 

Markgr, C. lanceus (Bojer ex A.DC.) Pichon, C. longifolius (Pichon) Pichon, 

C. ovalis Markgr, C. scitulus (Pichon) Pichon, C. trichophyllus (Baker) 

Pichon and C. roseus (L.) G. Don).  

 

 A   B   C 
Fig. 3. Catharanthus roseus. A- var. roseus; B- var.ocellatus; C- var. albus 

(From: http://www.scribd.com/doc/3547408/Catharanthus-alkaloids) 
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Uses in traditional medicine 

 

Catharanthus roseus has a long traditional use in folk medicine 

from different areas in the world. Extracts are used in herbal medicine to 

treat diabetes, malaria, wasp sting, eye irritation, infection, dysmenorrhea, 

high blood pressure and as poultice to stop bleeding (Dobelis, 1986; Duke, 

1985). Other virtues such as diuretic, antidysenteric, astringent, and cough 

remedy were reported from Chinese traditional medicine.  

 

 

Main chemical constituents found in the plant 

and their pharmacological and biological 

properties 

 

More than 130 alkaloids mainly belonging to the class of 

indolomonoterpenic alkaloids have been isolated from C. roseus some of 

which are of pharmaceutical importance (van der Heijden et al., 2004). 

Vinblastine and vincristine are being used in the chemotherapy of leukaemia 

and treatment of Hodgkin’s disease (Noble, 1990; Seam et al., 2009). These 

alkaloids bind to tubulin, thereby disrupting the microtubule formation in the 

mitotic spindle, resulting in a mitotic arrest at metaphase stage (Jordan et al., 

1985). They are formed by coupling of two monomeric indole alkaloids 

catharanthine and vindoline.  

 

Due to the low content of vinblastine and vincristine in the plant, many 

efforts have been made with the in vitro culture of C. roseus cells to increase 

their production (Pietrosiuk et al., 2007). The effects of various elicitors to 

induce alkaloid accumulation under in vitro cell suspension of C. roseus 

were mostly investigated and resulted in higher level of ajmalicine, 
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catharanthine and vindoline compared to non-treated cultures (Vázquez-

Flota et al., 2009; Ramani & Jayabaskaran, 2008). 

 

Ajmalicine (adreno-sympatholytic) and serpentine (acetylcholinesterase 

inhibitor) are proved to possess antihypertensive and sedative activities 

respectively (van der Heijden et al., 2004). Later, Ara et al. (2008) 

demonstrated that C. roseus leaves extract had hypotensive effects on 

adrenaline induced hypertensive rats. Vincamine, another indole alkaloid 

from C. roseus, is a peripheral vasodilator that enhances blood flow to the 

brain. Its therapeutic efficacy to treat vascular dementia was confirmed by a 

clinical trial (Fischhof et al., 1996). 

 

Anthocyanins belonging to the methylanthocyanidin were also found in the 

flowers of C. roseus (Filippini et al., 2003; Toki et al., 2008). Besides, 

several phenolic compounds were identified from the plant (Mustafa & 

Verpoorte 2007; Ferreres et al., 2008). Recently, the presence of 5-hydroxy 

flavone, a flavonoid compound, from the leaves of C. roseus with antifungal 

activity has been reported (Roy & Chatterjee, 2010). The aerial parts of the 

plant also contain numerous volatile compounds (De Pinho et al., 2009). 

 

During this thesis project, we isolated from C. roseus stems an endophytic 

Streptomyces producing polyene macrolide antibiotics. To that purpose, a 

brief literature review of polyene macrolides from Streptomyces is provided 

in the following section. 
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Polyene macrolide antibiotics from Streptomyces 

 

Polyene macrolide antibiotic are a class of natural product mainly produced 

by Streptomyces species, characterized by a lipophilic conjugated polyene 

unit and a hydrophylic polyol unit which may or not be a sugar (Bolard, 

1986). Polyene macrolide antibiotics were classified according to the 

number of conjugated double bonds in the molecule into trienes, tetraenes, 

pentaenes, hexaenes, and heptaenes (Hamilton-Miller, 1973). 

  

Polyene macrolides having current clinical uses 

 

The main utilization of polyene macrolides is mostly related to their 

antifungal properties. The affinity of the molecules to interact with 

ergosterol, the principal sterol in fungal plasmic membranes, results in 

membrane perforation, leakage of ions and ultimately cell death (Bolard, 

1986). Despite their fungicidal actions and their extremely rare incidence of 

resistant pathogens, only few polyene macrolide antibiotics found 

widespread clinical use including rapamycin (triene), nystatin (tetraene), and 

amphotericin B (heptaene), due to the relatively high toxicities for 

mammalian cells and low water solubility (Zotchev, 2003; Nosanchuk, 

2006). 

 

Rapamycin (1) was extracted from the mycelium of Streptomyces 

hygroscopicus isolated from an Easter Island (Rapa Nui) soil sample (Vézina 

et al., 1975). Rapamycin, also termed sirolimus, is a triene macrolide 
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antibiotic with potent immunosuppressive activity, used in pediatric 

transplant population (Markiewicz et al., 2003; Ibáñez et al., 2005). 

Rapamycin seemed to extend lifespan in mice (Harrison et al., 2009) and can 

slow or block Alzheimer’s disease progression in a mouse model of 

Alzheimer's (Spilman et al., 2010). 

 

Nystatin (2), which was discovered by Hazen & Brown (1950) from a soil 

actinomycetes, Streptomyces noursei, is a tetraene macrolide mainly used for 

topical treatment of oral, gastro-intestinal and genital candidosis (Fjærvik & 

Zotchev, 2005). Streptomyces fungicidicus ATCC 27432 (Matsuoka, 1960) 

and Streptomyces albulus ATCC 12757 (Veiga et al., 1983) were also 

nystatin producer. 

 

Amphotericin B (AmB) (3) was first isolated from cultures of Streptomyces 

nodosus (Vandeputte et al., 1955). Since its approval for use in the USA in 

1957, AmB has long been the drug of choice for systemic mycoses 

(Nosanchuk, 2006). However, the prescription of AmB is limited by its 

various side effects, i.e. fever, hypotension, respiratory distress, toxicity 

(mainly nephrotoxicity) and by its intravenous administration. Recent 

formulations such as nanosuspension (Kayser et al., 2003), lipid-based 

formulation (Risovic et al., 2007) and lipid nanospheres (Amarji et al., 2007) 

for oral administration of AmB have shown promising results in reducing 

significantly the side effects and improving its oral bioavailability. 

 

Other biological properties of polyene macrolide 

antibiotics 

 

In addition to their antifungal properties, some polyene macrolides 

display diverse biological properties. For example, from the mycelium of 

Streptomyces virdigreseus, Thirumalachar & Menon (1962) isolated two 
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oxo-hexaene macrolides, dermostatin A and B (4), having high anti-

proliferative activity against HIV in H9 cells (Pandey, 1992). Total synthesis 

of dermostatin A was first reported by Sinz & Rychnovsky (2002) and later 

by Zhang et al. (2011). 

 

Filipin (5) is a pentaene macrolide antibiotic extracted from Streptomyces 

filipinensis (Whitfield et al., 1955). Filipin is a mixture of four molecules, 

justifying its appellation as filipin complex, with filipin III being the most 

abundant one (Bergy & Eble, 1968). The first total synthesis of filipin III 

was achieved by Richardson & Rychnovsky (1997). The strong affinity of 

filipin III for cholesterol explains that it is used as a histochemical stain for 

cholesterol in the clinical diagnosis of the type C Niemann Pick disease 

(Vanier, 2010). 

 

Studies showed that polyene macrolide antibiotics having a large and rigid 

macrolide ring such as amphotericin B and aureofacin may enhance antiviral 

activity of acyclovir. However, the acyclovir potentiating activity were not 

observed with polyene antibiotics with small and rigid (pimaricin and filipin) 

or large but flexible (nystatin A1 and lienomycin) macrolide rings 

(Malewicz et al., 1984). Besides that, some derivatives of polyene 

macrolides such as hydrophosphoryl derivatives of mycoheptin (Belakhov & 

Shenin, 2007) and methyl ester of amphotericin B (Schaffner et al., 1986) 

were described to possess good antiviral activity. 

 

Darisipudi et al. (2011) demonstrated in vitro in dendritic cells isolated from 

mouse bone marrow that amphotericin B, nystatin, and natamycin directly 

activate the host's innate immunity by triggering interleukin-1β secretion in 

monocytes. Natamycin (6), also known as pimaricin, is a mycosamine-

containing tetraene isolated from cultures of Streptomyces natalensis (Struyk 

et al., 1958) and related species, S. chattanoogensis and S. gilveosporus 
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(Hamilton-Miller, 1973). Natamycin (E 235) is used in food industry as a 

food additive (European Food Safety Authority, 2009). 

 

In contrast to many polyene macrolides, such as amphotericin B and 

nystatin, which have no antibacterial activity, faeriefungin, a pentaene 

macrolide, produced by Streptomyces griseus var. autotrophicus (Nair et al., 

1989) displayed a good antibacterial activity. It inhibited the growth of many 

gram-positive bacteria, including methicillin-resistant Staphylococcus 

aureus strains with a minimum inhibitory concentrations ranging from 8 to 

64 µg mL
-1

. However, faeriefungin was less active against gram-negative 

bacteria (Mulks et al., 1990). Similarly, pentamycin, also a pentaene 

macrolide antibiotic naturally produced by Streptomyces pentaticus 

(Umezawa et al., 1958), exhibited a broad spectrum of antimicrobial 

activity, justifying the clinical use of intravaginal pentamycin for the 

treatment of vaginal infections caused by Trichomonas vaginalis, Candida 

albicansor mixed microorganisms (Balmer, 2009). Pentamycin, also called 

fungichromin (7), was reported to occur in several Streptomyces species 

including Streptomyces cinnamoneus and S. roseoluteus (Hamilton-Miller, 

1973), S. griseus (Pandey et al., 1980), S. cellulosae (Nogushi et al., 1988) 

and S. padanus PMS 702 (Shih et al., 2003). It was found to be effective in 

controlling Rhizoctonia damping-off of cabbage and tomato late blight (Shih 

et al., 2003) and was patented for the treatment of skin yeast infections 

(Hedgpeth, 2005). 
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(2) 

 (3)  

(4) 



Context of the study 

 

- 32 - 

 

(5) 

(6) 

(7) 

Fig. 4. Molecular structures of major representatives of polyene macrolide 

antibiotics. (1) Rapamycin; (2) Nystatin; (3) Amphotericin B; (4) 

Dermostatin A, R = H; Dermostatin B, R = CH3; (5) Filipin III; (6) 

Natamycin; (7) Fungichromin. 
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Research objectives and outline of the thesis 

 

 

To date, natural products of microbial origin, especially from microbial 

endophytes are still unexplored and relatively unstudied in Madagascar. 

However, based on Bills’ observations (1996), predicting that each vascular 

plant is host to at least two to four undescribed microbial species, specific to 

that plant species, the Madagascan endemic flora, with its 12000 species, 

provide opportunity to find numerous undescribed endophytic 

microorganisms. In addition, plants with medicinal virtues and growing from 

areas of great biodiversity are assumed to be a good niche for the discovery 

of endophytes that may produce bioactive compounds of pharmaceutical 

importance (Strobel & Daisy, 2003). Indeed, Madagascan medicinal plants 

fulfill the criteria of plant selection for the assessment of endophytes with its 

rich, diversified and unique ecosystem that has been developing over time, 

after the island broke away from the African continent more than 120 

million years ago. 

 

The present work addresses these above-mentioned assumptions and 

provides evidence that medicinal plants, not only shelter endophytic 

microorganisms capable of protecting their hosts against pathogens and 

producing antifungal compounds, but also harbour new endophytic species. 

The main objectives of this thesis were to assess the biodiversity of 

microbial endophytes from Madagascan medicinal plants and to characterize 
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their bioactive metabolites, especially their antifungal properties. In order to 

achieve the goals of the study, two medicinal plants (Centella asiatica and 

Catharanthus roseus) were selected and their microbial endophytes were 

investigated. 

 

The core of the study could be divided into two parts. The first part of the 

study (chapters I, II and III) was devoted to microbial endophytes (culturable 

fungi and bacteria) from C. asiatica. It highlights the diversity of endophytic 

species associated with C. asiatica leaves collected in Mangoro, 

Madagascar. The second part of the study (chapter IV) concentrated on 

Streptomyces species isolated from C. roseus stems producing antifungal 

compounds. Isolation of endophytes in both plants was achieved by 

microbiological method following surface sterilization of plant tissues to 

eliminate epiphytes and incubation of disinfected samples on suitable media. 

Identification was made using molecular tools. Endophytes showing special 

features as new species, with biocontrol potential and as producer of 

antifungal compounds were further investigated. Figure 5 briefly outlined 

the different steps that were considered. 

 

In chapter I, we performed community analysis of fungal endophytes from 

C. asiatica through the study of species composition, distribution and 

assemblage of endophytic fungi within leaves. The potential interactions 

between major endophytes were examined using dual cultures. This work 

was published in Antonie van Leeuwenhoek (2008). 

 

The study of the biodiversity of microbial endophytes from C. asiatica was 

complemented in chapter II by the isolation and identification of its 

endophytic bacteria. The protection effects of the two most antagonistic 

bacteria against Colletotrichum higginsianum were assessed using co-

inoculation assays in in vitro C. asiatica plantlets. The results showed that 
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they were able to significantly inhibit anthracnose disease symptoms caused 

by the hemibiotrophic plant pathogen Colletotrichum higginsianum. The 

results of this study were submitted to Antonie van Leeuwenhoek. 

 

In chapter III, we described a new Colletotrichum species producing long 

straight conidia isolated from leaves of C. asiatica. A teleomorph was 

produced in laboratory cultures when the anamorph was cultivated in potato 

dextrose agar supplemented with sterilized powder leaf of C. asiatica. Based 

on morphological and phylogenetic evidence, the fungus was named 

Colletotrichum gigasporum sp. nov. The results of this study were accepted 

for publication in Mycological Progress. 

 

Since a recent paper has already reported the study of endophytic fungi from 

C. roseus (Kharwar et al., 2008), in chapter IV we focused on the 

investigation of endophytic Streptomyces from this valuable medicinal plant. 

To our knowledge, we reported here the first endophytic whorl-forming 

Streptomyces sp. isolated from healthy stems of C. roseus, designated as 

Streptomyces sp. strain TS3RO. Direct bioautography on thin layer 

chromatography plate with Cladosporium cucumerinum was conducted 

throughout the purification steps for bioassay-guided isolation of the active 

antifungal compounds from the crude culture filtrated extracts. Finally the 

structure of the major antifungal compound was elucidated using 

spectroscopic techniques. This study was published in the Canadian Journal 

of Microbiology (2012). 
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Fig. 5. Outline of the thesis. 
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CHAPTER I 

 

ENDOPHYTIC FUNGI FROM LEAVES OF 

CENTELLA ASIATICA: OCCURRENCE AND 

POTENTIAL INTERACTIONS WITHIN LEAVES 

 

This chapter has been published in Antonie van Leeuwenhoek, 2008, 

93: 27–36. 
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Preface 
 
Centella asiatica (APIACEAE) is the second most exported medicinal plant 

in Madagascar (Péchard et al., 2005). The huge demands for C. asiatica 

from western countries can be explained by the presence in this plant of 

useful triterpenoids which are components of various medicinal drugs and 

are largely used in cosmetic preparations for skin care. Variability in 

triterpenoid content found in C. asiatica from geographically different 

regions has been reported. Rouillard et al. (1997) proved that C. asiatica 

leaves from Madagascar contained 3 to 7 time higher concentration in 

asiaticoside in comparison with those from India. Randriamampionona et al. 

(2007) observed a significant variability in triterpenoid content of C. asiatica 

samples collected from different locations in Madagascar. Interestingly, the 

authors found that the sample from Mangoro region contained the highest 

content in asiaticoside. 

 

Because of the ability of many fungal endophytes such as Arthrobotrys, 

Chaetophoma, Dematium and Colletotrichum to convert betulinic acid, a 

triterpenoid found in various plants species including C. asiatica (Zheng & 

Qin, 2007), to many oxygenated derivatives (Bastos et al., 2007), endophytic 

fungi are likely to be involved in the variability of the triterpenoid content in 

C. asiatica samples. We therefore, explored the fungal endophytes of C. 

asiatica collected from Mangoro where the highest content of asiaticoside 

was recorded. The within-leaf distribution of the main endophytes was also 

assessed since terpenoids are well known to act as plant defense compounds 

and to determine the extent of fungal colonization (Mucciarelli et al., 2007). 

In this chapter, we demonstrated that the observed differential distribution 

patterns of the main endophytes on opposite areas in leaves of C. asiatica 

may be due to antagonistic interactions between those endophytic fungi. 
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1.1. Abstract 

Fungal endophytes were isolated from leaves of Centella asiatica (Apiaceae) 

collected at Mangoro (Middle Eastern region of Madagascar, 200 km from 

Antananarivo). Forty- five different taxa were recovered. The overall foliar 

colonization rate was 78%. The most common endophytes were the non-

sporulating species 1 (isolation frequency IF 19.2%) followed by 

Colletotrichum sp.1 (IF 13.2%), Guignardia sp. (IF 8.5%), Glomerella sp. 

(IF 7.7%), an unidentified ascomycete (IF 7.2%), the non-sporulating species 

2 (IF 3.7%) and Phialophora sp. (IF 3.5%). Using sequences of the 

ribosomal DNA internal transcribed spacer (ITS) regions, major endophytes 

were identified as xylariaceous taxa or as Colletotrichum higginsianum, 

Guignardia mangiferae and Glomerella cingulata. Results from in vitro 

fungal disk experiments showed a strong inhibitory activity of the 

xylariaceous non-sporulating species 1 against G. mangiferae and C. 

higginsianum and of C. higginsianum against G. mangiferae. This can be 

explained by antagonism between dominant taxa. 

 

Key words: Centella asiatica, Colletotrichum higginsianum, Endophytic 

fungi, Xylariaceae 
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1.2. Introduction 

Endophytic fungi have been described as fungi that asymptomatically 

colonize healthy plant tissues, even though they may, after incubation or a 

latency period, cause diseases (Petrini, 1991; Stone et al., 2000). Diverse 

associations with host plants have been reported, ranging from mutualistic 

relationships (Schulz et al., 2002) and cryptic commensalism (Deckert et al., 

2001) to latent and quiescent pathogens (Sinclair & Cerkauskas, 1996). The 

stability or the variability of the asymptomatic interaction depends on 

numerous factors such as environmental stress, senescence of the hosts, 

virulence of the endophytes and the host defense response (Schulz & Boyle, 

2005). Endophytes may be beneficial to the hosts in conferring resistance to 

insects and herbivores (Clay, 1988), drought tolerance (West, 1994), 

protection against pathogens (White & Cole, 1985) and enhanced vegetative 

growth (Porter et al., 1979). 

 

Endophytic fungi have been encountered from any plant ever investigated. In 

contrast, endophytic fungi in medicinal plants, especially in tropical regions, 

are still poorly explored though they could represent a source of valuable 

new and bioactive compounds (Li et al., 2001). Recently, endophytic fungi 

isolated from a Brazilian medicinal plant were shown to produce guignardic 

acid (Rodrigues et al., 2001). Likewise, new bioactive metabolites were 

produced by a Colletotrichum sp., an endophytic fungus in Artemisia annua, 

a traditional Chinese medicinal herb (Lu et al., 2000). 

 

Centella asiatica (L.) Urban (Apiaceae, Umbelliferae), also known as Gotu 

kola or Indian pennywort, is a small, annual, slender, creeping entwined herb 

that grows near swamps on damp ground. It is mainly found in tropical 

regions of India, Madagascar, Sri Lanka, China, Indonesia, Australia and 
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South Africa. It is used for various medical treatments (Boiteau & 

Ratsimamanga, 1956; Pointel et al., 1987). 

 

Reports have shown that terpenoid-producing plants such as Sequoia 

sempervirens develop differential activity on foliar endophyte growth 

(Espinosa-Garcίa et al., 1996). Moreover, a recent study using an improved 

HPLC method has revealed the presence of six triterpenes in C. asiatica 

extracts (Schaneberg et al., 2003). However, the endophytic community of 

this potentially important pharmaceutical medicinal herb has not yet been 

investigated. Here, we describe the diversity of endophytic fungi in leaves of 

C. asiatica. We also assess the within-leaf distribution of and possible 

interactions between major fungal endophytes. Our research is part of an 

ongoing project on the conservation of medicinal plants and their associated 

microorganisms in Madagascar. It may contribute to the discovery of novel 

bioactive compounds probably deriving from endophytes of these medical 

plants. 
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1.3. Materials and Methods 

1.3.1. Sampling 

Centella asiatica plants were collected in Mangoro (18° 52’ 20 South, 

48° 06’ 25 East, 823 m a s l, middle eastern region of Madagascar, 200 km 

from Antananarivo), a collection site of IMRA (Institut Malgache de 

Recherches Appliquées) in May 2003 after the rainy season. Five apparently 

healthy about 5 months old and 10 to 15 cm long shoots were randomly 

selected, pulled up with their rhizomes, placed into a cooled bag and sent 

immediately to BCCM/MUCL (Belgium). On arrival, two days later, the 

samples were dipped in a container filled with tap water to refresh them and 

processed within four days. 

 

1.3.2. Surface sterilization procedures 

Prior to surface sterilization, leaves were individually removed from 

shoots and thoroughly washed in running tap water to remove dust particles 

on leaf surfaces, then shaken in a flask containing 200 mL of sterile distilled 

water with the addition of 2 drops of Tween 80 (Sigma Chemical Co., St. 

Louis, Mo, USA). Thereafter, the samples were soaked in 75% ethanol for 1 

min, then in 3% calcium hypochlorite (VWR international, Leuven) for 10 

min and again in 75% ethanol for 30 s. Finally, the leaves were rinsed three 

times in sterile distilled water and dried with sterile paper toweling. 

 

In order to test the effectiveness of surface sterilization, 20 mL of the last 

rinsing water were centrifuged for 10 min at 3000 rpm. The supernatant was 

removed, leaving 500 µL in the centrifugal tube, which were homogenized 

with a vortex; 100 µL of this volume were then plated onto a medium 

containing 2% malt extract agar supplemented with chloramphenicol to 

suppress growth of bacteria (MEAC: 20 g malt extract, 20 g glucose, 1 g 



Chapter I. Endophytic fungi from Centella asiatica 

 

- 47 - 

 

peptone and 15 g agar in 1 L distilled water and 200 mg L
-1

 

chloramphenicol). In addition, sterilized leaves were imprinted onto MEAC 

before incubating the plates at room temperature for three weeks. The test 

was validated if no mycelial growth occurred (Schulz et al., 1998). 

 

1.3.3. Isolation of endophytic fungi 

After surface sterilization, five leaves were cut up into very small 

segments of approximately 2 × 2 mm using a flame-sterilized scalpel. About 

600 leaf pieces were placed in 30 Petri dishes (90 mm) containing MEAC, 

with an average of 20 pieces per dish. The scalpel was flame-sterilized anew 

for each of the 600 pieces to avoid the contamination of the following piece 

of leaf by the endophyte of its predecessor. The plates were sealed with 

cellophane and incubated at room temperature. Fungi growing out from the 

plant tissue fragments were subcultured onto 2% malt extract agar without 

antibiotics by transferring a plug of agar with the piece of leaf under which 

hyphal tips emerged. The emerging hyphae were then transferred with the 

plant material to avoid that the growing mycelium masked the growth of the 

others and to ensure to yield the whole endophytic communities, because 

such a minute plant square could still contain another type of hyphae of 

slow-growing fungi (Gamboa & Bayman, 2001). 

 

The overall colonization rate (CR) was calculated as described by Petrini et 

al. (1982):  

100
segments leaf ofnumber  Total

isolate 1  yielding sample ain  segments leaf ofnumber  Total



 

The isolation frequency (IF) was determined by the following formula:  

100
segments leaf ofnumber  Total

n given taxo a of leafper number isolation  of sum The
  
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Pure isolates were subcultured onto different media for morphological 

identification. After three weeks of incubation at 25°C in two 12-hour 

cycles, one of cool white fluorescent light followed by one of darkness, most 

isolates sporulated on either 2% malt agar (MA2: 20 g malt extract, 15 g 

agar and 1 L distilled water), oatmeal agar (OA: 10 g rolled oats, 15 g agar 

in 1 L distilled water) or potato dextrose agar (PDA: 4 g potato extract, 20 g 

glucose, 15 g agar and 1 L distilled water) and could be identified at genus 

level. The remaining isolates that failed to produce reproductive structures 

on PDA, MA and OA after two months were again subcultured onto 2 

percent water agar in a Petri dish containing a strip of autoclaved C. asiatica 

leaf and the cultures were subjected to near-UV light (366 nm). Cultures that 

did not sporulate after four months or more after these treatments were 

considered as sterile mycelium and separated into taxonomic groups 

according to cultural characteristics (Fröhlich et al., 2000). Representative 

strains were deposited in the BCCM/ MUCL collection. 

 

1.3.4. Molecular identification of major endophytes 

The main endophytic fungi encountered were identified by using 

molecular tools. Genomic DNA was extracted from ground mycelium by the 

method of Lee et al. (1988) and purified from solution using the 

GENECLEAN
®
 III Kit (Qbiogene, Inc., Carlsbad, California) according to 

the manufacturer’s instructions, to yield a total volume of 50 µL purified 

DNA. The regions of ribosomal DNA (rDNA) were amplified using the 

primers NS7 and ITS4 (White et al., 1990). The amount of purified DNA 

acquired was adjusted to 10 ng µL
-1

 using a BioPhotometre (Eppendorf) at 

260 nm. First, 10 µL of fungal DNA containing 10 ng µL
-1 

were transferred 

to the reaction tube. Then, 40 µL of master mix consisting of 5 µL buffer 

(100 mM Tris HCl, pH 8.3, 500 mM KCl, 15 mM MgCl2, 0.1% Bovine 

serum albumin), 3 µL MgCl2 (50 mM) (Invitrogen SA, Merelbeke, 

Belgium), 1 µL deoxynucleotide triphosphates dNTP mix (10 mM) 
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(Fermentas GMBH, Germany), 2 µL primers (10 µM) (Invitrogen SA, 

Merelbeke, Belgium), 0.5 µL Taq DNA polymerase (5 U µL
-1

) (Invitrogen 

SA, Merelbeke, Belgium) and 28.5 µL of sterile distilled water were added. 

Tubes were placed in a DNA Thermal Cycler 480 (Perkin Elmer Life and 

Analytical Sciences, Inc., Milano, Italy) and PCR was performed applying 

the following programme: initial denaturation for 5 min at 94°C followed by 

30 cycles, each consisting of 90 s denaturation at 94°C, 90 s annealing at 

55°C and 3 min extension at 72°C. At the end, a final extension step of 7 

min at 72°C was included. The PCR products were cooled down to 4°C 

before purification, using QIAquick
®
 PCR Purification Kit (QUIAGEN Inc., 

Hilden, Germany), according to the manufacturer’s protocols. 

 

The purified PCR products were processed for reverse and forward 

sequencing, using a CEQ DTCS Quick Start kit (Beckman Coulter, Inc., 

Fullerton, CA). Reaction products were run on CEQ 2000XL capillary 

automated sequencer (Beckman Coulter). Sequence similarities were 

obtained from GenBank using the BLAST
®
 programme. 

 

1.3.5. Assessment of interactions between main 

endophytes using dual cultures 

Bioassays were performed using the fungal disk technique (Fuhrmann, 

1994) to survey the interactions between endophytes. Pairs of fungal disks 

were placed 5 cm from each other on opposite sides of a Petri dish 

containing malt extract agar. Plates were incubated at room temperature and 

the radiuses of the centripetally spreading parts of the two colonies were 

measured every two days, starting seven days after incubation. The control 

dishes contained only a disk of each strain in the centre. Assays were 

stopped when mycelial control reached the edge of the plates. The 
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experiments were performed in triplicate. The ratios between mycelium 

growth radiuses on tested strains were calculated with the following formula: 

Growth reduction (%) = 
C

100 x T
100   

where, C: control growth radius 

T: tested strains growth radius 
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1.4. Results 

1.4.1. Diversity of fungal endophytes from leaves of C. 

asiatica 

About 600 leaf fragments of 4 mm
2
 were generated from five leaves 

collected at random and cut up completely. Mycelium emerged from 468 out 

of 600 segments, yielding an overall colonization rate of 78%. In most cases 

(465 leaf segments out of 468), a single fungal strain emerged from a leaf 

segment. In a decreasing order of frequency, the non-sporulating species 

NSS1 (IF 19.2%), Colletotrichum sp.1 (IF 13.2%), Guignardia sp. (IF 

8.5%), Glomerella sp. (IF 7.7%), an unidentified ascomycete ASCO1 (IF 

7.2%), the non-sporulating species NSS2 (IF 3.7%) and Phialophora sp. (IF 

3.5%) represented the most frequently isolated species (Table 1). Other 

species occurring with an IF of less than 1% belonged to the genera Phoma, 

Nodulisporium, Physalospora, Pestalotiopsis, Colletotrichum, Phomopsis, 

Curvularia and Cladosporium (Table 1). 

 

Overall, 475 isolates were recovered and were classified into forty-five 

different taxa according to morphological characters (Table 2). All isolates 

belonged to the Ascomycetes. Teleomorphs were produced in 151 isolates in 

culture and represented five distinct taxonomic groups belonging to five 

genera: Glomerella Spauld & H. Schrenk, Guignardia Viala & Ravaz, an 

unidentified ascomycete (ASCO1), Leptosphaerulina McAlpine and 

Physalospora Niessl.  

 

Anamorphs only were encountered in 125 isolates, representing eleven 

different taxa in nine genera (six coelomycetous, five hyphomycetous): 

Colletotrichum Corda (three species), Phomopsis (Sacc.) Bubák, Phoma 

Sacc., Pestalotiopsis Steyaert, Phialophora Medlar, Penicillium Link, 
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Nodulisporum Preuss, Curvularia Boedijn and Cladosporium Link. 199 

isolates remained sterile and were grouped into twenty-nine distinct 

morphologies (NSS1-29). 

 

Table 1. Frequency of endophytic fungi isolates from Centella asiatica 

leaves. 

Taxon Isolation frequency (%) 

Xylariaceae sp.1 (NSS1) 19.2 

Colletotrichum higginsianum 13.2 

Guignardia mangiferae 8.5 

Glomerella cingulata 7.7 

Unidentified ascomycete (ASCO1) 7.2 

Non-sporulating species N°2 (NSS2) 3.7 

Phialophora sp. 3.5 

Leptosphaerulina sp. 1.3 

Penicillium sp. 1.2 

Other sterile mycelium  10.3 

Rare isolates
 a
 3.5 

a
Less than 1% of isolation frequency for each species: Phoma sp., 

Nodulisporium sp., Physalospora sp., Pestalotiopsis sp., Colletotrichum 

sp.2, Colletotrichum sp.3, Phomopsis sp., Curvularia sp. and Cladosporium 

sp. 
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Table 2. Number of isolates per leaf. 

Taxon Group* Leaf 

1 

Leaf 

2 

Leaf 

3 

Leaf 

4 

Leaf 

5 

Total 

Xylariaceae sp.1 (NSS1)
a
 NSS1 27 24 8 32 24 115 

Non-sporulating species N°2 (NSS2) NSS2 3 2 7 4 6 22 

Other non-sporulating species NSS 3-29 21 9 14 6 12 62 

Colletotrichum higginsianum
1
 AC1 10 28 11 12 18 79 

Colletotrichum sp.2 

 

Tsukiboshi Tsukiboshi 

AC2 1 1 1 - - 3 

Colletotrichum sp.3 AC3 1 - - - - 1 

Pestalotiopsis sp. AC4 1 - 1 - 1 3 

Phomopsis sp. AC5 1 - - - - 1 

Glomerella cingulata
a
 T1 15 2 12 10 7 46 

Guignardia mangiferae
a
 T2 4 9 18 8 12 51 

Unidentified ascomycete (ASCO1) T3 2 4 20 5 12 43 

Leptosphaerulina sp. T4 4 4 - - - 8 

Physalospora sp. T5 - 2 1 - - 3 

Phialophora sp. AH1 4 5 6 3 3 21 

Penicillium sp. AH2 - 2 - 3 2 7 

Phoma sp. AH3 - - 2 2 1 5 

Nodulisporium sp. AH4 2 1 - - - 3 

Curvularia sp. AH5 - - - 1 - 1 

Cladosporium sp. AH6 - - - - 1 1 

Total of isolates  96 93 101 86 99 475 

Total of leaf segments
b
  120 120 120 120 120 600 

* 
Forty-five different morphologies grouped in 29 distinct non-sporulating species 

(NSSm), 5 anamorph coelomycetous (ACn), 5 teleomorphs (Tp) and 6 anamorph 

hyphomycetous (AHx). Footnotes in each group specify each individual species.  

a
ITS sequence analysis of the representative isolate of the taxon was performed. 

b
Leaf segments: a square of 4 mm

2
 piece of leaf. 
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1.4.2. Sequence analysis of major endophytes 

ITS sequences of the four main endophytes (NSS1, Colletotrichum 

sp.1, Glomerella sp. and Guignardia sp.), submitted to EMBL-EBI, were 

compared with published sequences using BLAST searches at GenBank. 

 

The search using the 579 bp fragment of NSS1 (accession number 

AM403716) demonstrated homology with members of the Xylariaceae. 

Xylaria longipes (GenBank accession number AF163038) appeared to be 

most similar. It differed by 46 bp from the sequence of NSS1 (91% 

similarity), followed by various other xylariaceous taxa of the genera Xylaria 

Hill ex Schrank, Rosellinia De Not., Nemania Gray and Kretzschmaria Fr. 

 

Sequence similarities of 500 bp of the ITS regions of Colletotrichum sp.1 

(accession number AM411029) revealed an identity score of 99% (498/500) 

with Colletotrichum higginsianum (GenBank accession number 

AB0422303) and with Colletotrichum destructivum (GenBank accession 

number AB0105959), the first taxa proposed by the BLAST search. 

Morphological identification of Colletotrichum sp.1 showed immersed, light 

brown mycelium on PDA. Setae were present. Appressoria were pale to 

medium brown and ovoid. Conidia formed in whitish masses were hyaline, 

aseptate, straight or slightly curved, guttulate, measuring 13–18 µm × 3–4 

µm (measurements were performed on 50 conidia). These cultural characters 

closely resembled those of C. higginsianum according to Sutton (1992) and 

the species is therefore identified as such. 

 

Complete ITS sequences of Glomerella sp. (accession number AM403718) 

and Guignardia sp. (accession number AM403717) showed an identity score 

of 100% to Glomerella cingulata (accession number AY423474) and 

Guignardia mangiferae (accession number AY277717). 
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1.4.3. Within leaf distribution patterns of major 

endophytes 

The within-leaf distribution patterns of the most commonly isolated 

endophytes (IF > 7 %) are presented (Fig. 6). The distribution showed a 

disjointed pattern. NSS1 was mainly isolated from the distal part of leaf 1 

(23 out of 27 isolated) while G. cingulata (11/15) and C. higginsianum 

(8/10) were mostly recorded nearer to the leaf base. In leaf 2, NSS1 (20/24) 

mostly occupied the right side, while C. higginsianum (25/28) occupied the 

left. In leaf 3, G. mangiferae (17/18) was found on the right side, while the 

unidentified ascomycete ASCO1 (18/20) was observed on the opposite side. 

In leaf 4, no particular pattern was noticed. In leaf 5, ASCO1 (8/12) was 

mostly scored on the left side, while C. higginsianum (12/18) and G. 

mangiferae (8/12) were located on the right side. These observations led us 

to check for interactive relationships between these major leaf endophytes of 

C. asiatica by using a fungal disk technique. 

 

1.4.4. Dual cultures between main endophytes 

Several tested fungi showed inhibitory effects on the growth of the 

others (Fig. 7). NSS1 and C. higginsianum repressed the growth of ASCO1 

by 27.3% and 9.1%, respectively (Fig. 7A). NSS1 and C. higginsianum 

markedly reduced the growth of G. mangiferae by 33.3% and 70.8%, 

respectively (Fig. 7B). Colletotrichum higginsianum was clearly inhibited by 

NSS1 and ASCO1 by 35% and 31.2%, respectively (Fig. 7C). The growth of 

NSS1 was slowed down by ASCO1 and G. mangiferae by 17.5% (Fig. 7D). 

G. mangiferae slightly stimulated the growth of ASCO1 by 9%. 
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Fig. 6. Diagram showing the within-leaf distribution patterns of most 

commonly isolated endophytes of Centella asiatica leaves. 
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Fig. 7. Growth curves of major endophytes in the presence of other 

endophytes. ASCO1 in the presence of NSS1 (A1), C. higginsianum (A2) 

and G. mangiferae (A3). G. mangiferae in the presence of NSS1 (B1), C. 

higginsianum (B2) and ASCO1 (B3). C. higginsianum in the presence of 

NSS1 (C1), G. mangiferae (C2) and ASCO1 (C3). NSS1 in the presence of 

ASCO1 (D1), C. higginsianum (D2) and G. mangiferae (D3). 

 

 

Tested strain alone + NSS1 + C. higginsianum

+ G. mangiferae + ASCO1
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1.5. Discussion 

We preferred the use of calcium hypochlorite (Rodrigues, 1994; Arnold et 

al., 2001) as a surface disinfectant because it damages the tissue less than 

sodium hypochlorite (Boccon-Gibod, 1982). We showed that our surface 

sterilization procedure is sufficiently effective. Therefore, we conclude that 

all isolated fungi are endophytes. 

 

The colonization rate of C. asiatica leaves by endophytes reached 78%. High 

colonization rates ranging from 81% to 89% were reported in palms in 

Brunei and Australia (Fröhlich et al., 2000) and up to 95% to 98% in leaf 

fragments of Guarea guidonia (Meliaceae) in Puerto Rico (Gamboa & 

Bayman 2001). On the other hand, lower rates (29% to 67%) were recorded 

in other tropical hosts such as banana (Brown et al., 1998) and 21% to 30% 

in the palm Euterpe oleracea, in Brazil (Rodrigues 1994). Our results were 

near the upper range. A possible explanation of the relatively high overall 

colonization rate noted in the present study could be due to the position of C. 

asiatica leaves close to the soil, facilitating the penetration and the 

colonization of endophytes. Moreover, samples were collected after rainy 

season, offering favorable spore dispersal. 

 

All 45 distinct morphological taxa that we isolated were ascomycetes. About 

58% produced either a teleomorph or an anamorph but 42% of isolates 

remained sterile. This confirms Petrini’s findings (1986) that fungal 

endophytes mainly belong to the ascomycetes. Fifteen morphologically 

distinct taxa could be identified to genus according to microscopic 

examinations of any sporulation and reproductive structures including asci, 

ascospores, conidia, conidiophores and conidiomata. Twenty nine taxonomic 

groups remained sterile among which NSS1 was the most common taxon. In 

order to capture maximum diversity among non-sporulating isolates, minor 
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variations in culture were taken into account to distinguish near-identical 

strains and assign them to different taxonomic groups. 

 

Molecular characterization of NSS1 showed that this species most likely 

belongs to the Xylariaceae. Although we did not observe any xylariaceous 

teleomorph in culture during this survey, endophytic community in C. 

asiatica was dominated by the xylariaceous non sporulating species NSS1. 

In addition, Nodulisporium, a Xylariaceae anamorph, was isolated from two 

leaves with less than 1% of isolation frequency. This is in agreement with 

earlier studies showing that xylariaceous fungi were the most commonly 

isolated endophytes in tropical regions but very seldom form teleomorph in 

culture (Rodrigues, 1994; Rodrigues & Petrini, 1997). Also, various 

proportions of mycelia sterilia have been reported from investigations of 

endophytes from different hosts and an attempt to identify them have shown 

that they belonged mainly to the Xylariaceae (Guo et al., 2003). 

 

The second most frequently isolated endophyte of C. asiatica was C. 

higginsianum. This species can cause an anthracnose leaf spot disease on a 

wide range of cruciferous plants (Higgins, 1917). It displays intracellular 

hemibiotrophic colonization strategies with a transient asymptomatic 

biotrophy followed by a rapid necrotrophic phase (Narusaka et al., 2004). 

Colletotrichum higginsianum has never been described as an endophyte. It is 

possible that we have encountered this species during its symptomless, latent 

infection stage. 

 

The endophytic community in C. asiatica was characterized by two most 

frequently isolated endophytes (the xylariaceous NSS1 and C. higginsianum) 

and a numerous species isolated with rare occurrence (Table 1). Typical 

distribution has also been reported from studies on endophytic mycobiota in 

plants (Petrini, 1991; Rodrigues & Petrini 1997, Fröhlich et al., 2000). For 
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species with less than 1% of isolation frequency were cosmopolitan species 

such as Phoma sp., Phomopsis sp., Pestalotiopsis sp., Curvularia sp., 

Physalospora sp. and Cladosporium sp. and have been isolated as 

endophytes from a wide range of different host plants (Kumaresan & 

Suryanarayanan, 2001; Cannon & Simmons, 2002). 

 

The observation that the main endophytes were found on opposite sides on 

C. asiatica leaves suggested antagonistic effects between those endophytic 

fungi. The results of our dual culture tests clearly indicate that the 

differential distribution patterns could be the result of competition or any 

other interactions between fungi. Similar patterns have been attributed to 

competitive interactions (Hata et al., 2002). These observations suggest that 

some endophytic species in C. asiatica could synthesize compounds that 

inhibit the growth of the others and were responsible for the observed 

distribution patterns. Xylariaceous fungi are a rich source of diverse 

secondary metabolites (Whalley & Edwards, 1995). The competitive ability 

of xylariaceous NSS1 and specifically its strong inhibitory effect on other 

tested fungi may be attributed to production of inhibitory compounds. 

Xylariaceous NSS1 may be beneficial to the host for protection against 

pathogens and should be considered for further investigation as potential 

source of bioactive compounds. 
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1.6. Conclusion 

Centella asiatica leaves harboured a high diversity of fungal species with 

forty-five different morphological taxa, of which the xylariaceous non-

sporulating species NSS1 and C. higginsianum were the most frequently 

isolated species. Within leaf distribution of most frequently encountered 

endophytes showed an asymmetric pattern that may be ascribed to 

interaction or competition between fungi as shown by in vitro dual cultures.  
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Preface 
 

In chapter I, we observed that various species of Colletotrichum can occur 

endophytically inside C. asiatica leaves. This group of fungi is known to 

have diverse ecological roles as dormant saprobes (Promputtha et al., 2007), 

latent pathogens (Photita et al., 2004), and mutualists (Redman et al., 2001). 

According to Schulz (1999) the asymptomatic colonization of endophytes is 

the result of a balanced antagonism between host plant and endophytes, 

while Sinclair & Cerkauskas (1996) considered this symptomless stage of 

latent pathogens infection as “a type of tolerance of the host to certain 

pathogens which find the conditions of the internal environment, usually 

during the early growth stages of the plant, unsuitable for completion of its 

life cycle”. Thus, the symptoms will appear when environmental or 

nutritional conditions change, or when the host tissues reach maturity or 

senescence or are damaged by any cause. Besides that, Freeman & 

Rodriguez (1993) demonstrated that a mutation at a single genetic locus can 

change the pathogenic Colletotrichum magne to a non-pathogenic 

Colletotrichum endophytic organism with no effect on host. 

 

Anthracnose is a plant disease caused by species of Colletotrichum. It is 

responsible for considerable losses on economically important crops 

worldwide (Bailey & Jeger, 1992; Yang et al., 2009; Nguyen et al. 2010). 

Various parts of the plant can be affected by the pathogen, causing fruit rot, 

bloom blight, defoliation and crow root rot (Phoulivong, 2011). Typical leaf 

symptoms initially begin as tiny, irregular yellow, brown or black spots. 

Then the spots merged, expanded to the affected area and became necrotic 

(Sergeeva et al., 2008). Colletotrichum higginsianum, in particular, is a 

known plant pathogen affecting various cruciferous plants and the model 

plant Arabidopsis thaliana (Higgins, 1917; Narusaka et al., 2004). However, 

this fungus was isolated at relatively high frequency in healthy leaves of C. 



 

- 66 - 

 

asiatica grown in the wild (chapter I). Preliminary inoculation of C. 

higginsianum into endophytes-free leaves of C. asiatica grown in vitro 

resulted in apparition of typical anthracnose symptoms three days after 

inoculation (Personal observation). Based on this observation, we aimed to 

study in chapter II whether endophytic bacteria from C. asiatica may inhibit 

the growth of C. higginsianum and can delay or suppress the expression of 

its virulence. To verify this assumption, we first performed dual cultures to 

select the most antagonistic bacteria that inhibited the mycelium growth of 

C. higginsianum. Then in vitro plants of C. asiatica were used as culture 

systems to evaluate the impact of co-inoculation between the fungal 

pathogen and the two most active bacteria. 
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2.1. Abstract 

Thirty-one endophytic bacteria isolated from healthy leaves of Centella 

asiatica were screened in vitro for their ability to reduce the growth rate and 

disease incidence of Colletotrichum higginsianum, a causal agent of 

anthracnose. Isolates of Cohnella sp., Paenibacillus sp. and Pantoea sp. 

significantly stimulated the growth rate of C. higginsianum MUCL 44942, 

while isolates of Achromobacter sp., Acinetobacter sp., Microbacterium sp., 

Klebsiella sp. and Pseudomonas putida had no influence on this plant 

pathogen. By contrast, Bacillus subtilis BCA31 and Pseudomonas 

fluorescens BCA08 caused a marked inhibition of C. higginsianum MUCL 

44942 growth by 46 and 82%, respectively. Cell-free culture filtrates of B. 

subtilis BCA31 and P. fluorescens BCA08 were found to contain antifungal 

compounds against C. higginsianum MUCL 44942. Inoculation assays on in 

vitro-cultured plants of C. asiatica showed that foliar application of B. 

subtilis BCA31, three days before inoculation with C. higginsianum MUCL 

44942, significantly reduced incidence and severity of the disease. The role 

of endophytic bacteria in maintaining the apparent inactivity of C. 

higginsianum MUCL 44942 in C. asiatica grown in the wild is discussed. 

 

Keywords: antifungal activity, Centella asiatica, Colletotrichum 

higginsianum, endophytic bacteria, in vitro plants 
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2.2. Introduction 
 

It is not uncommon, when studying endophytes to isolate known plant 

pathogenic fungi, which inhabit in symptomless manner the living internal 

tissue of their host plant for a short period or whole life cycle. These latent-

infecting fungi meet the broad definition of microbial endophytes, as stated 

by Petrini (1991): “All organisms inhabiting plant organs that at some time 

in their life can colonize internal plant tissues without causing apparent 

harm to the host”. 

 

Species of Colletotrichum (teleomorph Glomerella) are causal agents of 

anthracnose that affect many economically important crops worldwide 

(Bailey & Jeger, 1992; Yang et al., 2009; Nguyen et al., 2010). However, 

various species were also repeatedly isolated as endophytes from a wide 

range of host plants (Bussaban et al., 2001; Lu et al., 2004; Photita et al., 

2005; Rojas et al., 2010). This group of fungi is known to have diverse 

ecological roles as dormant saprobes (Promputtha et al., 2007), latent 

pathogens (Photita et al., 2004), and mutualists (Redman et al., 2001). 

Freeman & Rodriguez (1993) demonstrated that a mutation at a single 

genetic locus can change the pathogenic Colletotrichum magne to a non-

pathogenic Colletotrichum endophyte with no effect on host. According to 

Sinclair & Cerkauskas (1996) the symptomless stage of latent pathogens 

infection is considered as a type of tolerance of the host to certain pathogens 

which find the micro environment conditions of the internal tissue of the 

plant inappropriate for their development. While Schulz et al. (1999) 

assumed that the asymptomatic colonization of endophytes is the result of a 

balanced antagonism between host plant, environment and endophytes. 

Thus, the symptoms will appear when environmental or nutritional 

conditions change, or when the host tissues reach maturity or senescence or 

are damaged by any cause. 
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Numerous studies have reported that some endophytic bacteria are able to 

inhibit the activity of plant pathogens and thereby can delay or suppress the 

appearance of disease symptoms. For example, an endophytic Streptomyces 

isolated from surface-sterilized banana roots significantly reduced the 

Fusarium wilt disease severity in banana plantlets grown in a greenhouse 

under natural lighting (Cao et al., 2005). Using Catharanthus roseus, Lacava 

et al. (2007) showed, under greenhouse conditions, that the endophyte 

Curtobacterium flaccumfaciens decreased citrus-variegated chlorosis 

symptoms, a disease of the sweet orange caused by Xylella fastidiosa. Chili 

seeds treated with Pseudomonas fluorescens endophytes displayed low 

incidence of pre- and post-emergence damping off caused by Pythium 

aphanidermatum (Muthukumar et al., 2010). 

 

Centella asiatica (L.) Urb (Apiaceae) is an ethnomedicinal plant, native to 

India, Madagascar, Sri Lanka, China, Indonesia, Australia and South Africa. 

The major chemical constituents found in the plant are triterpenoids (Zheng 

& Qin, 2007). Previous studies on microbial endophytes from C. asiatica 

mainly focused on fungi. A new fungal species, named Echinosphaeria 

macrospora, teleomorph of Vermiculariopsiella endophytica, was 

discovered from the stems of C. asiatica (Puja et al., 2006). Krishnamurthy 

et al. (2008) reported that Chaetomium globosum was the most frequently 

isolated fungal species within healthy leaves of C. asiatica collected from 

the Malnad region (Southern India). Inoculation of the growth-promoting 

endophytic fungus Piriformospora indica to roots of C. asiatica in vitro 

cultures resulted in the rapid enhancement of root and shoot biomass of the 

host plant and an increase in asiaticoside production in leaves (Satheesan et 

al., 2012). To the contrary, very little information is available on the 

endophytic bacterial community of C. asiatica. Recently, Rafat et al. (2012) 

showed that Pantoea agglomerans AR-PSBH2, an endophytic bacteria 

associated with C. asiatica, had high antioxidant potential. 



Chapter II. Endophytic bacteria from Centella asiatica 

 

- 70 - 

 

In the course of a study on fungal endophytes from leaves of C. asiatica, we 

observed that leaves of this plant were host to the plant pathogen 

Colletotrichum higginsianum without showing any signs of disease. 

However, the fungus was isolated at an isolation frequency of 13% in the 

leaves (Rakotoniriana et al., 2008). In the present study, we demonstrated 

that some antagonistic endophytic bacteria from C. asiatica may play a 

major role in inhibiting or delaying the expression of the virulence of C. 

higginsianum in C. asiatica plants under in vitro culture conditions. We first 

isolated culturable endophytic bacteria colonizing C. asiatica leaves grown 

in the wild in Mangoro (Madagascar). Then we investigated their potential to 

inhibit the growth of C. higginsianum by means of dual culture method and 

finally, we evaluated the impact of the most antagonistic bacteria on C. 

higginsianum on in vitro produced plants of C. asiatica. 
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2.3. Materials and Methods 

 

2.3.1. Isolation of endophytic bacteria 

Ten healthy leaves of C. asiatica randomly collected at a site located 

at Mangoro (18°52′20″ South, 48°06′25″ East) in the eastern region of 

Madagascar were surface sterilized according to Rakotoniriana et al. (2008). 

The effectiveness of the disinfection process was checked by blotting the 

sterilized leaves tightly onto tryptic soy agar (TSA: 15 g casein peptone, 5 g 

soya peptone, 5 g sodium chloride, 15 g agar in 1 L distilled water; pH 7.3) 

medium and also by plating aliquots of the sterile distilled water used in the 

final rinse onto TSA. The test was validated if no colonies were apparent 

after incubating the Petri dishes at 25°C for 15 days (Kuklinsky-Sobral et al., 

2004). Surface sterilized leaves were then triturated with 5 ml of 0.02 M-

phosphate buffer at pH 7 using autoclaved mortars and pestles. One ml of 

the resulting suspensions was spread-plated on 4 Petri dishes containing 

TSA medium supplemented with 100 mg L
-1

 cycloheximide in order to 

inhibit the growth of endophytic fungi. The Petri dishes were incubated 

under the same condition as above. Bacterial colonies, morphologically 

distinguishable were picked after 72 h incubation at 25°C and subsequently 

transferred to the same TSA medium but without cycloheximide. Following 

successive subcultures, pure colonies were obtained and stored at -80°C in 

20% glycerol solution prior to identification. 

 

2.3.2 Identification of bacterial isolates  

The bacteria recovered from the plant samples were grouped on the 

basis of phenotypic characteristics including colony colour, form, margin, 

elevation, opacity, surface and diameter as well as biochemical properties 

such as Gram coloration, catalase and oxydase reactions. Thirty-one 
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distinctive colonies were selected for further identification by sequence 

analysis of the 16S rRNA gene using primers Univ 1 (5’-

ACTCCTACGGGAGGCAG-3’) and Bact 4 (5’-

GGCGTGTGTACAAGGCCCGG-3’). Bacterial suspensions were then 

prepared for each colony in 10 µL of sterile Ringer solution. PCR was made 

up of 1 µL of the bacterial suspension and 49 µL of the PCR mixture 

consisting of 5 µL of 10X high fidelity PCR buffer with MgCl2, 2.5 µL of 

each primer, and 0.5 µL of deoxynucleoside triphosphate mix 20 mM, 0.5 

µL of Taq polymerase and 38 µL of sterile distilled water. PCR program 

consisted of an initial denaturation step of 5 min at 98°C followed by 30 

cycles of 1 min denaturation at 95°C, 1 min annealing at 50°C and 1 min 

extension at 72°C. At the end, a final extension step at 72°C for 10 min was 

included. The DNA amplification was visualized by electrophoresis on a 

0.8% (w/v) agarose gel (Sambrook et al., 1989). The PCR products were 

purified from gel band using GFX PCR DNA and gel band purification kit 

(Amersham Biosciences) according to manufacturer’s instruction. The DNA 

sequencing was performed with an ABI Prism 377 DNA sequencer (PE 

Applied Biosystems Inc., Foster City, Calif.) using the primers Univ 1 and 

Bact 4. The partial nucleotide sequences of the16S rRNA gene were 

subjected to BLAST analysis (www.ncbi.nlm.nih.gov/BLAST) for similarity 

searches. For a more robust identification, identities of closely related 

microorganisms from BLAST searches were retained when their nucleotide 

sequence accession numbers were proved to have a link to SILVA rRNA 

database, known for its quality checked rRNA sequence data (Pruesse et al., 

2007). The nucleotide sequences generated in this study were deposited in 

the GenBank (Table 3). 
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2.3.3 Source of the hemibiotic phytopathogen C. 

higginsianum 

The fungal strain C. higginsianum MUCL 44942 (GenBank accession 

number AM411029) used in this study was initially isolated from healthy 

leaves of C. asiatica grown in the wild in Mangoro, Madagascar in May 

2003 as endophytes (Rakotoniriana et al., 2008). The strain was preserved 

on agar slants in sterile water and under oil in screw cap tubes or lyophilized 

at the MUCL (http://bccm.belspo.be/about/mucl.php, Belgium) prior to use. 

 

2.3.4. In vitro propagation of C. asiatica and isolation 

of microbial endophytes from in vitro-produced 

C. asiatica plantlets 

In vitro plants of C. asiatica were produced according to the 

procedure described by Randriamampionona et al. (2007). Briefly, C. 

asiatica apical buds were surface sterilized by immersion in 5% calcium 

hypochlorite solution for 5 min, followed by washing four times in sterile 

distilled water. The explants were cultured in 50 ml Falcon tubes containing 

10 ml of half-strength MS medium (Murashige & Skoog, 1962) (Duchefa, 

The Netherlands) without vitamin and solidified with 0.2% of phytagel 

(Sigma Chemicals, USA). Cultures were grown in a growth room at 23±2°C 

under a 16/8 h light/dark photoperiod (70 µmol m
−2

 s
−1

, Cool-White 

fluorescent lamp, Osram). 

 

Isolation of microbial endophytes was also carried out from in vitro 

produced plants of C. asiatica. Leaves were directly crushed without 

undergoing the step of surface-sterilizing with 5 mL of 0.02 M-phosphate 

buffer at pH 7 using autoclaved mortars and pestles. One ml of the resulting 

suspensions was spread-plated on two Petri dishes containing TSA for 
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bacteria and potato dextrose agar (PDA: 4 g potato extract, 20 g glucose, 15 

g agar and 1 L distilled water; pH 5.6) for fungi without selective agents. 

The Petri dishes were incubated under the same conditions as above. 

 

2.3.5. Virulence of C. higginsianum MUCL 44942 

The in vitro produced plants of C. asiatica were screened for the 

virulence of C. higginsianum by adding 40 µL of the spore suspension of C. 

higginsianum adjusted to 10
6 

conidia per ml to the upper surface of leaves. 

Typical anthracnose symptoms appeared on inoculated leaves within 3 days 

following inoculation as irregular yellow or dark-brown spots. The spots 

extended to the whole leaves and darkened as they aged. 

 

2.3.6. Dual cultures of endophytic bacteria and C. 

higginsianum MUCL 44942 

The effect of the identified bacteria (see Table 3) on the growth of C. 

higginsianum was evaluated using dual cultures on Petri dishes (90 mm 

diam.) following Przybył & Żłobińska-Podejma (2000) with some 

modifications. A 5-mm-diam disc of the fungus isolated from a 7-day old 

culture grown on PDA was placed at a distance of 3 cm from the edge of the 

Petri dish containing one-tenth-strength TSA plus 0.2% of sucrose adjusted 

at pH 6. Five µL of a bacterial suspension containing 10
8 

CFU mL
-1

 from a 

24-hour-old bacteria culture grown on TSA was spotted at a distance of 3 cm 

from the disc. In the control Petri dishes, sterile distilled water was spotted 

instead of the bacterial suspension. Following an incubation period at 25°C 

in the dark, the test was stopped when the mycelium of the fungus in the 

control dishes reached the point where distilled water was placed. Each test 

was carried out in six replicates. Experiments were repeated three times. The 

growth rate of the fungus was expressed as the colony radial growth of dual 
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or separated cultures during the test. The radial growth inhibition of C. 

higginsianum was calculated using the following formula: 

                              
               

  
 

where, Rc = Radial growth in the control Petri dishes 

Ri = Radial growth in the bacterial-inoculated Petri dishes 

 

2.3.7. Determination of the presence of antifungal 

compounds in the cell-free culture filtrates of 

the most potential antagonistic bacteria 

Two bacteria (BCA08 and BCA31 – see Table 3) showing the most 

pronounced inhibition effect on the growth of C. higginsianum MUCL 

44942 were selected. Five colonies from a 2-day-old culture grown on TSA 

at 25°C were used to inoculate a 50 mL malt extract broth (MEB: 17 g malt 

extract and 1 L distilled water; pH 4.8) and incubated on a rotary shaker for 

48 h at 25°C. Bacterial suspension was then adjusted to 10
8
 CFU mL

-1
 and 

added to 450 mL of MEB. Cultures were grown for 7 days at 25°C on a 

rotary shaker at 105 rpm. At the end of the incubation period, liquid cultures 

were centrifuged at 12,000 g for 20 min in centrifuge type K70 (Engels orf, 

Germany). The supernatant was filter-sterilized through a 0.22 µm Millipore 

(Bedford, MA) and incorporated into molten malt extract agar (MEA: 30 g 

malt extract, 3 g peptone from soymeal, 15 g agar and 1 L distilled water; pH 

5.6) at 45°C to give concentrations of 20, 40, 60 and 80% in 20 ml final 

volume of culture media per Petri dishes. For example for BCA08 on 

MA20%, 4 mL of cell-free culture filtrates of strain BCA08 were added to 

16 mL molten MEA to give a final concentration of 20%. In the control Petri 

dishes, sterile distilled water was added to MEA to give the above-

mentioned concentrations. A 5-mm-diam disc of C. higginsianum MUCL 

44942 from a 7-day old culture grown on PDA was placed at the centre of 
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the 9-cm Petri dishes. The diameter of the mycelium was measured after 7 

days following incubation at 25°C in the dark. Each test was carried out in 

four replicates. The experiment was repeated three times. 

 

2.3.8. Inoculation of in vitro plants of C. asiatica with 

putative antagonistic bacteria and the 

hemibiotroph C. higginsianum MUCL 44942 

The two most active bacteria BCA08 and BCA31 against C. 

higginsianum MUCL 44942 (see Table 3) were cultivated respectively in 

liquid King B medium and nutrient broth (Oxoid) on a rotary shaker at 150 

rpm overnight. Using a densicheck (Vitek®2 Densicheck, Biomerieux), the 

cultures were diluted to 10
7 

CFU mL
-1

 in sterile distilled water added with 

0.001% wetting agent Tween 20 (v/v) (Mahadtanapuk et al., 2007). To 

promote entry of bacterial cells through stomata, the in vitro produced plants 

of C. asiatica were placed in plastic bags containing sterile water and closed 

for 45 min to maintain high humidity and thereby enhance stomatal opening 

(Kangatharalingam et al., 2003). The plants were removed from the bag and 

using a micropipette, 40 µL of the endophytic bacterial suspensions (10
7 

CFU mL
-1

) was applied on the entire surface of the adaxial face of each 

leaves. A set of plants inoculated with a mixture of suspensions of BCA08 

and BCA31 (1:1; vol:vol) was also included. Inoculated in vitro plants were 

returned to the growth room. Control plants were treated with sterile distilled 

water following the same procedure. 

 

Conidial induction from C. higginsianum MUCL 44942 was obtained on 

PDA from 10-day-old culture incubated at 25°C in the dark. Fungal spore 

suspension was adjusted to 10
6 

conidia per mL using a haemacytometer. 

Three days after bacterial inoculation, 40 µL of the fungal suspension was 

applied to the upper surface of each leaf. The disease severity was 
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subsequently recorded using a rating scale from 1 to 5, according to the 

percent of leaf area with lesions (1 = 0%; 2 = 1–25%; 3 = 26–50%; 4 = 51–

75%; and 5 ≥ 75% of leaf area with lesions) (Shiomi et al., 2006). The 

disease severity index (DSI) of each treatment was obtained from the mean 

disease severity of the whole leaves within each treatment (Douville & 

Boland, 1992). The disease incidence was evaluated 10 days after 

inoculation with the fungal suspension and was expressed in terms of 

percentage of leaves with anthracnose symptoms compared to the total 

number of leaves. The experiment was performed twice and each experiment 

contained eight sets of ten eight week-old micropropagated plants providing 

three to four leaves per tube (set CA: C. asiatica inoculated with sterile 

distilled water as negative control; set BCA08: C. asiatica inoculated with 

BCA08 alone; set BCA31: C. asiatica inoculated with BCA31 alone; set 

BCA08-31: C. asiatica inoculated with the mixture of BCA08 and BCA31 

(v/v); set COL: C. asiatica inoculated with C. higginsianum as positive 

control; set BCA08COL: C. asiatica inoculated with BCA08 and C. 

higginsianum; set BCA31COL: C. asiatica inoculated with BCA31 and C. 

higginsianum; and set BCA08-31COL: C. asiatica inoculated with BCA08, 

BCA31 and C. higginsianum). 

 

2.3.9. Statistical analysis 

Descriptive statistics of variables measured were presented as mean 

values ± standard deviation. Homogeneity of variances was first assessed by 

Levene’s test. Mean values were compared by Tukey test for independent 

samples assuming unequal variances. The effects of the media concentration 

and the culture filtrate on the growth of C. higginsianum MUCL 44942 were 

analyzed using one-way ANOVA at 5% level of significance. The software 

used was STATISTICA version 10. 
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2.4. Results  

 

2.4.1. Isolation and identification of endophytic 

bacteria 

No microbial growth was noticed after two-week incubation on TSA 

either when the final set of washes used to rinse the tissues was plated onto 

the medium or when the ten sterilized leaves were blotted on the agar 

surface. This indicated the effectiveness of the surface-disinfection 

procedure used. 

 

A total of 31 bacterial colonies were selected from surface-disinfected 

crushed C. asiatica leaves based on phenotypic characteristics of colonies 

and sequence analysis. These bacteria could be classified into eleven 

different genera of which six were affiliated with the phylum Proteobacteria 

(four gammaproteobacteria: Acinetobacter sp., Klebsiella sp., Pantoea sp. 

and Pseudomonas spp., and two betaproteobacteria: Achromobacter sp. and 

Delftia sp.), four were assigned to the phylum Firmicutes (Bacillus spp., 

Cohnella sp. Lysinibacillus sp. and Paenibacillus sp.) and one belonged to 

the phylum Actinobacteria (Microbacterium sp.). 

 

The 16S rRNA gene sequences of most isolates displayed 99% to 100% 

identity with sequences deposited in the NCBI data bank, except for isolate 

BCA29 which showed 97% similarity with Cohnella luojiensis HY-22R
T
 

(GenBank accession number GQ214052) (Table 3). But C. luojiensis HY-

22R
T
 differed by 30 bp from the sequence of BCA29, suggesting that the 

isolate BCA29 was likely an undescribed species within the genus Cohnella. 

It was not possible to determine accurately to species level the remaining 

isolates since we only performed preliminary biochemical tests and 

sequenced only 16S rRNA gene. 
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The search for microbial endophytes from in vitro produced plants of C. 

asiatica revealed that no fungal endophytes grew on PDA even after 6 week 

incubation period whereas a single bacterial flora of Microbacterium sp. 

occurred on TSA. 

 

2.4.2. Antagonistic effects of endophytic bacteria 

against C. higginsianum MUCL 44942 in dual 

cultures on Petri dishes 

Bioassays were carried out using dual cultures to assess the potential 

effects of the isolated endophytic bacteria on the growth rate of C. 

higginsianum MUCL 44942. Various responses were recorded ranging from 

absence of effects to growth stimulation and inhibition (Table 3). Out of the 

31 endophytic bacteria isolated from C. asiatica leaves, eleven isolates of 

Acinetobacter sp., Achromobacter sp., Klebsiella sp., Microbacterium sp. 

and Pseudomonas putida had no effect on the growth rate of C. 

higginsianum, while five isolates of Cohnella sp., Pantoea sp. and 

Paenibacillus sp. slightly stimulated (up to 5–6%) the growth of the 

pathogen. Pseudomonas fluorescens BCA08 displayed the highest inhibitory 

effect (82%) on the mycelial growth of C. higginsianum MUCL 44942. All 

Bacillus isolates found in our study were effective in inhibiting the growth of 

C. higginsianum MUCL 44942. In a decreasing order of activity, B. cereus 

(BCA02) was found highly active against the pathogen with 56% of fungal 

growth inhibition, followed by isolates of B. subtilis (26 to 46% of fungal 

growth inhibition), and B. pumilus (12 to 20% of fungal growth inhibition). 

However, the antagonistic activity of B. cereus BCA02 was not obvious 

since the bacteria spread toward the mycelium forming a barrier effect. 



 

 

Table 3. List of endophytic bacteria isolated from C. asiatica and their effects on the growth of C. higginsianum MUCL 44942 in dual 

cultures on Petri dishes. 

Isolate Accession no NCBI closest match 

(strain/GenBank accession no)
b
 

% identity (nucleotide 

comparisons) 

% growth of 

C. higginsianum MUCL 44942
a
 

BCA08 HE716877 Pseudomonas fluorescens (LMG 5167
T
/GU198104) 100 (1233/1233) -82.06* 

BCA02 HE716871 Bacillus cereus (Hs2-17/JF899264) 99 (1241/1242) -56.86* 

BCA20 HE716889 Pseudomonas fluorescens (LMG 5167
T
/GU198104) 100 (1233/1233) -56.30* 

BCA31 HE716900 Bacillus subtilis (DSM10
T
/AJ276351) 100 (1242/1242) -42.80* 

BCA26 HE716895 Bacillus subtilis (DSM10
T
/AJ276351) 100 (1242/1242) -26.86* 

BCA14 HE716883 Bacillus subtilis (DSM10
T
/AJ276351) 100 (1242/1242) -26.66* 

BCA30 HE716899 Bacillus pumilus (ATCC 7061
T
/GQ911554) 99 (1240/1242) -20.00* 

BCA25 HE716894 Bacillus pumilus (ATCC 7061
T
/GQ911554) 99 (1239/1242) -16.86* 

BCA04 HE716873 Bacillus pumilus (ATCC 7061
T
/GQ911554) 99 (1239/1242) -14.46* 

BCA01 HE716870 Bacillus pumilus (ATCC 7061
T
/GQ911554) 99 (1240/1242) -13.73* 

BCA19 HE716888 Delftia sp. (P-144/AM412119) 100 (1324/1324) -12.96* 

BCA06 HE716875 Lysinibacillus sphaericus (13651U/EU741100) 100 (1243/1243) -12.96* 

    



 

 

(Table 3 continued)    

Isolate Accession no NCBI closest match 

(strain/GenBank accession no)
b
 

% identity (nucleotide 

comparisons) 

% growth of 

C. higginsianum MUCL 44942
a
 

BCA16 HE716885 Bacillus pumilus (ATCC 7061
T
/ GQ911554) 100 (1241/1241) -12.80* 

BCA03 HE716872 Bacillus pumilus (ATCC 7061
T
/ GQ911554) 100 (1241/1241) -12.43* 

BCA05 HE716874 Lysinibacillus sphaericus (13651U/ EU741100) 100 (1243/1243) -11.86* 

BCA27 HE716896 Achromobacter sp. (AO22/EU696789) 99 (1225/1227) -2.43 

BCA21 HE716890 Pseudomonas putida (M5TSA/GQ504714) 100 (1233/1233) -1.30 

BCA11 HE716880 Pseudomonas putida (M5TSA/GQ504714) 100 (1233/1233) -0.93 

BCA07 HE716876 Acinetobacter sp. (2EBS15/ FJ984619) 100 (1234/1234) -0.76 

BCA09 HE716878 Microbacterium sp. (WPCB136/FJ006901) 100 (1233/1233) -0.56 

BCA17 HE716886 Pseudomonas putida (M5TSA/GQ504714) 100 (1233/1233) -0.56 

BCA24 HE716893 Pseudomonas putida (WH3/FJ262368) 100 (1235/1235) -0.56 

BCA10 HE716879 Microbacterium sp. (YT0620/AB376082) 99 (1230/1232) -0.20 

BCA15 HE716884 Acinetobacter sp. (2EBS15/FJ984619) 100 (1234/1234) +0.16 

BCA18 HE716887 Klebsiella sp. (PB31/EU360123) 99 (1227/1232) +0.36 

    



 

 

(Table 3 continued)    

Isolate Accession no NCBI closest match 

(strain/GenBank accession no)
b
 

% identity (nucleotide 

comparisons) 

% growth of 

C. higginsianum MUCL 44942
a
 

BCA28 HE716897 Klebsiella sp. (PB31/EU360123) 99 (1227/1232) +0.53 

BCA13 HE716882 Paenibacillus chibensis (JCM 9905
T
/AB073194) 99 (1232/1242) +5.36* 

BCA12 HE716881 Pantoea sp. (y2/GQ395336) 99 (1228/1232) +5.73* 

BCA23 HE716892 Pantoea sp. (y2/GQ395336) 99 (1228/1232) +5.90* 

BCA22 HE716891 Pantoea sp. (y2/GQ395336) 99 (1228/1232) +6.16* 

BCA29 HE716898 Cohnella luojiensis (HY-22R
T
/GQ214052) 97 (1105/1135) +6.83* 

COL AM411029 Colletotrichum higginsianum   

a
 + growth stimulation; - growth inhibition 

b
 All accession numbers retained in the study have a link to SILVA database (Pruesse et al., 2007) except for JF899264 (Bacillus cereus) 

For each bacteria, data with * indicate that growth inhibition or stimulation differed significantly to the control standard value (COL= 30 

mm) at p < 0.05 (Tukey) 
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2.4.3. Antifungal activity of cell-free culture filtrates of 

the most potentially antagonistic bacteria 

The capacity to produce antifungal compounds in vitro was evaluated 

with two isolates, P. fluorescens BCA08 and B. subtilis BCA31, which 

showed the highest antagonistic activity against C. higginsianum MUCL 

44942 in the dual culture tests. P. fluorescens BCA08 and B. subtilis BCA31 

were found to produce diffusible antifungal compounds in the media as 

indicated by the drastic inhibition of the mycelium growth of C. 

higginsianum MUCL 44942 (Fig. 8). The filtrates of both bacteria were 

highly inhibitory to the growth of C. higginsianum MUCL 44942, even at 

the lowest concentration with a growth inhibition of 67% and 90% for 

BCA08 and BCA31 respectively. At higher concentrations of BCA31 

culture filtrate, no growth of the fungus was recorded after an incubation 

period of 7 days. 
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Fig. 8. Effects of different concentrations of P. fluorescens BCA08 and B. 

subtilis BCA31 culture filtrates on the mycelial growth of C. higginsianum 

MUCL 44942 after 7 days. A 5-mm-diam disc of C. higginsianum MUCL 

44942 was placed at the centre of the 9-cm Petri dishes containing 

BCA08MA20, BCA08MA40, BCA08MA60 and BCA08MA80: malt extract 

agar supplemented with P. fluorescens BCA08 cell-free culture filtrate to 

give a final concentration of 20, 40, 60, and 80% respectively; 

BCA31MA20, BCA31MA40, BCA31MA60 and BCA31MA80: malt extract 

agar supplemented with B. subtilis BCA31 cell-free culture filtrate to give a 

final concentration of 20, 40, 60, and 80% respectively; COLMA20, 

COLMA40, COLMA60 and COLMA80: control malt extract agar 

supplemented with sterile distilled water instead of bacterial culture filtrates 

to give a final concentration of 20, 40, 60 and 80%. The diameter of the 

mycelium was measured after 7 days incubation at 25°C in the dark. 

*Significant difference at P≤0.01 by Student's t test compared to control. Bar 

charts represent means ± standard deviation.  
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2.4.4. Antagonistic effects of endophytic bacteria 

against C. higginsianum MUCL 44942 in in vitro-

produced C. asiatica plantlets  

The results of the inoculation assays showed that the applications of P. 

fluorescens BCA08 and B. subtilis BCA31 on leaves of in vitro produced 

plants of C. asiatica significantly reduced the anthracnose disease severity 

caused by C. higginsianum MUCL 44942, with a DSI varying from 4.2 in 

the C. higginsianum treatment to 3.4 and 1.4 respectively in the bacterial 

treatments, that accounted for a control level of 19% for BCA08 and 66% 

for BCA31 (Table 4; Fig. 9). Bacillus subtilis BCA31 was also the most 

effective in reducing anthracnose development in leaves with a disease 

incidence rate of 32.2%. Even though, P. fluorescens BCA08 showed the 

most prominent activity against C. higginsianum MUCL 44942 in dual 

cultures assays (Growth inhibition up to 82%), its performance in the 

inoculation assays on in vitro produced plants of C. asiatica was less 

pronounced with a disease incidence rate of 90.3%. No significant reduction 

was observed as regards to disease severity or incidence when BCA31 was 

tested singly or concurrently with BCA08 against C. higginsianum MUCL 

44942 on in vitro plants of C. asiatica, suggesting an absence of additive 

action between the two bacteria against C. higginsianum MUCL 44942. 



 

 

 

Table 4. Number of leaves showing anthracnose symptoms relative to disease score after co-inoculation with endophytic 

bacteria and C. higginsianum MUCL 44942 on in vitro plants of C. asiatica. 

 Score (% of leaf 

areas with lesions) 

CA 

(n=64) 

BCA 

(n=64) 

COL 

(n=64) 

BCA08COL 

(n=62) 

BCA31COL 

(n=62) 

BCA08-31COL 

(n=60) 

 

Disease 

severity 

1 (0%) 64 64 0 6 42 36 

2 (1-25%) 0 0 4 4 16 16 

3 (26-50%) 0 0 14 22 4 8 

4 (51-75%) 0 0 12 18 0 0 

5 (≥75%) 0 0 34 12 0 0 

Disease severity index (DSI) 1
a
 1

a
 4.2±1

b
 3.4±1.1

c
 1.4±0.6

d
 1.5±0.7

d
 

Disease incidence (%)   100
b
 90.3

c
 32.2

d
 36.3

d
 

CA: C. asiatica inoculated with sterile distilled water as negative control; BCA: C. asiatica inoculated with either BCA08 or 

BCA31; COL: C. asiatica inoculated with C. higginsianum MUCL 44942 as positive control; BCA08COL: C. asiatica 

inoculated with BCA08 and C. higginsianum MUCL 44942; BCA31COL: C. asiatica inoculated with BCA31 and C. 

higginsianum MUCL 44942; BCA08-31COL: C. asiatica inoculated with BCA08, BCA31 and C. higginsianum MUCL 44942. 

Means followed by the same letters are not significant at p<0.05 (Tukey test) 
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Fig. 9. In vitro inoculation assays. A: C. asiatica inoculated with sterile 

distilled water; a: C. asiatica inoculated with C. higginsianum MUCL 

44942; B: C. asiatica inoculated with bacteria BCA08; b: C. asiatica 

inoculated with bacteria BCA08 and C. higginsianum MUCL 44942; C: C. 

asiatica inoculated with BCA31; c: C. asiatica inoculated with BCA31 and 

C. higginsianum MUCL 44942; D: C. asiatica inoculated with bacteria 

BCA08 and BCA31; d: C. asiatica inoculated with bacteria BCA08, BCA31 

and C. higginsianum MUCL 44942. Anthracnose symptoms are indicated 

with arrows. 
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2.5. Discussion 
 
Most of the bacteria that composed C. asiatica endophytic flora are 

frequently encountered in the rhizosphere. This may be explained by the fact 

that C. asiatica is an herbaceous creeper plant that grows abundantly in 

moist areas; accordingly the main source of bacterial inoculum for plant 

colonization is likely of rhizosphere-origin. Besides, endophytic bacteria 

from C. asiatica leaves were ubiquitous, being isolated from several plants 

such as soybean (Kuklinsky-Sobral et al., 2004), coffee (Shiomi et al., 

2006), maize (Rai et al., 2007), poplar (Ulrich et al., 2008), rice (Mano & 

Morisaki, 2008), Eucalyptus spp. (Procópio et al., 2009), sugarcane 

(Magnani et al., 2010) and cacao (Melnick et al., 2011). However, the whole 

endophytic bacterial community of the plant may be underestimated by the 

isolation procedure adopted in the present study, since only bacteria that 

could grow on the medium used under cultural conditions were isolated. In 

addition, fast-growing bacteria may conceal slow growing ones and selection 

of colonies according to phenotypic properties may overlook near-similar 

morphological bacteria that were taxonomically different. In this study 

emphasis was given on the rapid screening and qualitative analysis of 

culturable bacteria from C. asiatica. Indeed, the combination of isolation 

method from plating plant segments on culture media to fingerprinting 

techniques and analysis of bacterial clone library can supply further 

information for exploring the whole community composition of endophytic 

bacteria (Reiter & Sessitsch, 2006; Ulrich et al., 2008). 

 

Centella asiatica was found to host endophytic bacteria with various effects 

on the growth rate of the plant pathogen C. higginsianum. Isolates of 

Pantoea (BCA12, BCA22 and BCA23), Paenibacillus (BCA13) and 

Cohnella (BCA29) stimulated the growth rate of C. higginsianum MUCL 

44942 whereas all species of Bacillus, Lysinibacillus sphaericus (BCA05 
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and BCA06), Delftia (BCA19) and Pseudomonas fluorescens (BCA08 and 

BCA20) showed antagonistic activity against C. higginsianum MUCL 

44942. Similar results were reported by Lacava et al. (2004) on citrus plants. 

These authors showed that the growth rate of Xylella fastidiosa, the causal 

agent of citrus-variegated chlorosis was positively affected by 

Methylobacterium extorquens and inhibited by Curtobacterium 

flaccumfaciens, both were citrus endophytic bacteria. Besides, it appears that 

isolates of Acinetobacter sp., Achromobacter sp., Klebsiella sp., 

Microbacterium sp. and Pseudomonas putida had no effect on the growth 

rate of C. higginsianum (Table 3). These results contrasted with those 

obtained by some researchers on other Colletotrichum species. For instance, 

Sarode et al. (2009) demonstrated that the supernatant of Acinetobacter 

SCW1 from healthy wheat plant inhibited the growth of Colletotrichum 

capsicum by 35%. Under greenhouse experiments, P. putida NH-50 was 

shown to inhibit in vitro the mycelium growth of Colletotrichum falcatum by 

65% (Hassan et al., 2010). A possible explanation of the discrepancy found 

between our findings and those of these studies could be due to the fact that 

the identification of the strains was restricted to the genus and that the 

isolates may belong to different species. Moreover, a high degree of 

intraspecific variations was often reported in the genus Acinetobacter (Ecker 

et al., 2006; Ko et al., 2007) and Pseudomonas (Raaijmakers & Weller, 

2001; Costa et al., 2006). 

 

It appeared that the susceptibility of C. higginsianum MUCL 44942 varied 

widely among isolates of the same species. This was observed for instance 

between BCA08 and BCA20, both identified as P. fluorescens with 82% and 

56% of fungal growth inhibition respectively. The different activity was also 

noted between isolates of B. subtilis, BCA31 and BCA26 with 42% and 26% 

of fungal growth inhibition respectively. These observations led to the 

hypothesis that some isolates may be different strains of the same species 
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with differential antimicrobial activity, ecology, epidemiology, and 

pathogenicity. This finding is in agreement with those of Srivastava & 

Shalini (2008), who tested in vitro five isolates of P. fluorescens exhibiting 

varying levels of antifungal activity against some plant pathogens such as 

Alternaria cajani, Curvularia lunata, Fusarium sp., Bipolaris sp., and 

Helminthosporium sp. In addition, Lin et al. (2011) demonstrated that the 

observed different antifungal activity within B. subtilis isolates was linked to 

the production of both iturin A and surfactin by antagonistic strains whereas 

isolates that showed no inhibitory activity against the tested fungal 

pathogens, produced surfactin alone. 

 

The hemibiotrophic C. higginsianum caused typical anthracnose leaf spots 

on a wide range of cruciferous plants and on the model plant Arabidopsis 

thaliana (Higgins, 1917; Narusaka et al., 2004) but C. asiatica leaves 

collected in Mangoro, Madagascar seemed to show a type of tolerance to this 

pathogenic fungus. Infection of C. asiatica by C. higginsianum MUCL 

44942 did not result in visible damage or disease symptoms to the host in the 

wild, even though the infection rate by C. higginsianum MUCL 44942 was 

13% (Rakotoniriana et al., 2008). In the present study we used in vitro 

produced plants of C. asiatica to assess the implication of some antagonistic 

bacteria in the observed reduced virulence of C. higginsianum MUCL 

44942. Inoculation of C. higginsianum MUCL 44942 onto in vitro C. 

asiatica plantlets produced tiny, irregular yellow, brown or black spots on 

leaves after 3 days inoculation. Then the spots merged, expanded to the 

affected area and became necrotic. The infection process was in line with 

that described by Narusaka et al. (2004), who showed that C. higginsianum 

infection was initially characterized by a transient asymptomatic biotrophy 

followed by a rapid destructive necrotrophic phase. It appeared that the 

absence of beneficial endophytic bacteria in the in vitro produced plants of 

C. asiatica made them highly susceptible to the anthracnose disease caused 
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by C. higginsianum MUCL 44942. In the control C. asiatica plants, 100% of 

the leaves had anthracnose symptoms and 72% of them had a disease 

severity score above 4, i.e., more than 50% of the leaf area covered with 

lesions. To the contrary, the pathogenicity of C. higginsianum MUCL 44942 

decreased when B. subtilis BCA31 was applied onto leaves of in vitro C. 

asiatica plantlets 3 days before inoculation with the pathogen. None of the 

tested in vitro plants challenged with B. subtilis BCA31 alone or in 

combination with P. fluorescens BCA08 had a disease score above 4. These 

observations suggest that strain BCA31 conferred enhanced resistance to the 

in vitro plants of C. asiatica against C. higginsianum. At least, the likely 

explanation would be the production of allelochemicals toxic to C. 

higginsianum MUCL 44942 and the induction of plant defense mechanisms.  

 

The effectiveness of other B. subtilis strains in controlling anthracnose 

diseases caused by Colletotrichum spp. has also been successfully 

demonstrated in various plants. For example, Fu et al. (2010) showed that B. 

subtilis strain B106 was effective in controlling post-harvest anthracnose 

diseases of banana caused by C. musae with a level control of 48.6%. The 

combination of B. subtilis strain LB5 and fruit bagging significantly reduced 

anthracnose diseases caused by C. gloeosporioides on mango fruits grown in 

Taiwan by 56.4% (Senghor et al., 2007). A B. subtilis strain BD0310 

isolated from tea leaves effectively controlled tea foliar anthracnose caused 

by C. theae-sinensis with a control level of 77.3% in glasshouse conditions 

(Kim et al., 2009). With regard to B. subtilis strain BCA31 our results were 

consistent with these previous findings. We observed a level of control of 

66% against C. higginsianum MUCL 44942 on in vitro plants of C. asiatica.  

 

On the other hand, P. fluorescens strain BCA08 which displayed the 

strongest antagonistic effect in the dual culture assays (82% of fungal growth 

inhibition), induced only moderate disease suppression (a control level of 
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19%) in the in vitro inoculation assays of C. asiatica plantlets. This clearly 

indicated that the disease suppression may be due to other factors than direct 

antagonism of fungal growth. Interestingly, Chen et al. (1994) suggested that 

the biocontrol effect of bacterial strains within plant tissues mainly resulted 

from enhanced host defense rather than from bacterial metabolites. This 

suggestion was later supported by ample evidence that endophytic 

Pseudomonas and Bacillus species functioned as elicitors of induced 

systemic resistance in plants (Kloepper & Ryu, 2006). Thus, it would be 

worth studying the impact of some endophytic bacteria found in this study 

on the defense mechanisms of C. asiatica against C. higginsianum, notably 

on the salicilic acid- (SA) and ethylene/jasmonate (ET/JA)-dependent 

defense pathways. The SA-dependent pathway is mainly involved against 

biotrophic pathogens, whereas ET/JA-dependent responses are essential 

against necrotrophic pathogens (Glazebrook, 2005). As the hemibiotrophic 

fungus C. higginsianum displayed both biotrophic and nectrotrophic 

lifestyles, it is likely that defense mechanisms related to these two pathways 

could be triggered in C. asiatica infection by C. higginsianum.  

 

Recently, Kleemann et al. (2012) demonstrated that for effective 

colonization of A. thaliana, C. higginsianum secreted effector proteins 

necessary to maintain host viability during initial biotrophic growth and 

elicit host death for subsequent necrotrophic growth. Earlier, Narusaka et al. 

(2004) reported that various ecotypes of A. thaliana had differential 

responses to C. higginsianum infection, ranging from hypersensitive, 

ecotype Columbia (Col-0), to highly resistant ecotype Eil-0 whose resistance 

was conferred by a locus named RCH1. Whereas Chanda et al. (2008) 

showed that high levels of glycerol-3-phosphate in plants were linked to 

basal resistance to C. higginsianum. We hypothesized that some endophytic 

bacteria in C. asiatica may be involved either in prolonging the 

asymptomatic initial biotrophic stage of C. higginsianum or delaying the 
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necrotic stage by altering C. higginsianum gene regulation. Further 

investigations are needed to elucidate the immunological, cytological and 

genetic basis leading to the observed apparent inactivity of C. higginsianum 

MUCL 44942 in C. asiatica. 
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2.6. Conclusion 
 
C. asiatica harboured endophytic bacteria behaving diversely towards the 

hemibiotrophic C. higginsianum MUCL 44942 from absence of effects to 

growth stimulation and inhibition. The role of B. subtilis BCA31 in reducing 

the disease incidence and severity caused by C. higginsianum was proved on 

in vitro plants of C. asiatica. Further studies should be carried out to analyse 

secondary metabolites produced by the promising isolates in the antagonistic 

interactions to uncover putative inhibitory compounds. Also, investigating 

the beneficial effects of B. subtilis BCA31 under field conditions would 

establish its real potential for bio-control over Colletotrichum species and 

other plant fungal pathogens. 
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Preface 

 

We isolated in chapter I an unusual long straight cylindrical conidia-

producing Colletotrichum from leaves of Centella asiatica collected in 

Mangoro, Madagascar. Based on morphological characteristics and 

phylogenetic analysis, the fungus is described as a new species in the genus 

Colletotrichum. In addition, the teleomorph was induced in laboratory 

cultures yielding fertile perithecia with asci and atypical long ascospores up 

to 90 µm. This study describes the morphological characteristics of the novel 

species and discusses its phylogenetic relationships with closely related 

species using ITS and β-tubulin genes. In this chapter, we confirm earlier 

reports that microbial endophytes are potential sources for new species 

(Strobel & Daisy, 2003). 
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3.1. Abstract 

A new species of Colletotrichum was described, based on morphology and 

phylogeny. The fungus was isolated in Madagascar from healthy leaves of 

Centella asiatica, in Mexico from wild native of Stylosanthes guianensis and 

in Colombia from Coffea arabica. The fungus differed from the currently 

related species in the genus by its longer and wider size of conidia. In potato 

dextrose agar medium supplemented with sterilized leaf powder of C. 

asiatica, the fungus produced fertile perithecia containing asci and unusual 

long ascospores measuring up to 90 µm. In addition to these morphological 

characteristics, the maximum parsimony analysis of the ITS region and β-

tubulin gene placed the fungus in a distinct clade far from the currently valid 

Colletotrichum species. Based on the morphological and molecular 

characterization, Colletotrichum gigasporum sp. nov. was proposed as a new 

species in the genus Colletotrichum Corda. 

 

Keywords: Colletotrichum gigasporum, new species, Centella asiatica, 

fungal endophytes, Taxonomy 
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3.2. Introduction 

 

Colletotrichum Corda is an important fungal genus containing more than 700 

species (Index Fungorum – www.index fungorum.org). Several of these 

species are responsible for the anthracnose diseases on a wide range of 

plants (Freeman & Katan 1997; Martín & García-Figueres 1999; Yang et al., 

2009; Nguyen et al., 2010), while a few were repeatedly isolated as 

endophytes from apparently asymptomatic healthy plants (Bussaban et al., 

2001; Lu et al., 2004; Photita et al., 2005; Promputtha et al., 2007). In the 

past, many Colletotrichum species were named solely on morphological 

characteristics and on host plants (Sutton, 1980, 1992; von Arx, 1957). The 

lack of reliable morphological criteria within this genus further resulted in 

doubtful identifications. It is likely that a number of the several hundred 

species described in this genus are synonyms (Sutton, 1980, 1992; von Arx, 

1957). Thus, there is a need for taxonomic revision of many Colletotrichum 

species (Hyde et al., 2009). 

 

Recently, Cai et al. (2009) proposed to describe these fungi using a 

combination of multilocus molecular phylogenetic analysis with 

morphological and cultural characteristics, physiology and pathogenicity 

tests. Considerable progress has been made in species delimitation in this 

genus and many new species and designation of epitypes were reported 

following this polyphasic approach (Crouch et al., 2009; Damm et al., 2009; 

Moriwaki & Tsukiboshi, 2009; Prihastuti et al., 2009, Weir & Johnston, 

2010; Wikee et al., 2011; Yang et al., 2011). In parallel, systematic revisions 

of major Colletotrichum species complexes, such as C. acutatum, C. 

boninense and C. gloeosporioides sensu lato have been proposed (Damm et 

al., 2010, 2012).  
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Centella asiatica (L.) Urb (Apiaceae) is an ethnomedicinal plant, native to 

India, Madagascar, Sri Lanka, China, Indonesia, Australia and South Africa. 

Puja et al. (2006) described a new fungal species, Echinosphaeria 

macrospora, teleomorph of Vermiculariopsiella endophytica from the stems 

of C. asiatica, while Krishnamurthy et al. (2008) showed that Chaetomium 

globosum was the most frequently isolated fungus from living healthy leaves 

of C. asiatica collected from the Malnad region (Southern India). Recently, 

Rakotoniriana et al. (2008) isolated an unusual long straight conidia-

producing Colletotrichum species (MUCL 44947), morphologically similar 

to the original description of C. crassipes (von Arx, 1957). The fungus was 

isolated as endophyte from C. asiatica in Madagascar. Single conidia grown 

on potato dextrose agar (PDA) supplemented with C. asiatica leaf powder 

resulted in the production of fertile perithecia. Preliminary genotypic 

comparisons using BLAST searches for ITS sequence similarities in 

GenBank yielded many Colletotrichum sequences identical or closely related 

to that of strain MUCL 44947. Interestingly, most of these isolates were 

sampled as endophytes from a wide range of host plants located in 

geographically distant tropical areas. However, the species identity of these 

Colletotrichum strains remains unclear. No formal or Latin diagnosis has 

been reported so far. They likely belong to undescribed species in the genus 

Colletotrichum. 

 

Here we described a new species of Colletotrichum, i.e. Colletotrichum 

gigasporum sp. nov., based on morphology and molecular phylogeny. The 

morphological characteristics of the teleomorph were also described and 

discussed. 
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3.3. Materials and Methods 

 

3.3.1. Fungal isolates 

Isolate MUCL 44947 was isolated from healthy leaves of C. asiatica 

collected in the Middle Eastern region of Madagascar in 2003 following 

surface sterilization (Rakotoniriana et al., 2008). Isolates MUCL 42034, 

42044 and 42077 were obtained as foliar endophytes from Stylosanthes 

guianensis in Nayarit state in Mexico in 1995 (Gama-López et al., 2007). 

The isolate MUCL 41702 referred to as C. macrosporum was recovered 

from Bulbophyllum sp. (Orchidaceae) collected at Bukit Timah Nature 

Reserve in Singapore in 1999. All isolates are deposited in the BCCM/ 

MUCL collection, Université catholique de Louvain, Belgium and preserved 

in vials either under sterile paraffin oil, lyophilized or frozen at -130°C. Four 

strains identified as C. crassipes, CBS 169.59, CBS 159.75, CBS 112984 

and CBS 112988 obtained from the Centraalbureau voor Schimmelcultures 

(CBS), Netherlands, and a Colletotrichum sp. strain VEGA 508, an 

endophytic fungus from Coffea arabica (Co. arabica) showing identical ITS 

sequences to isolates from C. asiatica and S. guianensis, were also included. 

Overall, ten fungal isolates were examined for detailed study of the 

morphological and cultural characters. 

 

3.3.2. Morphological and cultural studies 

Conidial shape and size along with cultural characters including 

colony morphology (colony color, mycelial characteristics, presence of 

setae, and spore masses) were recorded from cultures derived from single 

germinated conidia on potato dextrose agar (PDA, Scharlau Chemie S.A., 

Barcelona, Spain) and incubated in the dark at 25°C for 2 weeks. Growth 

rate was calculated as the 7-day average of mean daily growth (mm per day) 



Chapter III. Colletotrichum gigasporum sp. nov. 

- 103 - 

 

(Photita et al., 2005). Experiments were repeated three times, each 

experiment was performed in four replicates with two measurements per 

replicate. 

 

Dilutions were made with conidia masses and drops of the suspension were 

placed on microscope slides and mixed with lactophenol/cotton blue 

(Shipton & Brown, 1962). Length and width of fifty conidia were measured 

with an Olympus BX 52 under 1250 × magnification. Appressoria were 

observed in slide cultures on PDA (Sutton, 1980) grown under the same 

conditions as above. 

 

To induce the production of the teleomorph, single conidia isolates were 

grown on PDA supplemented with 2 g L
-1

 sterilized air-dried leaf powder of 

C. asiatica and incubated in the dark at 25°C for 10 days. Plates were further 

exposed constantly under near UV light combined with cool white 

fluorescent light at room temperature till the production of perithecia. A total 

of 20 perithecia were examined and measured (length × width), with the 

width of each perithecium measured at its widest point using an ocular 

micrometer. Length and width of fifty ascospores and asci from various 

perithecia stained with lactophenol/cotton blue were measured with an 

Olympus BX 52 under 600-1250 × magnification. 

 

3.3.3. DNA extraction, PCR amplification and 

sequencing 

Genomic DNA was extracted from lyophilized fungal mycelium 

derived from single conidia culture using a CTAB-based method (Abang et 

al., 2002) adapted as follows. Fifty mg of dried mycelium were put in 

microtubes and ground to a fine powder with a MagNa Lyser (Roche 

Diagnostics Gmbh, Germany). Microtubes were filled with 700 μL of CTAB 
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extraction buffer. After incubation at 65°C for 1 h, 700 µL of 

chloroform/isoamylalcohol (24/1; vol/vol) were added to the homogenate 

and mixed by vortexing to form an emulsion. Following centrifugation for 

10 min at 13,000 rpm, the aqueous top layer was transferred to a new 

microcentrifuge tube and incubated with RNase A (100 mg mL
-1

) and 

proteinase K (10 mg mL
-1

) for 30 min at 37°C. DNA was precipitated by 

adding 1.2 volume of isopropanol and incubating at room temperature for 10 

min. Supernatant was discarded after centrifugation for 15 min at 13,000 

rpm and the pellet was washed twice in 70% EtOH, air-dried and dissolved 

in 100 µL of milliQ water. 

 

PCR amplifications were performed in DNA Thermal Cycler 480 (Perkin 

Elmer Life and Analytical Sciences, Inc, Milano, Italy) using primers ITS4 

(5′-TCCTCCGCTTATTGATATGC-3′) and ITS5 (5′-

GGAAGTAAAAGTCGTAACAAGG-3′) (White et al., 1990) to amplify the 

entire ribosomal internal transcribed spacer (ITS) region and primers Bt2a 

(5′- GGTAACCAAATCGGTGCTGCTTTC -3′) and Bt2b (5′-

ACCCTCAGTGTAGTGACCCTT-3′) (Glass & Donaldson, 1995) for the β-

tubulin nuclear gene. The PCR reaction mixture of 50 µL included 10 µL of 

fungal DNA containing 10 ng µL
-1

 and 40 µL of master mix consisting of 5 

µL buffer, 3 µL MgCl2 (50 mM), 1 µL dNTPs (10 mM), 1 µL of each primer 

(10 µM), 0.5 µL Taq DNA polymerase (5 U µL
-1

) and 28.5 µL of sterile 

distilled water. PCR programs consisted of an initial denaturation step for 3 

min at 94°C followed by 40 cycles of 90 s denaturation at 94°C, 90 s 

annealing at 55°C and 2 min extension at 72°C. At the end, a final extension 

step of 72°C for 10 min was included. PCR products were purified using 

MSB Spin PCRapace (Invitek, Berlin) according to the manufacturer’s 

protocols. Primers ITS2 (5′-GCTGCGTTCTTCATCGATGC-3′ ), ITS3 (5′-

GCATCGATGAAGAACGCAGC-3′ ), ITS4 and ITS5 for ITS sequencing 

and primers Bt2a and Bt2b for β-tubulin sequencing were used to sequence 
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both strands of DNA molecule using a CEQ DTCS Quick Start kit 

(Beckman Coulter, Inc., Fullerton, CA). Reaction products were run on CEQ 

2000XL capillary automated sequencer (Beckman Coulter Inc., USA). 

 

3.3.4. Phylogenetic analysis 

For the phylogenetic analysis of ITS region, 38 ITS sequences, of 

which 26 were from Colletotrichum spp. retrieved from EMBL databank, 11 

were obtained from this study and one was from Plectosphaerella 

cucumerina NRRL 20430 used as outgroup (see Table 5). Sequences were 

aligned using the Clustal W2 software (Chenna et al., 2003). All the ITS 

sequences started at the first base of the ITS1 region and ended at the last 

base of the ITS2 region. 

 

The final dataset for the phylogenetic analysis of ITS consisted of 32 

sequences after selecting representatives of haplotypes from sequence 

comparison. The aligned ITS sequences matrix was imported into PAUP* 

4.0b10 (Swofford, 2000) for phylogenetic analysis. Heuristic searches were 

run with parsimony as the optimality criterion. Alignment gaps were treated 

as a fifth character, and all characters were unordered and of equal weight. 

Starting trees were obtained via stepwise addition of 1000 random-addition 

sequences with tree-bisection-reconnection branch swapping algorithm and 

branches were collapsed if maximum branch length is zero. To estimate 

confidence in the clades of the resulting trees, maximum parsimony 

bootstrap values were generated from 1000 replicates. Consistency index 

(CI), homoplasy index (HI) and retention index (RI) were calculated to 

obtain the amount of homoplasy in the dataset. 

 

For strains having the same ITS sequences as that of C. gigasporum, and of 

which the β-tubulin sequences were available in public database, a 
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phylogenetic analysis of the β-tubulin gene was performed using the same 

software with 1000 parsimony bootstrap replications. 



 

 

 

Table 5. Origin of ITS and β-tubulin sequences from GenBank database or sequenced for this study (in bold) used for 

phylogenetic analyses. 

Species Isolate Country Host GenBank no. 

    ITS β-tubulin 

C. acutatum BBA 70339 The Netherlands Vaccinium corymbosum AJ301911  

C. boninense  MEP1554 China Pachira sp. DQ286160  

C. boninense 465 Portugal Citrus limon var. Lisboa  FN611025 

C. incarnatum unknown unknown unknown  GQ369600  

C. coccodes STE-U 5301 Zimbabwe Lycopersicon esculentum AY376528  

C. crassipes CBS 169.59 The Netherlands Oncidium excavatum FN557344  

C. crassipes  CBS 159.75 India Air and stored grains FN557345  

C. crassipes CBS 112984 Madeira Dryandra sp. FN557347  

C. crassipes CBS 112988 Switzerland Dryas octopetala FN557348  

C. destructivum  CD-hz 03 China Cowpea EU070913  

C. dracaenophilum MEP1537 China Dracaena sp. DQ286207  

C. fragariae  BBA 70340 unknown Fragaria sp. AJ301912   

C. fuscum  MAFF 238340 Japan Nemesia strumosa AB105966  



 

 

 

(Table 5 continued)     

Species Isolate Country Host GenBank no. 

    ITS β-tubulin 

C. gloeosporioides AR 4040 Panama Theobroma cacao DQ286194  

C. gloeosporioides MCA 2499 Hungary unknown DQ286196  

C. higginsianum IFO 6182 Japan unknown AB105957  

C. kahawae STE-U 5295 Kenya Coffea arabica AY376540  

C. lagenarium BBA 71046 Europe Cucumis sativus AJ301965  

C. lindemuthianum BBA 65483 unknown Phaseolus sp. AJ301958  

C. lupini  BBA 70884 Ukraine Lupinus albus AJ301948  

C. macrosporum MUCL 41702 Singapore Bulbophyllum sp. FM163593  

C. musae BBA 62471 Germany Musa sp. AJ301904  

C. trifolii BBA 70709 USA Trifolium sp. AJ301941   

C. gigasporum  MUCL 42034 Mexico Stylosanthes guianensis AM982794 FN557443 

C. gigasporum MUCL 42044 Mexico Stylosanthes guianensis AM982795 FN599823 

C. gigasporum MUCL 42077 Mexico Stylosanthes guianensis AM982796 FN599824 

C. gigasporum MUCL 44947 Madagascar Centella asiatica AM982797 FN557442 



 

 

 

(Table 5 continued)     

Species Isolate Country Host GenBank no.  

    ITS β-tubulin 

C. gigasporum MUCL 52571 Madagascar Centella asiatica FN557441 FN599825 

C. gigasporum VEGA 508 Colombia Coffea arabica FN557349 FN599822 

Colletotrichum sp. 3386 Panama Theobroma cacao GU994389 GU994480 

Colletotrichum sp. 4801 Panama Theobroma cacao GU994386 GU994479 

Colletotrichum sp. E1249 Panama Trichilia tuberculata GU994388  

Colletotrichum sp. Z31 China Taxus chinensis var. mairei JN198428  

C. yunnanense  AS3.9616 China unknown EF369491  

C. yunnanense AS3.9617 China unknown EF369490  

Glomerella septospora C040981 Korea Capsicum annuum GU935907 GU935912 

Glomerella septospora  C07005 Korea Capsicum annuum GU935910 GU935916 

Glomerella septospora C07011 Korea Capsicum annuum GU935911 GU935915 

Glomerella septospora C07001 Korea Capsicum annuum  GU935913 

Glomerella septospora C07002 Korea Capsicum annuum  GU935914 

Plectosphaerella cucumerina NRRL 20430 Egypt Viola odorata  AF176952  
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3.4. Results 

 

3.4.1. Induction of the teleomorph 

Fertile perithecia were readily produced when monoconidial isolates 

of Colletotrichum sp. MUCL 44947 from healthy leaves of C. asiatica were 

grown on PDA supplemented with 2 g L
-1

 of C. asiatica leaf powder and 

exposed constantly under near UV light and cool white fluorescent light. 

Under these conditions, perithecia were consistently produced whereas this 

strain formed rarely the teleomorph on PDA alone. Perithecia grouped 

mostly near the inoculum point at the center of the plates (< 2 cm around), 

and were rarely found in the margin of the colony. The teleomorph was only 

produced in culture by the isolate MUCL 44947 from C. asiatica but it was 

not observed neither for isolates from S. guianensis (MUCL 42034, MUCL 

42044 and MUCL 42077) nor for isolate from Co. arabica (VEGA 508), 

when grown under the same conditions. 

 

3.4.2. Morphological comparison of C. gigasporum 

with related Colletotrichum species 

Details of the morphological and cultural characters of the ten fungal 

isolates observed in the study were provided (Table 6). The mean length of 

the conidia from C. asiatica (MUCL 44947) was a bit longer than those from 

S. guianensis (MUCL 42034, MUCL 42044 and MUCL 42077) and from 

Co. arabica (VEGA 508) but the length range overlapped. Conidia from C. 

gigasporum (MUCL 44947, MUCL 42034, 42044, 42077 and VEGA 508) 

mostly bore resemblance to those identified as C. crassipes CBS 169.59. 

Conidia were hyaline, aseptate, straight, cylindrical and having somewhat 

similar size except that both apices were obtuse for isolates of C. 

gigasporum whereas conidial base was truncate in isolates identified as C. 
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crassipes. Observations showed that isolates CBS 112984 and CBS 112988 

had considerably shorter conidia than isolates CBS 15975 and CBS 16959. 

Overall, C. macrosporum MUCL 41702 had the largest conidia measuring 

(28)31.5–38(40) × 9–11 µm. 

 

3.4.3. Molecular phylogenetic analysis 

The final alignment of the ITS sequences generated a total of 540 

characters, 309 of which were constant, 99 were parsimony uninformative 

and 132 were parsimony informative. One of the eighteen parsimonious trees 

retained is shown (Fig. 10). The tree length was 485, the consistency index 

(CI) 0.7052, the homoplasy index (HI) 0.2948 and the retention index (RI) 

0.8462. Isolates of C. gigasporum clustered in a clade with isolates identified 

as Glomerella septospora, C. incarnatum and several Colletotrichum sp. 

strains from various host plants, and their grouping was supported by high 

bootstrap of 99%. This clade was well separated from other clades 

containing known, valid Colletotrichum species. Isolates identified as C. 

crassipes were resolved into three different clades. 

 

For β-tubulin gene alignment data ten taxa provided 499 characters, of these 

411 characters were constant, 77 characters were parsimony uninformative 

and 11 characters were parsimony informative. The one parsimonious tree 

resulting from the analysis of the β-tubulin gene is shown (Fig. 11). The tree 

length was 91, the consistency index (CI) 0.9780, the homoplasy index (HI) 

0.0220 and the retention index (RI) 0.8947. The phylogenetic tree of the β-

tubulin gene placed isolates of C. gigasporum in a distinct clade with a 

bootstrap support of 86%. 



 

 

 

Table 6. Morphological and cultural comparison between C. gigasporum and related taxa. 

Species  

     isolates 

Colony 

diameter 
a
 

Aerial 

mycelium 

Conidial shape Conidial length × width (µm)  

Mean             Range                   SD 
b
 

C. gigasporum       

MUCL 44947 65.9 ± 1.3 Gray to green Cylindrical, both apices rounded 26.9 × 7.7 22–32 × 7–9 1.9 × 0.7 

MUCL 42044 70.1 ± 1.7 Gray Cylindrical, both apices rounded 22.1 × 6.8 18–26 × 6–8 1.8 × 0.6 

MUCL 42034 67.5 ± 2.7 Gray Cylindrical, both apices rounded 21.0 × 6.9 16–24 × 6–8 1.8 × 0.7 

MUCL 42077 57.1 ± 1.9 Gray Cylindrical, both apices rounded 20.3 × 6.9 18–24 × 6–8 1.4 × 0.7 

VEGA 508 69.2 ± 1.5 Brown Cylindrical, both apices rounded 22.7 × 7.8 20–28 × 7–9 1.7 × 0.7 

Isolates identified as 

C. crassipes 

      

CBS 159.75 42.8 ± 1.4 Brown Cylindrical, apex rounded, base truncate 18.2 × 8.2 14–20 × 7–9 0.6 × 0.7 

CBS 169.59 77.2 ± 2.7 Brown Cylindrical, apex rounded, base truncate 22.4 × 5.8 18–26 × 5–7 1.7 × 0.6 

CBS 112984 47.6 ±1.7 Whitish Cylindrical, apex rounded, base truncate 14.1 × 4.3 11–16 × 4–5 1.1 × 0.5 

CBS 112988 49.2 ±1.3 Whitish Cylindrical, apex rounded, base truncate 15.2 × 4.4 12–17 × 4–5 0.9 × 0.4 

C. macrosporum       

MUCL 41702 73.2 ± 1.2 Dark green Cylindrical, both apices rounded 34.4 × 10.5 28–39 × 9–11 2.3 × 0.5 

a
 Colony diameter (mm) after 7 day-culture, except for C. macrosporum for which values were taken after 5 days due to its high growth rate. 

b
 SD = Standard deviation
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Fig. 10. Phylogenetic tree based on maximum parsimony analysis of the ITS 

sequences of Colletotrichum gigasporum and the closest relatives from 

GenBank. Percent of 1000 bootstrap replications greater than 70% are 

indicated at the internodes. Plectosphaerella cucumerina (accession number 

AF176952) was used as an outgroup. 

  



Chapter III. Colletotrichum gigasporum sp. nov. 

 

- 114 - 

 

 
Fig. 11. Phylogenetic tree based on maximum parsimony analysis of the β-

tubulin gene of Colletotrichum gigasporum and the closest relatives from 

GenBank. Percent of 1000 bootstrap replications are indicated at the 

internodes. Colletotrichum boninense (accession number FN611025) was 

used as an outgroup. 
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3.5. Taxonomy 
 

 
Colletotrichum gigasporum E.F. Rakotoniriana & F. Munaut sp. nov. 

(Fig. 12 a–i) 

MycoBank no. MB 800175 

Etymology. The epithet gigasporum refers to the large size of the conidia. 

Holotype. MUCL 44947-H. MADAGASCAR. MANGORO (18°52′20″S, 

48°06′25″E): isolated from the inner part of healthy leaves of Centella 

asiatica, May 2003, E.F. Rakotoniriana, dried culture. Ex holotype culture: 

MUCL 44947, deposited at BCCM/ MUCL, Louvain-la-Neuve, and 

preserved under sterile paraffin oil, lyophilized or frozen at -130°C.  

Paratype. MUCL 52571-H. Dried culture with perithecia produced from 

single conidia of MUCL 44947 (ex holotype), June 2009, E.F. 

Rakotoniriana. Ex-paratype culture: MUCL 52571, deposited at BCCM/ 

MUCL, Louvain-la-Neuve, and preserved under sterile paraffin oil, 

lyophilized or frozen at -130°C. 

Anamorph. Colonies on PDA at 25°C in complete darkness 6.6 cm diam in 7 

days, greyish green margin regular. Aerial mycelium grey to pale green, 

short, reverse dark green. Sclerotia absent. Setae present, light to dark brown 

abundant, ruguous, septate, straight becoming narrower, tapered at the apex 

or rounded 90–140 × 3.5–4 µm. Conidioma acervular. Appressoria 

abundant, pale to medium brown with germ pore, clavate or irregular in 

shape with moderate crenate edges 14–16 × 10–12 µm, becoming complex. 

Conidiogenous cells cylindrical to clavate, hyaline or slightly brown, 

phialidic, cylindrical, 17–28 × 5–6 µm. In PDA (24 g L
-1

, Duchefa) 

supplemented with 2 g L
-1

 Centella asiatica powder, under near UV, 
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sporulation abundant, with conidia formed in a pinkish masses, hyaline, 

aseptate, straight, cylindrical, guttulate, rounded at both ends, measuring 

(22)25–29(32) × (6)7–9 µm. 

Teleomorph developed on PDA supplemented with 2 g L
-1

 sterilized 

Centella asiatica leaf powder. Ascoma an ostiolate perithecium, dark brown, 

obpyriform to subglobose, 400–640 µm high, 240–320 µm wide, rarely 

solitary to mostly confluent. Asci unitunicate, 8-spored, broadly cylindrical 

to clavate, truncate at apex, thin-walled, short-stalked, evanescent, 64–120 × 

8–12 µm. Paraphyses septate. Ascospores hyaline, fusoid to cylindrical, 

mostly straight to slightly curved, rounded at both ends, aseptate, 1-septate at 

maturity, septum median, (56)60–84(92) × 5–7 µm. 

Isolates examined. MADAGASCAR. MANGORO. Isolated from Centella 

asiatica, Mai 2003, E.F. Rakotoniriana, MUCL 44947 (EX HOLOTYPE); 

MADAGASCAR. MANGORO. Produced in laboratory culture from single 

conidia of MUCL 44947, June 2009, E.F. Rakotoniriana, MUCL 52571 

(EX-PARATYPE); MEXICO. NAYARIT STATE. Isolated from 

Stylosanthes guianensis, Jan 1995, F. Munaut, MUCL 42034; MEXICO. 

NAYARIT STATE. Isolated from S. guianensis, Jan 1995, F. Munaut, 

MUCL 42044; MEXICO. NAYARIT STATE. Isolated from Stylosanthes 

guianensis, Jan 1995, F. Munaut, MUCL 42077; COLOMBIA. Isolated from 

Coffea arabica, July 2003, F.E. Vega, VEGA 508. A dried culture of each 

isolates was deposited at the herbarium of MUCL (as, MUCL 42034-H, 

MUCL 42044-H, MUCL 42077-H and VEGA 508-H), Louvain-la-Neuve, 

Belgium. 

Notes: Isolates MUCL 42034, MUCL 42044, MUCL 42077 and VEGA 508 

produce slightly shorter conidia (16)21–24(28) × (6)7–9 µm compared to 

those of the ex-holotype (MUCL 44947) but they are similar in shape, i.e., 
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hyaline, aseptate, straight, cylindrical, guttulate and rounded at both ends. 

Teleomorph not produced. 

 

Ascospore-derived colonies displayed the same cultural characters and 

conidial morphology as those from monoconidial isolates of the parental 

Colletotrichum. 

 

Fig. 12. Colletotrichum gigasporum and its teleomorph. a Perithecia formed 

in culture. b Immature asci with septate paraphyses. c Mature asci. d 

Ascospores. e Conidiophores of C. gigasporum produced in culture. f Setae 

of C. gigasporum formed on PDA. g Conidia of C. gigasporum formed on 

PDA at 25°C in the dark for 2 wk. h–i Appressoria of C. gigasporum formed 

on potato carrot agar slide culture at 25°C in the dark for 3 d. Bars: 1 = 200 

µm; 2–7 = 20 µm; 8–9 = 10 µm. 
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3.6. Discussion 

 

Conidial features (both size and shape) are important taxonomic criteria for 

morphological identification of Colletotrichum species. Sutton (1980) 

informally divided the genus into 2 groups based on the conidia shape: 

species with straight and species with falcate conidia. Recently, Crouch et 

al., (2009) and Damm et al., (2009) investigated the falcate-spored 

Colletotrichum species from graminicolous and herbaceous hosts. Here, we 

report the description of a new Colletotrichum species, Colletotrichum 

gigasporum, based on morphological characters and phylogenetic analysis.  

 

Single conidia cultures of C. gigasporum MUCL 44947 produced fertile 

perithecia with asci bearing 0 to 1-medianly septate, long ascospores 

measuring (56)60–84(92) × 5–7 µm. Typical common ascospores are usually 

shorter, less than 20 µm long and aseptate, but they may become 1-septate 

when old (Hanlin, 1990). The supplement of C. asiatica powder along with 

constant exposure to near UV and cool white fluorescent lights enhanced the 

production of the teleomorph by C. gigasporum MUCL 44947. Under these 

conditions, perithecia were consistently produced by this strain whereas it 

rarely formed the teleomorph on PDA alone. Colonies from single 

ascospores displayed the same cultural characters and conidial morphology 

as those from monoconidial isolates of the parental Colletotrichum, 

supposing that C. gigasporum may be homothallic. The sexual form of C. 

gigasporum produced ascospores that mostly resembled those of Glomerella 

septospora with respect to the ascospore size [60–95(100) × 5.0–7.5 µm]. 

However, G. septospora ascospores were mostly 3-septate and may become 

up to 6 or 8 septate when mature (Sivanesan & Hsieh, 1993). Given these 

atypical morphological characters the inclusion of G. septospora within the 

genus Colletotrichum was still regarded as doubtful (Hyde et al., 2009), even 

though evidence for its belonging to the genus Colletotrichum was earlier 
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demonstrated using maximum parsimony analysis of the nuclear small-

subunit ribosomal DNA (18S rDNA) with sequences issued from the type 

strain (accession number U78779, strain ATCC90830, IMI353024) 

(Wanderlei-Silva et al., 2003). 

 

Although C. gigasporum isolates MUCL 42034, MUCL 42044, MUCL 

42077 and VEGA 508 failed to produce teleomorph under the cultural 

conditions used in this study, their belonging to C. gigasporum was proved 

on the basis of ITS and β-tubulin phylogenetic analysis. Indeed, it was 

previously demonstrated that MUCL 42034, MUCL 42044 and MUCL 

42077 were conspecific, since they displayed very similar RAPD profiles 

with the random primer OPA-15 (Gama-Lopez et al., 2007). As the type 

strain of C. gigasporum, the isolate MUCL 44947, was morphologically 

similar to isolates MUCL 42044, MUCL 42034, MUCL 42077 and VEGA 

508 and because the ITS and β-tubulin sequences were identical or near-

identical (differed in one to two nucleotides position), isolates MUCL 

42044, MUCL 42034, MUCL 42077, and VEGA 508 could consequently be 

referred to as C. gigasporum. 

 

Morphologically, C. gigasporum differed from currently valid 

Colletotrichum species by its long conidia up to 32 µm (average length 26 

µm). The search in the literature for previously identified taxa yielding 

similar conidial traits in shape and size revealed the existence of C. 

macrosporum (28–32 × 8–10 µm) (Saccardo, 1899) collected from leaves of 

an orchid in Brazil, C. echinatum (22–26 × 8–9 µm) (Saccardo & Trotter, 

1913), and C. vinosum (20–30 × 6–8 µm) (Saccardo & Saccardo, 1906). But 

these taxa were considered as synonyms to C. crassipes by von Arx (1957). 

Compared to the species original description of C. crassipes by von Arx 

(1957), mainly based on the conidial size (22–31 × 6–8 µm) and the 

morphology of the appressoria with deeply lobed margins, some minor 
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morphological differences could be noted with C. gigasporum. This latter 

produced conidia with rounded apices at both ends and the appressoria edges 

were entire to crenate. Whereas conidia of C. crassipes were obtuse at the 

apex but truncate at the base, and the appressoria edges were deeply lobed. 

Since no ex type culture was currently available for C. crassipes (Hyde et 

al., 2009) it would be difficult to distinguish closely related taxa to C. 

crassipes based only on morphological characteristics due to the wide range 

of the conidial size and lack of distinct morphological features. Indeed, 

further taxonomic and phylogenetic studies are needed to designate an 

epitype strain in C. crassipes, which will serve as the basis for an accurate 

identification in this species. Anyway, a high level of genetic dissimilarities 

was observed between C. gigasporum and isolates identified as C. crassipes 

obtained from the Centraalbureau voor Schimmelcultures (CBS), 

Netherland. For instance, the ITS region of C. gigasporum MUCL 44947 

differed in about 32 bp nucleotides to strain CBS 159.75. Furthermore, 

morphological comparison (Table 6) combined with the maximum 

parsimony analysis of the ITS sequences (Fig. 10) provided ample evidence 

that C. gigasporum can be distinguished from C. macrosporum and the so-

called C. crassipes isolates included in this study.  

 

Similar types of conidia as long as those produced by C. gigasporum, even 

longer, were also reportedly produced by an unusual Colletotrichum named 

C. taiwanense. However, conidia of C. taiwanense may become multiseptate 

(0–3 septate conidia 22–35(45) × 5–8 µm, 4–5 septate conidia 50–58 × 5–8 

µm) with age (Sivanesan & Hsieh, 1993) while those of C. gigasporum 

remained aseptate. Interestingly, the teleomorph of C. taiwanense 

(Glomerella septospora), appeared to have identical ITS sequence as that of 

C. gigasporum and gathered together in a clade distinct from known 

Colletotrichum species (Fig. 10). Inappropriately, due to the lack of ITS and 

β-tubulin sequences from the type strain of G. septospora (W.H. Hsieh 
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IMI353024, ATCC90830) isolated from stems of Styrax formosanus 

Matsum. in Taiwan, we used available sequences of G. septospora isolated 

from Capsicum annuum in Korea to perform the analysis. In any case, the β-

tubulin phylogenetic analysis allowed their separation into two different 

clades with a bootstrap value of 83%, supporting the hypothesis that they 

belong to two different species (Fig. 11). 

 

The BLAST searches for ITS sequence similarity also showed that C. 

incarnatum (GQ369600) and C. gloeosporioides (AY266402) had the same 

ITS sequence with C. gigasporum. But conidia of C. gigasporum were much 

longer than those of C. incarnatum (14–19 × 5 µm) (Zimmermann, 1901) 

and those of C. gloeosporioides (AY266402) [(12)16.1(20) × (3)4.6(6)] 

(Photita et al., 2005). The BLAST searches also revealed the occurrence of 

numerous Colletotrichum sp. that had similar ITS sequence as C. 

gigasporum, comprising endophytic isolates from various hosts, such as 

Magnolia liliifera in Thailand (Promputtha et al., 2007); Taxus chinensis 

var. mairei in China; Theobroma cacao, Trichilia tuberculata and Virola 

surinamensis in Panama (Rojas et al., 2010) as well as a Colletotrichum sp. 

isolate LD35b(B2) associated with anthracnose disease of coffee in Vietnam 

(Nguyen et al., 2010). The identity of these Colletotrichum isolates is not 

very clear at the species level. They likely belong to a taxon distinct from 

known and accepted Colletotrichum species.  

 

Endophytism is an important factor in microbial speciation and biodiversity 

(Stone et al., 2000). Liu et al. (2007) reported a new Colletotrichum 

endophyte from Buxus sp. assigned to C. yunnanense with bacilliform or 

slightly clavate conidia, rounded at both ends, hyaline, measuring (14)16–21 

× 5–6 µm. However, this latter was shorter and narrower than C. 

gigasporum. Hitherto, Colletotrichum isolates previously described as 

endophytes belong mainly to C. acutatum, C. gloeosporioides, and C. 
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boninense (Bussaban et al., 2001; Lu et al., 2004; Photita et al., 2005; Rojas 

et al., 2010). However, the conidial size of C. gigasporum were clearly 

longer and wider than that of C. gloeosporioides which measured 12–17(–

23.5) × 4.5–6 µm in water and (10.5–)11–15 × 4.5–5.5 µm in lactic 

acid/cotton blue (Cannon et al., 2008) and that of C. acutatum 7–14 × 2.5–

3.5 µm (Than et al., 2008). In addition, in C. gloeosporioides the conidial 

shape was generally ovoid to oblong and that of C. acutatum was often 

fusiform, whereas C. gigasporum produced cylindrical conidia. All C. 

gigasporum isolates reported in this study were found to be endophytes from 

various plant sources located from geographically distant areas. To some 

extent, C. gigasporum appeared to have a widespread distribution mostly in 

tropical regions, being isolated in Madagascar, as foliar endophyte of C. 

asiatica, in Mexico, from healthy leaves of S. guianensis and in Colombia, 

as endophyte of Co. arabica. Further isolates are required to define its host 

range and to clarify its true lifestyle if C. gigasporum could occur as 

epiphyte or pathogen in other plants.  

 

Cai et al. (2009) suggested performing multi-gene phylogenetic analysis for 

a better resolution of the relationships among Colletotrichum species and for 

an accurate and reliable species diagnosis. Consistent with this, using a 

multi-gene phylogeny of a combined datasets of the partial actin, β-tubulin 

(tub2), calmodulin, glutamine synthetase, glyceraldehyde-3-phosphate 

dehydrogenase genes and the complete rDNA ITS1-5.8S-ITS2 regions, 

Prihastuti et al. (2009) was able to distinguish C. gloeosporioides from C. 

kahawae supported by high bootstrap support (100%). In this study, we only 

carried out sequencing of ITS region and β-tubulin gene since, the 

taxonomic position of C. gigasporum was well resolved among the main 

groups of straight conidia-producing Colletotrichum species in the 

phylogenetic tree of the ITS sequences. The subsequent phylogenetic 

analysis based on the β-tubulin gene clearly differentiated C. gigasporum 
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from other Colletotrichum species sharing identical ITS sequences. Notably, 

the β-tubulin gene sequences have also been successfully used to solve 

identification problems of closely related species of other fungal genera. 

Chung et al. (2006) reported that β-tubulin sequences separated Ophiostoma 

breviusculum from O. piacea and O. canum, while ITS sequence did not. 

Thus, based on the integration of the morphological and phylogenetic 

features, it is concluded that C. gigasporum is a distinct species in the genus 

Colletotrichum. 
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Preface 
 

Catharanthus roseus was the second host plant selected for the investigation 

of microbial endophytes associated with Madagascan medicinal plants 

included in this thesis. Previous reports on microbial endophytes from C. 

roseus mainly focused on endophytic fungi (Kharwar et al., 2008; 

Krishnamurthy et al., 2008; Tung et al., 2002; Zhang et al., 2000). So, in this 

second part of the thesis, we explored the occurrence of streptomycetes 

endophytes in the aerial parts of C. roseus from Madagascar to determine 

whether it was as rare as that of C. roseus from India (Sharma et al., 2011). 

 

Given the potential of these microorganisms to produce bioactive 

compounds with diverse bioactivities, we particularly addressed in this 

chapter the antifungal activity of an endophytic whorl-forming Streptomyces 

sp. strain TS3RO, isolated from the stems of C. roseus. The spectrum of 

antifungal activity of the crude filtered culture extract was evaluated on a 

wide range of human and plant pathogenic filamentous fungi. Then, the 

major active compound was purified and characterized by means of 

spectroscopic data. We also questioned the taxonomic identity of strain 

TS3RO using methods and media described by the International 

Streptomyces Project (ISP) (Shirling & Gottlieb, 1966) as well as 

phylogenetic analysis of the partial 16S rRNA sequences between strain 

TS3RO and closely relatives retrieved from GenBank. 
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4.1. Abstract 

 

An endophytic whorl-forming Streptomyces sp. designated as TS3RO having 

antifungal activity against a large number of fungal pathogens including 

Sclerotinia sclerotiorum, Rhizoctonia solani, Colletotrichum 

gloeosporioides, Cryphonectria parasitica, Fusarium oxysporum, 

Pyrenophora tritici-repentis, Epidermophyton floccosum and Trichophyton 

rubrum was isolated from surface-sterilized Catharanthus roseus stems. 

Preliminary identification showed that Streptomyces cinnamoneus subsp. 

sparsus was its closest related species. However, strain TS3RO could readily 

be distinguished from this species using a combination of phenotypic 

properties, 16S rRNA gene sequence similarity and phylogenetic analyses. 

Thus, the whorl-forming Streptomyces sp. strain TS3RO is likely a new 

subspecies within the Streptomyces cinnamoneus group. Direct 

bioautography on thin layer chromatography plate with Cladosporium 

cucumerinum was conducted throughout the purification steps for bioassay-

guided isolation of the active antifungal compounds from the crude extract. 

Structural elucidation of the isolated bioactive compound was obtained via 

LC/MS spectrometry, UV-visible spectra and NMR data. It revealed that 

fungichromin, a known methylpentaene macrolide antibiotic, was the main 

antifungal component of strain TS3RO as shown by TLC bioautography. 

This is the first report of endophytic whorl-forming Streptomyces from the 

medically important plant Catharanthus roseus. 
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4.2. Introduction 

 

Over the past decade, studies on endophytic actinomycetes from medicinal 

plants have received increasing attention because plants with medicinal 

virtues have been considered as an important source of novel species and 

might host microorganisms that produce various compounds of 

pharmaceutical interest (Tan & Zou, 2001; Strobel et al., 2004). 

Investigations on medicinal plants-associated endophytic actinomycetes 

from different geographic locations worldwide have already shown 

promising results in this field. For examples, Zin et al. (2007) discovered in 

the Malay Peninsula three novel streptomycetes from plants with 

ethnobotanical uses. Li et al. (2008) isolated several endophytic 

actinomycetes from pharmaceutical plants in rainforest in Yunnan province, 

China, having antitumor and antimicrobial bioactivities. Similarly, El-

Shatoury et al. (2009) reported from the medicinal plant, Achillea 

fragrantissima (Forssk) Sch. Bip. (Compositae), collected in Saint 

Katherine, South Sinai, Egypt, the isolation of twenty-five actinomycetes 

some of which being able to produce chitinase and siderophores. 

 

Streptomyces spp. are aerobic, Gram-positive bacteria, with a high G + C 

content (69-73%) and cell wall chemotype I, inhabiting soil (Lechevalier & 

Lechevalier, 1970). They are also repeatedly isolated as endophytes (Araújo 

et al., 2000; Cao et al., 2004). Within this group of actinomycetes, the genus 

Streptoverticillium was proposed by Baldacci (1958) as a distinct group of 

whorl-forming Streptomyces species. However, the genus Streptoverticillium 

was later reunified to the genus Streptomyces and referred to in literature as 

whorl-forming Streptomyces (Hatano et al., 2003). 

 

The Madagascar periwinkle Catharanthus roseus (L.) G. Don 

(Apocynaceae) is a medicinal plant producing indole alkaloids such as the 
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anticancer drugs vinblastine and vincristine, and antihypertensive 

compounds such as serpentine and ajmalicine (Dutta et al,. 2005). Besides, 

leaves of C. roseus have antifungal activity due at least to the presence of 5-

hydroxy flavone (Roy & Chatterjee, 2010). Previous studies on microbial 

endophytes from C. roseus have focused mainly on fungi (Huang et al., 

2008; Kharwar et al., 2008; Krishnamurthy et al., 2008). Zhang et al. (2000) 

and Tung et al. (2002) claimed that the fermentative broth of Fusarium 

oxysporum, a fungal endophyte associated with C. roseus, contained the 

same vincristine as that of the host plant. C. roseus was also used as an 

experimental host in greenhouse experiments to study the interaction of 

microbial endophytes and plant pathogens (Lacava et al., 2007; Musetti et 

al., 2007). However, very little information is available about the endophytic 

bacterial community of C. roseus. We were particularly interested in the 

occurrence of endophytic Streptomyces from this valuable medicinal plant 

because of the potential of these organisms to produce natural products with 

a wide range of bioactivities (Castillo et al., 2003; Shin et al., 2008; 

Taechowisan et al., 2007). 

 

Here, we reported the isolation of a first verticillate endophytic Streptomyces 

sp. designated TS3RO from healthy stems of C. roseus showing antifungal 

activity against several fungal plant pathogens and human dermatophytic 

fungi. We also investigated its taxonomy and characterized its bioactive 

secondary metabolites. 



Chapter IV. Endophytic Streptoverticillum from C. roseus stems 

 

- 132 - 

 

4.3. Materials and Methods 

 

4.3.1. Isolation of endophytes 

Stems (approximately 3 mm diam.) of C. roseus were collected at 

random from plants grown at the botanical garden of the “Institut Malgache 

de Recherches Appliquées” Antananarivo, Madagascar and processed 

immediately after collection. Stems were thoroughly washed in running tap 

water and subsequently surface-sterilized by sequential immersion in 70% 

ethanol for 1 min followed by 3% calcium hypochlorite for 10 min. Stem 

samples were then rinsed three times with sterile distilled water before they 

were aseptically sliced and plated onto nutrient agar (Oxoid, Basingstoke, 

UK) supplemented with 15 µg mL
-1

 nalidixic acid to inhibit the growth of 

nonmycelial bacteria and 50 µg mL
-1

 nystatin to suppress fungal growth. 

Overall, 200 small discs of approximately 3 × 2 mm were made from forty 1 

cm long fragments of surface-sterilized stems. Following incubation at 28°C 

in the dark, colonies that emerged from the stem discs were subcultured on 

potato dextrose agar (PDA) (Difco Laboratories, Detroit, MI, USA) to 

promote the growth of aerial mycelium and allow rapid isolation of 

Streptomyces species. 

 

The effectiveness of the disinfection process was previously checked by 

carefully rolling the surface-sterilized stems onto nutrient agar. The test was 

validated whether no colonies was apparent after incubating the plates at 

28°C for 3 weeks. In addition, vitality test described by Petrini (1984) was 

also used to check the effectiveness of the surface sterilization method. 

Aliquots of the isolates were dipped in the respective solution originally used 

for the surface sterilization of the stems and re-plated on the PDA under the 

same cultural conditions as above. 
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4.3.2. Morphological, cultural and physiological 

characterization 

The International Streptomyces Project (ISP) media were used for 

morphological and cultural characterization of strain TS3RO and were 

prepared according to the methods of Shirling & Gottlieb (1966). After 

incubation at 28°C during 14 days, growth, aerial mycelium color, substrate 

mycelial pigmentation and production of soluble pigments were investigated 

on various ISP media including yeast extract/malt extract agar (ISP medium 

2), oatmeal agar supplemented with ISP-trace salt solution (ISP medium 3), 

inorganic salts/starch agar (ISP medium 4), glycerol/asparagine agar (ISP 

medium 5), peptone/yeast extract/iron agar (ISP medium 6), tyrosine agar 

(ISP medium 7) and also on PDA and modified Bennett’s agar (MBA; Jones, 

1949). Light- and scanning electron microscopy (SEM) were used to study 

the aerial mycelium and spore-chain morphology of strain TS3RO from 

culture grown on MBA and ISP medium 3 for three weeks at 28°C. 

Melanoid pigment production was assessed after 4 days on ISP medium 6. 

Physiological tests including study of acid production from carbohydrates, 

hydrolysis of xanthine, starch and esculin and growth in the presence of 5% 

NaCl or at 10°C were carried out by using the media of Gordon et al. (1974). 

For comparative study of the phenotypic characteristics, data for 

Streptomyces species showing close relationship to strain TS3RO were 

retrieved from previously published data (Labeda et al., 1997). 

 

4.3.3. 16S rRNA gene sequencing and phylogenetic 

analysis 

The partial 16S rRNA gene sequence of strain TS3RO was performed 

at BCCM/LMG (LMG 26318). Briefly, total DNA was extracted according 

to the protocol of Niemann et al. (1997). The 16S rRNA gene was amplified 
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by PCR using the following primers 16F27 (5’-AGA GTT TGA TCC TGG 

CTC AG-3’) and 16R1522 (5’-AAG GAG GTG ATC CAG CCG CA-3’). 

Sequencing reactions were performed using the BigDye® Terminator Cycle 

Sequencing Kit (Applied Biosystems, Foster City, CA, USA) and an ABI 

Prism® 3130XL Genetic Analyzer (Applied Biosystems, Foster City, CA, 

USA). Homology of the nucleotide sequence with known sequences of 

Streptomyces spp. from databanks was examined by the BLAST program. 

 

The software package BioNumerics (AppliedMaths, Belgium) was used to 

analyze the nucleotide sequences after including the consensus sequence in 

an alignment of small ribosomal subunit sequences collected from the 

international nucleotide sequence library EMBL. This alignment was 

pairwise calculated using an open gap penalty of 100% and a unit gap 

penalty of 0%. A phylogenetic tree was constructed using the neighbour-

joining method (Saitou & Nei, 1987). 

 

4.3.4. Fermentation and extraction of metabolites 

Fermentation was processed in each of twenty 2-liter Erlenmeyer 

flasks containing 500 mL of 3% oatmeal broth supplemented with 1 g L
-1

 of 

soya peptone. Each 500 mL culture broth was inoculated with ten 1 cm 

diam. discs from two week-old mycelium of strain TS3RO grown on 

oatmeal agar. Inoculated flasks were shaken on a rotary shaker at 150 rpm 

for 14 days at 28°C in the dark. After cultivation, the fermented whole broths 

were extracted three times with half volume of ethyl acetate by stirring for 2 

h at room temperature and the mycelium was removed by centrifugation at 

12000×g for 20 min. Organic phases were pooled, dried with anhydrous 

Na2SO4 and evaporated to dryness at reduced pressure with a rotary vapour 

to yield a crude extract of 3 g. 
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4.3.5. Screening for antifungal activities of the crude 

extract 

The antifungal activity of the crude extract was assessed using the 

paper disk diffusion method described by Taechowisan et al. (2005) with 

some modifications. Briefly, each Petri plate containing 15 mL of PDA was 

inoculated in the centre with 5 mm mycelial disc cut from the periphery of 

10-day-old cultures of each pathogenic fungus. Four 5 mm sterile paper 

discs per plates were loaded with 200 µg of crude extract dissolved in 

methanol (MeOH) and placed on the agar surface. Plates were incubated at 

28°C in the dark and radial growths were measured when the control fungal 

colony margin touched the control disks filled only with MeOH. Results 

were expressed as the percentage of mycelial growth inhibition calculated as 

follows: [(RC-RT)/RC] ×100 with RC= colony radius in control plates and 

RT= colony radius in test plates. Three replicates were used for each 

treatment. Seven plant pathogenic fungi having a wide host range and 

worldwide distribution were used: Pythium ultimum MUCL 16164, 

Sclerotinia sclerotiorum MUCL 11553, Rhizoctonia solani MUCL 9417, 

Colletotrichum gloeosporioides MUCL 42003, Cryphonectria parasitica 

MUCL 7956, Fusarium oxysporum MUCL 7611 and Pyrenophora tritici-

repentis MUCL 42329. In addition, two very common human dermatophytes 

were used as test organisms in the survey: Epidermophyton floccosum 

MUCL 39810 and Trichophyton rubrum MUCL 29301. 
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4.3.6. Direct bioautography on thin layer 

chromatography (TLC) plate for bioassay-

guided isolation of active compounds of the 

TS3RO crude extracts 

Direct TLC bioautography with Cladosporium cucumerinum MUCL 

10091 was performed throughout the purification steps as bioassay-guided 

fractionation tool according to a modified method described by Homans & 

Fuchs (1970). Twenty microliters of the crude extracts (20 µg µL
-1

) or the 

fractions (5 µg µL
-1

) to be purified were applied to precoated silica gel TLC 

plates developed with the mixture ethyl acetate, methanol and water 

(100:13.5:10) and allowed to stand overnight under a stream of cool air for 

complete removal of solvents. The developed and dried TLC plates were 

sprayed with a spore suspension of C. cucumerinum in 2% malt agar and 

plates were incubated for 72 h in the dark in a moist atmosphere at 28°C. 

After the incubation period, the inhibition of fungal growth was assessed by 

visual examination. Active fractions appeared as clear inhibition zones 

against a dark background. Nystatin, a polyene antifungal drug to which C. 

cucumerinum is sensitive, was used as the positive control (1 µg). 

 

4.3.7. Isolation of active compound from strain TS3RO 

and structure elucidation 

Solvents were distilled before use and those for spectroscopic 

measurements were of high-pressure liquid chromatography (HPLC) grade. 

The crude extract (3 g) was initially fractionated by vacuum liquid 

chromatography on a silica gel 60 (Merck, Darmstadt, Germany) (0.2–0.5 

mm) eluted successively with a mixture of dichloromethane (DCM) and 

MeOH (20:1 and 3:1). The active DCM-MeOH (3:1) extract was loaded at 

the top of an open column chromatography (50 × 1.5 cm) using silica gel 60 
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(0.063–0.2 mm) eluted with the mixture ethyl acetate, methanol, water 

(100:13.5:10). About 10 mL per tube were collected. Tubes containing 

active fractions were combined and subjected to Sephadex LH-20 (Sigma 

Aldrich, St. Louis, MO) (80 × 1 cm) eluted with (DCM-MeOH) (1:1). 

Active fractions were then purified by semi-preparative HPLC on a Prep 

Nova-Pak HR C18 column (6 µm, 30 × 300 mm) from Waters (Millipore 

corporation, Milford, MA). The elution was isocratic at 1 mL min
-1

using 

acetonitrile-methanol-water (30:35:35) with 0.5% acetic acid as mobile 

phase. HPLC purifications were conducted on a Waters 600 Controller 

equipped with a Waters 481 Lambda Max LC spectrophotometer. An 

ultimate purification on Sephadex LH-20 with DCM-MEOH (1:1) yielded 4 

mg of fine yellow needles referred here as compound A. 

 

Compound A was then analyzed by liquid chromatography with mass 

spectrometry detection (LC-MS) and nuclear magnetic resonance (NMR) to 

determine its molecular weight and structure. Mass spectra in positive ion 

mode scanning from m/z 100 to m/z 1500 were acquired with a Thermo 

Scientific LTQ orbitrap XL mass spectrometer, equipped with an 

atmospheric-pressure chemical ionization (APCI) source, a Merck-Hitachi 

L6200 Intelligent Pump, a Rheodyne® 7125 manual injection valve with a 

20 µL sample loop, a Kontron HPLC-322 UV detector, and the Xcalibur® 

1.3 software. NMR data were measured in methanol, on a Bruker 500 NMR 

spectrometer with 
1
H NMR spectra observed at 500 MHz and 

13
C NMR 

spectra at 125 MHz in CD3OD. IR spectra were recorded on a Perkin Elmer 

type FTIR 286 spectrometer with KBr. 
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4.4. Results and Discussion 

 

4.4.1. Isolation and identification of strain TS3RO 

No colony was observed on nutrient agar surface printed with the 

surface-sterilized stems after 3 weeks of incubation period. This suggested 

that all the epiphytes at the outer surface of the stems were suppressed and 

the surface-disinfection procedure was effective. In addition, isolates that 

emerged from the small stem discs did not survive the vitality test when they 

were re-subjected to surface sterilization, supporting their endophytic origin. 

 

After 3 weeks of incubation, only three out of 200 small discs recorded 

colonies which were pale and hard on nutrient agar but switched to white-

pinkish aerial mycelia after they were transferred onto PDA medium. The 

three colonies displayed the same morphological, cultural and cytological 

characteristics and could therefore be assigned to one morphospecies, 

designated here TS3RO. At first examination of the organism with a 

stereomicroscope, hyphae and spores were observed suspecting 

streptomycete-like organism. Thus, our isolation study indicated that C. 

roseus stems are seemingly rarely colonized by streptomycetes. Rare 

occurrence of endophytic actinomycetes in the aerial parts of C. roseus was 

also reported by Sharma et al. (2011). Only, seven endophytic actinomycetes 

were isolated from C. roseus twigs collected from different regions of India, 

suggesting a low level of colonization by this group of microorganisms in 

the aerial parts of C. roseus. This result is in agreement with those of other 

studies, which showed that Streptomyces and actinomycetes in general were 

less frequently recovered from the aerial parts of the plant than from the 

roots (Taechowisan et al. 2003; Verma et al., 2009). This trend could be 

explained by the fact that actinomycetes are common rhizosphere bacteria 

that could enter plants via roots where their occurrence are relatively high, 
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and then colonize the aerial parts of plants after overcoming the anatomic 

barrier of the internal plant tissues as well as the defense mechanisms of 

plants. On the other hand, a higher isolation rate was recorded by Kafur & 

Khan (2011) who isolated 38 isolates of endophytic actinomycetes from C. 

roseus leaves collected from different locations in Puducherry, India. Our 

study, however, could not be compared with that previous investigation 

(Kafur & Khan, 2011) since the endophytic microbiota and the frequency of 

a given endophytic species may be influenced by diverse factors including 

geographical and local site factors, diversity of the plant community, plant 

age and tissues, season of the collection, and the isolation procedure 

(Kowalski & Kehr, 1996). 

 

The phenotypic properties were in accordance with the assignment of strain 

TS3RO to the genus Streptomyces. The cultural characteristics of the strain 

are shown in Table 7. Strain TS3RO developed well on most ISP media 

producing aerial mycelium and an extensively branched substrate mycelium. 

Colony on MBA and ISP medium 3 had a cottony consistency. Melanin 

pigments were produced from tyrosine (ISP medium 6). Microscopic 

observations using light microscopy at 40 X magnification showed that 

aerial mycelium consisted of long straight mycelial filaments bearing at 

more or less regular intervals verticils of branches displaying a typical 

“barbed wire” appearance (Fig. 13). No sclerotic granules, sporangium or 

zoospores were observed. SEM examination revealed that spores had a 

smooth surface and were produced from verticils. Such morphological 

characteristics are typical of strains previously assigned to whorl-forming 

Streptomyces species. 
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Table 7. Growth and cultural characteristics of strain TS3RO on various 

media. 

Media  Growth Aerial mycelium 

 color 

Substrate mycelium 

 color 

Soluble 

 pigment 

MBA Abundant Reddish Red, pink None 

PDA Abundant Reddish, pink Red-pink None 

ISP2 Abundant Pink Red-pink Light brown 

ISP3 Abundant Light red Pink None 

ISP4 Abundant Light pink Light pink None 

ISP5 Abundant Light pink Light pink Light brown 

ISP6 Moderate None Light brown Light brown 

ISP7 Abundant Light pink Light pink None 

 

The almost complete 16S ribosomal RNA gene sequence of strain TS3RO 

yielded 1476 nucleotides (nt) (GenBank accession number FR854235). 

Using nucleotide BLAST search, it was found to belong to the genus 

Streptomyces sp. Comparison of its almost full-length 16S rRNA gene 

sequence to those of Streptomyces species deposited in the international 

nucleotide sequence library EMBL showed that strain TS3RO shared high 

percentage 16S rRNA gene sequence nucleotide similarity values with other 

members of Streptomyces spp. The highest sequence similarities (> 98.9% 

for the complete sequences) were found with S. cinnamoneus subsp. sparsus 

JCM 10107 (99.5), S. cinnamoneus subsp. lanosus JCM 10106 (99.5), S. 

hygroscopicus subsp. angustmyceticus NRRL B-2347 (99.5), S. thioluteus 

LMG 20253 (99.4), S. lilanicus LMG 20059 (99.3), S. subrutilus NRRL B-

12377 (99.2), S. morookaensis LMG 20074 (99.1), S. luteosporeus NRRL 

2401 (99.1), S. blastmyceticus NRRL B-5480 (99.0), S. varsoviensis NRRL 

B-3589 (99.0), S. mobaraensis NRRL B-3729 (99.0), S. griseocarneus DSM 

40004 (98.9), S. ardus DSM 40527 (98.9) and S. eurocidicus NRRL B-1676 

(98.9). These values corresponded to 6–27 nt differences out of 1476 nt 

positions. Strain TS3RO might belong to one of these species. However, it 
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was reported that several validly described species that shared high 

percentage 16S rRNA gene sequence nucleotide similarity values within the 

ranges we found in this study could be separated to distinct species using a 

set of phenotypic properties (Kim et al. 1999, 2000). 

 

 

Fig. 13. Aerial mycelium of strain TS3RO. (A) Long, straight aerial 

mycelium bearing verticils at more or less regular intervals, light 

microscopy. Bar, 30 µm. (B) Verticil bearing umbels of spore chains, 

scanning electron microscopy. Bar, 5 µm. 

 

Strain TS3RO was therefore compared phenotypically with other whorl-

forming Streptomyces sharing high percentage of rDNA sequence 

similarities (> 99.0%). The diagnostic characteristics of strain TS3RO and its 

closely related strains are listed in Table 8. According to phenotypic 

properties and 16S rRNA gene sequence comparison, S. cinnamoneus subsp. 

sparsus ATCC 25185
T
 was the closest species to strain TS3RO. However, 

this latter can readily be differentiated from S. cinnamoneus subsp. sparsus 

by at least four differences in phenotypic traits. Strain TS3RO is able to 

grow at 10°C. Melanine is produced from tyrosine. Xanthine and starch are 

not degraded. In addition, the nucleotide sequence of strain TS3RO differed 

from the corresponding sequences of S. cinnamoneus subsp. sparsus by 6 nt 

differences at 1423 sites. Even though, both species gathered within the 

same clade in the phylogenetic tree the phylogenetic position of strain 
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TS3RO was rather far from S. cinnamoneus subsp. sparsus (Fig. 14). Based 

on the observed taxonomic properties strain TS3RO might then be assigned 

to at least a new subspecies within S. cinnamoneus groups. This latter 

already includes subspecies cinnamoneus, albosporus, azacoluta, lanosus 

and sparsus (Hatano et al., 2003). 

 



 

 

 

Table 8. Diagnostic characteristics of TS3RO strain and its closest strains 
a
. 
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strain TS3RO  - - + - - - - - - + + + + Pink red 

S. cinnamoneus subsp. sparsus ATCC 25185
T
 + + + - - - - - - + - + - Reddish, cinnamon 

S. cinnamoneus subsp. lanosus ATCC 25187
T
 + + - - - - - - + + - + - Cinnamon 

S. thioluteus ATCC 12310
T
 + + + - - - - + - - - + - Beige 

S. lilacinus NRRL B-1968
T
 - + + - - - - - + + + - + Cinnamon 

S. morookaense NRRL B-12429
T
 - + + - + + + + - + - + + Gray 

S. blastmyceticus NRRL B-5480
T
 + + + - + + - - - + + + + Bald 

S. mobaraensis NRRL B-3729
T
 + - + + - - - - + + + + - Mouse gray 

a
 Phenotypic data of other species were retrieved from Labeda et al. (1997) 
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Fig. 14. Neighbour-joining tree based on 16S rRNA gene sequences 

showing relationships between strain TS3RO and related species of 

Streptomyces. Micromonospora echinispora DSM 43816
T
 was used as an 

outgroup. 
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4.4.2. Antifungal activity of the crude extract 

Preliminary screening of the ethyl acetate crude extract from the 

fermentative broth of TS3RO isolate showed antifungal activity on a wide 

spectrum of test organisms, i.e. against agricultural important plant fungal 

pathogens as well as human fungal dermatophytes (Fig. 15). The crude 

extract was very active against C. gloeosporioides, the causative agent of 

anthracnose in a wide range of valuable crops and fruits (Chen et al., 2006; 

Freeman et al., 1998), with 53% growth inhibition (GI=53%). The radial 

mycelium growth of C. gloeosporioides was abruptly stopped far from the 

paper disks loaded with the crude antibiotic, suggesting that active 

compounds diffused within the agar (Fig. 15A). 

 

 

Fig. 15. Zones of growth inhibition induced by crude extract of Streptomyces 

sp. strain TS3RO. (A) Colletotrichum gloeosporioides on Petri plate. (B) 

Sclerotinia sclerotiorum on Petri plate. (C) Fusarium oxysporum on Petri 

plate. (D) Cladosporium cucumerium on TLC plate using direct 

bioautography with nystatin (NYS) as control positif. Control plates (above), 

paper disks were filled with MeOH. Test plates (below), paper disks were 

loaded with 200 µg of crude extract. 
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The zone of inhibition varied for the fungi. The inhibition of the radial 

growth of F. oxysporum (Fig. 15C) was the least pronounced (GI=25%), 

whereas clear zones of inhibition were observed around the paper disks 

loaded with the crude extract tested on S. sclerotiorum (GI=33.7%) (Fig. 

15B), R. solani (GI=41%), C. parasitica (GI=33.3%) and P. tritici-repentis 

(GI=42.5%). TS3RO crude extract was also inhibitory to human 

dermatophytes, Epidermophyton flocossum (GI=58%) and Trichophyton 

rubrum (GI=62%). Interestingly, Pythium ultimum, a member of the 

oomycete was insensitive to the crude extract. Unlike fungi, oomycete 

cytoplasmic membranes lack ergosterol (Latijnhouwers et al., 2003), 

suggesting that TS3RO crude extract likely contained compounds that 

specifically bind to cell membrane sterol, primarily ergosterol, as polyene 

antibiotics do. 

 

4.4.3. Purification and structural analysis of active 

compound 

Direct TLC bioautography with C. cucumerinum was conducted for 

bioassay guided isolation of the compound(s) responsible for the observed 

antifungal activity of the crude extract. The technique permitted the 

localization of active constituent on the TLC plate and guided the isolation 

of pure compound with antifungal property throughout the purification steps 

(Hostettmann & Marston, 1994). Various natural products with antifungal 

property were obtained using this technique (Alves et al., 2003; Danelutte et 

al., 2003). A clear inhibition zone at Rf 0.45 was recorded when TS3RO 

crude extract or active fractions were subjected onto TLC bioautography 

using the mixture ethyl acetate, methanol and water (100:13.5:10) as mobile 

phase (Fig. 15D). At the end of the purification steps, 4 mg of fine yellow 

needles (named compound A) with antifungal activity was obtained from 3 g 

of crude extract. 
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The m/z spectrum of compound A showed dominant ions [M+H]
+
 at 

671.399, under positive ionisation conditions (Fig. 16A). Thus, the measured 

molecular weight was deduced to be 670.399, in good agreement with the 

calculated value of 670.828 of the molecular formula C35H58O12. The 

infrared spectrum (KBr) (Fig. 16B) showed common feature of macrolide 

polyene antibiotic with absorption bands at 1/1717 cm, suggesting the 

presence of a carbonyl group of the lactone ring, at 1/3376 cm indicating 

several hydroxyl groups and at 1/850 cm a characteristic feature of 

methylpentaene (Whittfield et al., 1955). The UV spectrum of compound A 

in MeOH (Fig. 16C) was also in accordance with that of polyene compounds 

of the methylpentaene group with absorption maxima at 323, 339 and 358 

nm (Berdy, 1980). A database searches showed that fungichromin, a 

methylpentaene antibiotic had a molecular mass of 670 Da. Furthermore, the 

1
H NMR and the 

13
C NMR data of compound A were consistent with those 

of fungichromin (Nogushi et al., 1988). We therefore concluded that the 

main antifungal compound of Streptomyces sp. strain TS3RO was 

fungichromin. 

 

Polyene macrolide antibiotics are naturally occurring compounds that are 

commonly produced by actinomycetes mainly those belonging to the genus 

Streptomyces. Among the S. cinnamoneus group the subspecies 

cinnamoneus was known to produce fungichromin (Robison et al., 1971). 

This methylpentaene macrolide antibiotic was also produced by several 

Streptomyces species including S. griseus (Pandey et al., 1980), S. cellulosae 

(Nogushi et al., 1988) and S. padanus PMS 702 (Shih et al. 2003). It was 

demonstrated that fungichromin had inhibitory properties against 

Rhizoctonia solani (Shih et al., 2003) responsible for damping-off of seeds 

and seedlings in various crops. The antifungal activity of polyene macrolides 

was attributed to their interaction with cell membrane sterols resulting in the  
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Fig. 16. Structural analysis of compound A. (A) mass spectrum in positive 

ionisation. (B) infrared spectrum on KBr. (C) UV-visible absorption. 

 

formation of transmembrane pores, which lead to leakage of ions and small 

inorganic molecules from the cytoplasm and eventually to the cell damage or 
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death (De Kruijff et al., 1974; Bolard, 1986). In recent years, considerable 

efforts have been given to optimize cultural conditions in order to enhance 

fungichromin production (Huang et al., 2007; Wu et al., 2008) since some 

novel applications using fungichromin as treatment for skin yeast infections 

have been developed (Hedgpeth, 2005). 

 

In conclusion, we demonstrated in this study that the whorl-forming 

Streptomyces sp. strain TS3RO is a new subspecies in the S. cinnamoneus 

group. More detailed investigations, notably the DNA-DNA relatedness 

between strain TS3RO and species in the S. cinnamoneus group would help 

in the future to better determine the exact taxonomic status of this newly 

isolated endophytic Streptomyces from C. roseus stem. Crude extract of 

Streptomyces sp. strain TS3RO and its major active compound, 

fungichromin, reduced the mycelial growth of most of the plant pathogenic 

fungi included in this survey. Further study is needed to verify the ability of 

Streptomyces sp. strain TS3RO in the biological control of plant diseases 

caused by these pathogens. 
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General discussion 

 

The main results have been discussed extensively in the different chapters 

(papers) of this thesis. Therefore we took the option to discuss more deeply 

the methodology followed and some relevant results which have been 

influenced by the overall strategy adopted.  

 

The main objective of this thesis was to investigate the microbial endophytes 

diversity from two Madagascan medicinal plants, Centella asiatica and 

Catharanthus roseus and to characterize their bioactive metabolites, 

especially their antifungal activities. 

 

With respect to C. asiatica, leaves were collected in Mangoro region where 

Randriamampionona et al. (2007) observed the highest content in 

asiaticoside and total triterpenoid compared to C. asiatica samples from six 

different locations in Madagascar. It was supposed that the observed 

difference in triterpenoid content was attributed to genetic variability 

(Randriamampionona et al., 2007). However, the likely implication of 

endophytes could not be ruled out, because there are ample evidence that 

endophytes have the ability to enhance secondary metabolites production in 

plants (Yuan et al., 2007; Hao et al., 2010). This justified their isolation 

from the collected leaves for further investigation and possible subsequent 

valorization. For example, inoculation of the growth-promoting endophytic 

fungus Piriformospora indica to roots of in vitro plants of C. asiatica 

resulted in the rapid enhancement of root and shoot biomass of the host plant 
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and an increase in asiaticoside production in the leaves (Satheesan et al., 

2012). 

 

Studies on microbial endophytes have been booming since the discovery of 

taxol-producing endophytes from Taxus sp. (Stierle et al., 1993). During 

their long co-evolution, host plants and endophytes may have exchanged 

genetic materials and as a result, some endophytes, mostly endophytic fungi, 

were reported to have the ability to produce the same or similar bioactive 

compounds as those originated from their host plants such as paclitaxel, 

podophyllotoxin, camptothecine, vinblastine, hypericin, and diosgenin (Zhao 

et al., 2011). This finding is of great importance because it provides an 

alternative and promising approach to produce these valuable compounds 

from microbes rather than from plants. This may, in the future, help to 

reduce the over-collection of medicinal plants thanks to microbial 

engineering. As regards to C. roseus, for instance, it was reported that an 

endophytic fungus Alternaria sp. isolated from the phloem of this plant 

could produce vinblastine (Guo et al., 1998), while a Fusarium oxysporum 

of C. roseus (Zhang et al., 2000) and a mycelia sterilia 97CY3 endophyte 

from leaves of this plant (Yang et al., 2004) had the ability to produce 

vincristine. In addition to their ability to synthesize the same product 

originated from the host plants, endophytes have proved to be a rich source 

of bioactive compounds with various bioactivities (Tan & Zou, 2001; Strobel 

& Daisy, 2003; Joseph & Priya, 2011). 

 

In the present study, we drew our attention on the antimicrobial activity of 

the secondary metabolites from microbial endophytes because the increasing 

levels of drug resistance by plant and human pathogens and the incidence of 

life-threatening fungal infections in immuno-compromised patients are 

becoming increasingly a community concern. Thus, there is an urgent need 

to discover novel antimicrobial compounds that is highly effective, possess 
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low toxicity, and will have a minor environmental impact (Strobel et al., 

2004). 

 

In this thesis, microbial endophytes were isolated from C. asiatica following 

surface disinfection of plant tissues and plating onto appropriate growth 

media (Schulz & Boyle, 2005). There are various microbiological isolation 

procedures (Bills, 1996), but all aim to eliminate epiphytic microorganisms 

from the surface of the plant tissues while preserving the endophytic 

microorganisms inside. In chapter I, II and IV, a three-step method (70-75% 

ethanol for 1 min, 3% calcium hypochlorite for 10 min, and 70-75% ethanol 

for 30 s) was found effective to sterilize the surface of C. asiatica leaves and 

C. roseus stems. No microbial growth was observed on malt extract agar 

(chapter I), tryptic soya agar (chapter II) and nutrient agar surface (chapter 

IV) after a 3 weeks incubation period either when aliquots of the final 

rinsing water were plated on the media or when the sterilized tissues were 

imprinted on the media surface (Schultz et al., 1998). Thus we concluded 

that all isolates recovered from this study were of endophytic-origin. The 

endophytic nature of the isolates (chapter IV) was further supported by 

performing the vitality test described by Petrini (1984) in which no microbial 

isolates survived when they were re-subjected to surface sterilization. 

 

The disinfection method used allowed a quick isolation of culturable 

endophytes, but may have underestimated the whole endophytic community 

of the plant since only microorganisms that can grow under the cultural 

conditions used in the study were isolated (Hyde & Soytong, 2007). 

Disinfectants may also penetrate the plant tissues and cause killing effects on 

endophytes. In addition, rapid growing endophytes may conceal slow 

growing ones. According to Gamboa & Bayman (2001) the size of the plant 

fragments sampled had a strong impact on the number and the diversity of 

endophytic community. The smaller the plant fragments sampled, the higher 
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the number and the diversity of the isolated endophytes. In this study we 

took into account all these parameters in order to increase the probability to 

isolate the largest number of endophytes and to yield the highest value of 

microbial diversity. Calcium hypochlorite was preferred to sodium 

hypochlorite as disinfectant as calcium hypochlorite was reported to 

penetrate the tissue to a lesser extent than sodium hypochlorite (Boccon-

Gibod, 1982). Leaves of Centella asiatica and stems of Catharanthus roseus 

were cut completely into very small segments of approximately 2 × 2 mm 

(chapter I) and into small discs of 3 × 2 mm (chapter IV), respectively and 

the emerging hyphae and colony were transferred immediately with the plant 

material to avoid that the growing mycelium masked the growth of the 

others. Eventually to capture the maximum diversity, morphologically near 

identical colonies were picked up and identified.  

 

Direct identification of microbial endophytes within plant tissues using 

DNA-based techniques is an alluring alternative to characterize uncultivable 

endophytes and to raise the probability to acquire the near whole endophytic 

community of the plant (Reiter & Sessitsch, 2006; Tao et al., 2008). Briefly, 

these cultivation-independent techniques consist in direct extraction of the 

genomic DNA of the surface sterilized plant samples, then PCR 

amplification using bacterial or fungal-specific primers followed by 

separation methods such as random cloning, denaturing gradient gel 

electrophoresis (DGGE), terminal restriction fragment length polymorphism 

(T-RFLP) and finally, phylogenetic analysis of the generated sequences. 

Using this molecular approach, Duong et al. (2006) and Tao et al. (2008) 

reported the detection of more abundant fungal endophytes and higher 

diversities. Likewise, Sun et al. (2008) successfully studied endophytic 

bacterial diversity in rice roots using culture-independent approaches. 
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Molecular identification of the isolates found in this study has been 

completed using ribosomal DNA (rDNA) analysis, especially sequencing of 

the internal transcribed spacer (ITS) region for fungi (chapters I and III) and 

16S rRNA gene for bacteria (chapters II and IV). The sequences obtained 

from the amplification of the genomic DNA of the isolates were compared to 

sequences available in public databases such as GenBank and EMBL and the 

identity of the strains was made based on similarity search results. As 

regards the identification of bacteria (chapters II and IV), there has been no 

agreement on a universal cut-off for bacterial species using 16S rRNA gene 

(Woo et al., 2009), so we used the threshold values proposed by Drancourt 

et al. (2000) who suggested that a sequence similarity higher than 97% was 

used as a cut-off for genus identification and by Janda & Abbot (2007) who 

recommended a minimum of > 99%, and ideally > 99.5% to be used for 

species identification. All the bacterial strains found in this study were well 

resolved to the genus level using these criteria. However, the 16S rRNA 

gene is not discriminative enough when two different bacterial species share 

similar 16S rRNA gene sequences. We observed the limitation of 16S rRNA 

gene sequences for instance, in the species diagnosis of Streptomyces sp. 

strain TS3RO (chapter IV), where it shared high percentage 16S rRNA 

nucleotide sequence similarity values (> 98.9% for the complete sequences) 

with 14 members of Streptomyces spp. In that case, additional phenotypic 

characters, biochemical tests and sequencing of additional gene loci were 

needed for definitive identification (Woo et al., 2009). Carrying out 

phenotypic characterization of the strain TS3RO as recommended by the 

International Streptomyces Project (Shirling & Gottlieb, 1966) we could 

resolve its identity to a new subspecies in Streptomyces cinnamoneus. 

However, the study of DNA-DNA relatedness would help ascertain the 

accurate taxonomic position of the strain TS3RO. 
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Sequencing of the ITS region has also been used widely for molecular 

systematics and identification of fungi from clinical and environmental 

samples (Henry et al., 2000; Iwen et al., 2002; O’Brien et al., 2005; 

Bellemain et al., 2010). In chapter I, strain NSS1, a sterile mycelium, was 

found to be the most frequently isolated fungal endophyte from C. asiatica 

collected in Mangoro (Madagascar). Due to the lack of morphological 

characters, sterile mycelia could not be identified. Using similarity search of 

the ITS region of strain NSS1 having 579 bp fragment (accession number 

AM403716) we resolved its belonging to the Xylariaceae. However, strain 

NSSI differed from Xylaria longipes (GenBank accession number 

AF163038) the closest related species proposed by the BLAST search by 46 

bp (91% similarity). Guo et al. (2003) and Promputtha et al. (2007) have 

also successfully used the phylogenetic analysis of the ITS sequences in an 

attempt to identify sterile mycelia. However, caution should be taken when 

using only ITS sequences similarity for identification, since there have been 

numerous erroneous ITS sequences deposited in public databases (Nilsson et 

al., 2006).  

 

On the other hand, ITS sequence is not accurate enough to differentiate 

complex species having similar ITS sequences such as in the genus 

Colletotrichum (Guerber et al., 2003; Du et al. 2005). In chapter III, we 

showed that Colletotrichum gigasporum could not be distinguished from 

Glomerella septospora which had the same ITS sequences. But separation to 

distinct species could be achieved using combined morphological 

characterization and phylogenetic analysis of the β-tubulin gene. In a 

polyphasic approach for studying Colletotrichum species, it was suggested to 

perform multi-gene phylogenetic analysis for a better resolution of the 

relationships among Colletotrichum species and for an accurate and reliable 

species diagnosis (Cai et al., 2009). In this study, we only sequenced the ITS 

region and the β-tubulin (tub2) gene, since in the phylogenetic tree of the 
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ITS sequences the taxonomic position of C. gigasporum was well resolved 

among the main group of straight conidia-producing Colletotrichum species 

and the phylogenetic tree of the β-tubulin gene enabled differentiating of C. 

gigasporum from G. septospora. 

 

The mechanisms of sexual reproduction in Colletotrichum and the genetic 

basis of sexual compatibility in this genus remain unclear. Homothallic 

species were considered self-fertile, being able to produce fertile perithecia 

containing asci and ascospores by their own. For instance, C. taiwanense 

(Teleomorph, Glomerella septospora) was reported homothallic (Svanesan 

& Hsieh, 1993). In contrast, heterothallic species only produced the perfect 

stage (Teleomorph) from the outcross of self-sterile strains having opposite 

mating types. The two complementary mating types found in filamentous 

ascomycete fungi are termed MAT1-1 and MAT1-2 (Turgeon & Yoder, 

2000). Recently, the teleomorph of some Colletotrichum species including 

C. truncatum (Armstrong-Cho & Banniza, 2006), C. lindemuthianum 

(Rodrίguez-Guerra et al., 2005) and C. acutatum (Guerber & Correll, 2001) 

have been successfully produced using mating experiments. Other 

Colletotrichum species were reported to behave both ways being homothallic 

and heterothallic such as C. graminicola (Vaillancourt & Hanau, 1991) and 

in C. acutatum (Damm et al 2011). 

 

In chapter III, we found that the sexual stage was only observed with C. 

gigasporum MUCL 44947 isolated from C. asiatica, but C. gigasporum 

MUCL 42034, 42044 and 42077 from Stylosanthes guianensis as well as C. 

gigasporum VEGA 508 from Coffea arabica failed to produce the 

teleomorph despite they were grown under the same cultural conditions. On 

PDA supplemented with 2 g L
-1 

C. asiatica powder and exposed constantly 

under near UV light and cool white fluorescent light isolate MUCL 44947 

readily produced the sexual stage. Likewise, Svanesan & Hsieh (1993) 
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observed that the production of conidiomata and perithecia occurred more 

abundantly on the sterilized fragments of corn or rice sheaths than on agar.  

 

The effect of illumination and culture media supplemented with host tissue 

on the sporulation of many fungi is well known (Leach, 1971; El-Fiki et al., 

1999). Since 1928, Stevens observed the impact of ultra-violet rays on the 

induction of sexual stages in Glomerella cingulata. Low temperatures (16-

20°C) and adequate light conditions (12 hours light per day) appeared to 

favour formation of perithecia in Pestalotiopsis microspora (Metz et al., 

2000). In addition, Metz et al. (2000) demonstrated that the methylene 

chloride extract of yew (Taxus cupsidata) needles was able to induce the 

sexual stage of P. microspora, isolate NE-32. This indicated that chemical 

compounds in yew may be responsible for stimulation of perithercia growth 

in this fungus. However, it is not still clear how these cultural parameters 

such as light and temperature as well as plant-derived compounds triggered 

the MAT genes, which are thought to be necessary for the induction of the 

sexual cycle and production of sexual structures (Hiscock & Kües, 1999).  

 

Several laboratory or greenhouse studies have demonstrated the beneficial 

effects of endophytic bacteria to host plants (Senghor et al., 2007; Kim et al., 

2009; Fu et al., 2010). In chapter II, we demonstrated the role of several 

endophytic bacteria to enhance the fitness of C. asiatica under in vitro 

culture conditions. The inoculation assays showed that the plants challenged 

with Bacillus subtilis BCA31 and Pseudomonas fluorescens BCA08, three 

days before inoculation with the hemiobiotroph Colletotrichum 

higginsianum MUCL 44942, had a reduced anthracnose disease incidence 

and severity. The strong beneficial effects of B. subtilis BCA31 and P. 

fluorescens BCA08 was highlighted by the severity of the anthracnose 

symptoms noted on the control C. asiatica plants. In these plants, 100% of 

the leaves had anthracnose symptoms and 72% of the plants had a disease 
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severity score above 4, i.e., more than 50% of the leaf area was covered with 

lesions. The isolation study showed that leaves of the control plants 

contained a single bacterial flora of Microbacterium sp. Accordingly, the 

absence of antagonistic beneficial bacteria made those in vitro plants 

hypersensitive to the anthracnose disease. To the contrary, none of the tested 

in vitro plants had a disease score of 4 or 5 when B. subtilis BCA31 alone or 

in combination with P. fluorescens BCA08 was applied to leaves before 

inoculation with C. higginsianum MUCL 44942. The disease incidence rate 

was 32.2% and 36.3%, respectively. 

 

Various mechanisms have been suggested to explain the role of these 

antagonistic microorganisms in the biocontrol of plants, including 

production of antibiotics, enzymes or toxins, competition with pathogens for 

nutrients and niches within the plant cells, hyperparasitism to reduce 

pathogen population and induction of plant defense mechanisms (Hallman et 

al., 1997; Kobayashi & Palumbo, 2000; Rajendran et al., 2006; 

Mahadtanapuk et al., 2007). In chapter II, we showed that the cell-free 

culture filtrates of P. fluorescens BCA08 and B. subtilis BCA31 were highly 

inhibitory to the growth of C. higginsianum MUCL 44942 even at the lowest 

concentration tested (i.e. at 20% of the culture filtrates incorporated to the 

malt extract agar) with a growth inhibition of 67% and 90% for BCA08 and 

BCA31 respectively. This suggested the production of diffusible antifungal 

compounds in the media. B. subtilis is well known to produce a wide variety 

of peptide antifungal antibiotics such as fengycin, iturins and surfactin 

(Touré et al., 2004; Romero et al., 2007) while fluorescent Pseudomonas 

species inhibited growth of numerous fungal plant pathogens due to their 

ability to produce a large array of bioactive metabolites including 

pyrrolnitrin (Hashimoto & Hattori, 1966), pyoluteorin (Howell & 

Stipanovic, 1980), siderophores (Loper, 1988), hydrogen cyanide (Voisard et 

al., 1989), phenazin 1-carboxylic acid (Thomashow et al., 1990), 2,4-
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diacetyl phloroglucinol (Nowak-Thompson et al., 1994), pseudophomins A 

and B (Pedras et al., 2003) and aerugin (Lee et al., 2003). 

 

Interestingly, Chen et al. (1994) suggested that the biocontrol effect of 

bacterial strains within plant tissues mainly resulted from enhanced host 

defense rather than from bacterial metabolites. This suggestion supported the 

findings of Wei et al. (1991) who first indicated that endophytic bacteria 

could elicit induced systemic resistance. It would be worth studying the 

impact of some endophytic bacteria found in this study on the defense 

mechanisms of C. asiatica against Colletotrichum higginsianum, notably on 

the salicilic acid- (SA) and ethylene/jasmonate (ET/JA)-dependent defense 

pathways. In fact, it is commonly admitted that the SA-dependent pathway is 

mainly involved against biotrophic pathogens, whereas ET/JA-dependent 

responses are essential against necrotrophic pathogens (Glazebrook, 2005). 

As C. higginsianum displayed both biotrophic and nectrotrophic lifestyles, it 

is likely that defense mechanisms related to these two pathways would be 

activated. Liu et al. (2007) demonstrated that a disturbance of genes linked 

to either the SA or ET pathway impaired resistance in Arabidopsis thaliana 

plants to C. higginsianum. It would also be interesting to determine the 

glycerol-3-phosphate (G3P) levels in C. asiatica grown in the field since 

high levels of G3P in plants were reportedly linked to basal resistance to C. 

higginsianum (Chanda et al., 2008).  

 

Biological control of plant diseases using antagonistic endophytic bacteria is 

an interesting alternative to chemical control, given the cost of pesticides, the 

risks for the environment quality and human health (Perry et al., 2008) and 

the development of resistance to pesticides (Rosenberger & Meyer, 1981). 

For sustainable plant disease management, antagonistic Bacillus species and 

fluorescent pseudomonads have always been considered as excellent 

candidates for biocontrol (Bakker et al., 2007; Melnick et al., 2008, Melnick 
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et al., 2011) because of their ability to colonize rhizosphere, penetrate and 

inhabit the internal tissues of plants, occupying the same niches to that 

occupied by plant pathogens (Hallmann et al., 1997). After entering the plant 

through natural openings such as growing radicels or secondary roots or 

stomates in the aerial parts, endophytic bacteria may colonize plant tissues 

either locally or systematically (Hallman et al, 1997). Then, the effectiveness 

of endophytes as biological control agents depends on the population 

dynamics and pattern of host colonization, the ability to move within host 

tissues, and the ability to induce systemic resistance (Backman et al., 1997). 

 

We adopted a different approach to investigate the endophytes of C. roseus. 

A targeted isolation of Streptomyces sp. was undertaken from this plant 

because very little information is available on the endophytic bacteria of this 

medicinal plant. The most recent studies reported mainly fungal endophytes 

(Zhang et al., 2000; Tung et al., 2002; Yang et al., 2004; Kharwar et al., 

2008; Krishnamurthy et al., 2008). Moreover, the search for Streptomyces 

from diverse environmental sources remains a matter of attention given the 

enormous potential of this group of microorganisms to synthesize various 

bioactive compounds (Castillo et al., 2003; Shin et al., 2008; Taechowisan et 

al., 2007).  

 

The result of the isolation study showed that Streptomyces rarely occurred in 

the stems of C. roseus. Only three out of 200 small discs recorded colonies 

which could be grouped into one morphospecies named TS3RO. This result 

was in agreement with that of Sharma et al. (2011). These authors were only 

able to isolate seven endophytic actinomycetes from C. roseus twigs 

collected from different regions of India. To the contrary, Kafur & Khan 

(2011) isolated 38 isolates of endophytic actinomycetes from C. roseus 

leaves collected from different locations in Puducherry, India. This 

discrepancy may be related to various environmental factors, host plants-
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dependent factors (Arnold, 2007; Tao et al., 2008) and method-dependent 

process (Kowalski & Kehr, 1996) that impact the biodiversity of these 

microorganisms. Comparison with our study could not be made since we 

only explored one collecting site located at the botanical garden of the 

“Institut Malgache de Recherches Appliquées” Antananarivo, far from the 

natural habitat of C. roseus. 

 

It was found that fungichromin, a pentaene macrolide antibiotic, was the 

main antifungal compound of Streptomyces sp. strain TS3RO. Other polyene 

macrolides were detected in the fermentative broth of strain TS3RO using 

high performance liquid chromatography-diode-array detector coupled to 

electrospray ionization mass spectrometric (HPLC-DAD-ESI-MS) detection 

in the positive ion mode (data not shown). These findings are in line with 

those of Bruheim et al. (2004) and Cai et al. (2007) who showed that 

Streptomyces species frequently produced more than one polyene macrolide 

antibiotic in the same fermentation broth. The HPLC allowed the separation 

of the components in the extract, which were then analyzed by the DAD 

displaying a UV-vis spectrum, before being injected into the MS-ESI to 

determine the molecular weight and the molecular formula. The UV-Vis 

spectra obtained from the HPCL-DAD allowed a preliminary identification 

of the components in the mixture using the characteristic absorption maxima 

of polyene macrolides, and proved to be a powerful analytical technology 

extremely valuable for dereplication of compounds. Polyene macrolide 

antibiotics have characteristic three-peaks UV spectra and the wavelengths 

of the peak maxima are function of the number of conjugated double bonds 

(Omara & Tanaka, 1984).  

 

The inhibitory activity of the crude extract of strain TS3RO was at least 

attributed to fungichromin, which turned out to be the key chemical 

antifungal substance in the mixture as visualized by direct TLC 
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bioautography with Cladosporium cucumerinum, with a clear inhibition zone 

at Rf 0.45 using the mixture ethyl acetate, methanol and water (100:13.5:10) 

as mobile phase (chapter IV). The purification of a single polyene macrolide 

was and is still being a daunting task because this group of antibiotics is 

generally a mixture of several analogues or a complex. Bergy & Eble (1968) 

demonstrated that the pentaene antibiotic filipin was in fact a mixture of 

filipins I, II, III and IV and should be referred to as the filipin complex. 

Pandey et al. (1982) showed that fungichromin contained one major and 

several minor components. In this study we achieved the purification of 

fungichromin (4 mg) using a series of chromatographic techniques (vacuum 

liquid chromatography, open column chromatography, semi-preparative 

HPLC and Sephadex LH-20) and direct TLC bioautography with C. 

cucumerinum as a bioassay-guided isolation throughout the purification 

steps. 

 

Polyene macrolide antibiotics are well known to possess prominent 

antifungal activity. Unfortunately, very few polyene macrolides, mainly 

those classified in triene (Rapamycin), tetraene (Nystatin) and heptaene 

(Amphotericin B), have found a current therapeutic use, due to the relatively 

high toxicities for mammalian cells and low water solubility (Zotchev, 2003; 

Nosanchuk, 2006). Recently, considerable efforts have been made to 

improve the production of fungichromin (Wu et al., 2008; Zang et al., 2011) 

since it has been used for the treatment of skin yeast infections (Hedgpeth, 

2005) and vaginal infections (Balmer, 2009).  

 

Overall, three major outcomes can be drawn from this study:  

(1) There is a considerable potential of the Madagascan medicinal plants as a 

source of new and undescribed microbial species. This diversity should be 

explored! 
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(2) A number of beneficial endophytes isolated from these plants play a 

central role in the enhancement of their fitness (e.g. resistance to pathogens). 

They represent major means to control a number of diseases in plants as 

potential substitutes to chemical pesticides. 

(3) Some of these endophytes produce bioactive compounds which are of 

high interest to the pharmaceutical and agricultural sector. Their isolation, 

testing and up-scaling needs to be considered.  
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General conclusions and Perspectives 

 

The study of medicinal plants associated-microorganisms is still in its 

infancy in Madagascar. To date no information is available on endophytes of 

the Madagascan medicinal plants. However, the flora of Madagascar with its 

high level of endemicity and its rich diversity represent a hotspot to the 

discovery of new endophytes that may play diverse functions of interest to 

the pharmaceutical and agricultural sectors. This thesis has paved the way 

for many other forthcoming surveys on this pristine field. Here, we 

investigated the diversity of microbial endophytes from two medicinal plants 

from Madagascar, Centella asiatica and Catharanthus roseus, and 

characterized the antifungal secondary metabolites produced by some 

antagonistic strains hosted in these plants. 

 

Three basic questions were addressed in the section “research objectives and 

outline of the thesis” and the following conclusions can be drawn from the 

present work: 

 

1. Are medicinal plants from Madagascar potential sources for 

undescribed microbial species? 

Our results have demonstrated that Centella asiatica and 

Catharanthus roseus are good niches for discovering undescribed microbial 

species. This is in good agreement with Bills’ prediction (1996) that each 

vascular plant is host to at least two to four undescribed microbial species, 

specific to that plant species. As outlined in chapter III, a new species of 
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Colletotrichum, named, Colletotrichum gigasporum sp. nov., isolated as 

foliar endophyte from C. asiatica was described on the basis of 

morphological and molecular features. C. gigasporum and G. septospora are 

closely related species, since they gathered in the same clade in the 

phylogenetic analysis of the ITS sequences and both produced long 

ascospores up to 90 µm, separating them from typical Glomerella species. 

However, C. gigasporum and G. septospora could readily be separated into 

distinct species. Glomerella septospora mostly produced 3-septate 

ascospores whereas ascospores produced by the teleomorph of C. 

gigasporum are aseptate to medianly 1-septate. In addition, the phylogenetic 

analysis of the β-tubulin gene placed C. gigasporum and G. septospora in 

separate clades supported by high bootstrap value (83%).  

 

C. gigasporum MUCL44947 readily produced the teleomorph when grown 

in a culture medium supplemented with sterilized leaf powder of C. asiatica. 

It would be interesting in the future to investigate the genetic basis of the 

sexual reproduction in C. gigasporum. Additional challenge should consider 

the impact of C. asiatica leaf extract on the regulation gene of the sexual 

stage. 

 

Comparison of DNA sequences with those deposited in GenBank is a useful 

and rapid tool for the discovery of new or undescribed species from natural 

sources. Using BLAST searches, isolate BCA29 (chapter II), a bacterial 

endophyte from C. asiatica, can be assimilated to an undescribed species 

within the genus Cohnella, based on the proposition of Drancourt et al. 

(2000) who used as the cut-off for species and genus identification a 

sequence similarity over 99% and 97%, and according to the 

recommendation of Janda & Abbott (2007) who stated that a minimum of 

99%, and ideally 99.5 % sequence similarity should be used for species 

identification. Isolate BCA29 demonstrated similarity with Cohnella 
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luojiensis HY-22R
T
 (accession number GQ214052), the closest species 

proposed by the BLAST search. But about 30 bp differences were noted 

between their 16S rRNA gene sequences, which accounted for 97% 

similarity. Further detailed investigations, notably phenotypic 

characterization, chemotaxonomic analyses and DNA–DNA hybridization 

are required to determine accurately to species level the taxonomic identity 

of the isolate BCA29 since we only sequenced 16S rRNA gene. 

 

As demonstrated in chapter IV, the whorl-forming Streptomyces sp. strain 

TS3RO isolated from C. roseus stems is a new subspecies within the 

Streptomyces cinnamoneus group. Differentiation between Streptomyces sp. 

strain TS3RO and S. cinnamoneus subsp. sparsus, its closest related species, 

could be made by means of phenotypic properties, 16S rDNA sequence 

similarity and phylogenetic analyses. This is the first report of a verticillate 

Streptomyces from C. roseus. 

 

Besides, the endophytic microbial community of C. asiatica displayed a high 

level of microbial diversity with a total of 475 fungal isolates (chapter I) 

and 31 bacterial isolates (chapter II), belonging to 45 different fungal taxa 

and 11 different bacterial genera. C. asiatica leaves used for the isolation 

study were collected in Mangoro (Madagascar), where the highest content in 

asiaticoside and total triterpenoid were recorded among the seven regions 

explored in Madagascar (Randriamampionona et al., 2007). Isolation study 

showed that the sterile mycelium, NSS1, and Colletotrichum higginsianum 

were the most isolated fungal endophytes with 19% and 13% isolation 

frequency (IF), respectively (chapter I), whereas species of Bacillus (IF = 

32%) and Pseudomonas (IF = 19%) were the most frequently isolated 

endophytic bacteria (chapter II). Isolation study should be extended to other 

areas of harvesting C. asiatica where different triterpenoid contents were 

recorded, in order to assess whether microbial endophytes could be involved 
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in the variability of the triterpenoid content observed. This assumption is 

supported by evidence that endophytes were reportedly able to convert 

betulinic acid (Bastos et al., 2007), a triterpenoid found in many plants, and 

in turn, triterpene can influence the colonization pattern of the endophytic 

microbial community (Mucciarelli et al., 2007). 

 

2. Are Madagascan medicinal plants a good niche for the discovery of 

endophytes that may produce bioactive compounds of 

pharmaceutical or agricultural importance? 

The crude ethyl acetate of the fermentation broth of Streptomyces sp. 

strain TS3RO isolated from C. roseus stems possesses good antifungal 

activity (chapter IV). It exhibited strong inhibitory activity against 

numerous plant and human pathogenic fungi. It turned out that 

fungichromin, a known methylpentaene macrolide antibiotic, is the main 

antifungal component of strain TS3RO. Structural elucidation of 

fungichromin was confirmed by means of LC/MS spectrometry, UV-visible 

spectra and NMR data.  

 

Streptomyces sp. strain TS3RO is a potential polyene macrolide antibiotics-

producing strain. Partial chemical characterizations of components in the 

semi-purified extract of TS3RO using LC-DAD coupled with a mass 

spectrometer (LC-DAD-MS) analysis revealed the presence of other polyene 

macrolide antibiotics. The searches from libraries and database indicated that 

some of these macrolide antibiotics are likely to be new compounds. Further 

study should therefore isolate and characterize these polyene macrolides and 

determine the optimal culture conditions for the production of the desired 

secondary metabolites. 
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3. Do endophytic microorganisms have the ability to protect their hosts 

against pathogens and enhance host fitness? 

Under in vitro inoculation experiments using Centella asiatica 

plantlets, Bacillus subtilis BCA31 effectively controlled foliar anthracnose 

caused by Colletotrichum higginsianum with a control level of 66% 

(chapter II). Also, Pseudomonas fluorescens BCA08 significantly reduced 

the anthracnose disease severity caused by C. higginsianum MUCL 44942, 

but P. fluorescens BCA08 control level in the inoculation assays was less 

pronounced (about 19%) as compared to its antagonistic effects in the dual 

culture assays, with up to 82% growth inhibition of C. higginsianum. 

 

Not only bacteria, but some fungal endophytes of C. asiatica would also take 

part in the inhibition of C. higginsianum in the plant. The most frequently 

isolated endophytic fungi from C. asiatica leaves, the sterile mycelium 

NSS1, and an unidentified ascomycete, designated ASCO1 significantly 

reduced by 35% and 31%, respectively, the mycelium growth of C. 

higginsianum (chapter I). These results suggested that the whole 

antagonistic endophytes, either bacteria or fungi, may be beneficial to C. 

asiatica for its protection against the pathogen C. higginsianum. Among the 

likely modes of actions of these antagonistic endophytes leading to the 

apparent inactivity of C. higginsianum in C. asiatica would be the 

production of extracellular compounds having antifungal properties on C. 

higginsianum associated with the enhancement of host fitness (chapter II). 

Since the endophytic community of in vitro C. asiatica plantlets was found 

to be composed of a single bacterial flora of Microbacterium sp., the impact 

of these antagonistic bacteria in enhancing host fitness can be evaluated in 

the inoculation assays. The absence of useful endophytic bacteria in the in 

vitro plants that served as positive controls made them highly susceptible to 

the anthracnose disease caused by C. higginsianum. However, in vitro C. 
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asiatica plantlets became more resistant when endophytic bacteria were 

applied on leaves three days before inoculation of the pathogen. Further 

study should therefore be conducted to investigate the nature of these 

allelochemicals toxic to C. higginsianum and assess the biocontrol potential 

of these beneficial endophytes under field conditions. 

 

Within this thesis we provided information about the biodiversity of 

microbial endophytes from C. asiatica, the protective effect of some 

antagonistic endophytes on the host plant against the fungal pathogen C. 

higginsianum and the antifungal properties of endophytic Streptomyces from 

C. roseus collected in Madagascar.  

 

Overall, a new fungal species, Colletotrichum gigasporum, a novel 

subspecies of Streptomyces cinnamoneus characterized morphologically and 

phylogenetically, and two undescribed species (Cohnella sp. BCA29 and 

Xylaria sp. NSS1) discovered by DNA analysis, were revealed. Furthermore, 

a good polyene macrolides producer, Streptomyces sp. strain TS3RO, was 

found, which would be worth investigating in more thorough study. Finally, 

a B. subtilis BCA31 for potential biocontrol of anthracnose under field 

conditions was unveiled. These findings offer additional insights on the high 

potential of endophytes from plants having medicinal virtues as a 

considerable source of new microbial species and bioactive compounds. 
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