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Abstract: Plants are all inhabited by endophytic fungi in the interior of their tissues. The neem tree
Azadirachta is an Indian lilac used for various therapeutic purposes in different forms of preparations.
This plant hosts different types of endophytic fungi. In some cases, different tissues of a given
plant are inhabited by different endophytic fungi which are discussed in this paper. Recently, there
have been new reports on endophytic fungi and their bioactive compounds from Azadirachta indica.
The biological function of bioactive compounds was discussed in view of their future industrial
prospects. There are a number of different research investigations that examine the endophytes
isolated and screened for their potential bioactive secondary metabolites from neem, but there is
no comprehensive review on neem endophytes and their secondary metabolites to bring all trends
from different researchers together. Therefore, in this review, we have discussed the endophytic fungi
from the different tissues of neem, in view of the latest understandings of antimicrobial, antioxidant,
and pathogenicity target compounds. Importantly, tracing the previous findings would pave the way
to forecast the missing link for future work by researchers.
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1. Introduction

The term “endophyte” refers to all microorganisms that colonize internal plant tissues for all or
part of their lifetime [1]. They cause unapparent and asymptomatic infection and live entirely within
plant tissues. They cause no symptoms of disease [2]. Endophytes are the chemical synthesizers inside
plants and plants have been extensively investigated for their endophytic microbial complement [3].

Endophytes are an under-investigated group of microorganisms that represent a plentiful and
renewable source of bioactive and chemically new compounds with potential for exploitation in
a wide variety of medical, agricultural, and industrial realms [4]. They are a taxonomically and
ecologically heterogeneous group of organisms; mainly belonging to Ascomycota, coelomycetes,
and hyphomycetes [5–8].

All plants are inhabited internally by diverse microbial communities comprising bacteria, archaea,
fungi, and protista [1,9]. The association between fungal endophytes and their host plant is due to the
result of unique adaptations which enable the endophytes to harmonize their growth with that of their
host [10]. These endophytic communities are accountable to either partial or complete biosynthesis of
host plant secondary metabolites [8,11].

Endophytic biotechnology can be used for the efficient production of agriculturally, industrially
and economically important plants and plant products. The rational application of endophytes to
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manipulate the microbiota, intimately associated with plants, can help in enhancement of production of
the agricultural product, increased production of key metabolites in medicinal and aromatic plants, as well
as adaption to new bio-geographic regions through tolerance to various biotic and abiotic conditions [12].

Endophytes have recently generated significant interest in the microbial chemistry community
due to their great potential to contribute to the discovery of new bioactive compounds. It has been
suggested that the close biological association between endophytes and their plant host results in the
production of a great number and diversity of biologically active molecules compared to epiphytes or
soil-related microbes [13]. Moreover, the symbiotic nature of this relationship indicates that endophytic
bioactive compounds are less toxic to the cell, as these chemicals do not kill the eukaryotic host system.
This is particularly important to the medical community as potential drugs may not adversely affect
human cells [14].

Azadirachta indica is widely used for the investigation of endophytes and their secondary
metabolites, but it remains crucial to further extend the study as it is one of the major traditional
medicinal plants used by about 80% of developing nations. This is because the discovery of new
bioactive compounds as well as new endophytic fungi from Azadirachta indica has been reported
recently. Hence, this review discusses the latest research advances on endophytic fungi from the neem
tree, including types of endophytic fungi identified, described, bioactive compounds, and biological
activities of endophytes to trace the current scope of knowledge of endophytes. It gives collective
recent knowledge on antimicrobial activities of endophytic fungi of neem and on recent advances
concerning their efficacy as potential antimicrobials to fight the current health problems due to
emerging multidrug-resistant pathogens. It also gives focus to the well-studied endophytic sources of
potential antimicrobials with emphasis on their future prospects of endophytes on human pathogens
based on the recent research outputs.

The chance of getting new bioactive compounds from endophytes depends on several factors,
for example, culture condition, tissue type, and age of host, the degree of interaction of endophytes with
their photobionts in nature, the genetic basis of mycobionts and photobionts. Leaving aside most of
these factors, by modifying the culture condition different investigators are reporting new endophytic
isolates [15] and new bioactive compounds in recent studies. This signifies the continuous nature of
exploiting the endophytes even from largely exploited hosts as well. Importantly, to our knowledge,
there is no review on the endophytic fungi and their bioactive compounds from neem plants. Therefore,
the need to review the endophytic fungi and their bioactive compound from Azadirachta indica is thus
apparent. Ultimately, we believe that this review provides relevant research trends on the subject.

1.1. Plant-Endophyte Metabolism

Plant and endophyte are under continuous interaction in nature in their symbiotic existence.
Their metabolism can interact on many levels: (a) the endophyte induces host metabolism, (b) the host
induces endophyte metabolism, (c) host and endophyte share parts of a specific pathway and contribute
partially, (d) the host can metabolize products from the endophyte and vice versa, (e) the endophyte
can metabolize secondary compounds from the host. The two latter possibilities can be accomplished
by only one, several or all enzymatic steps for biochemical transformation [11].

Endophytes can influence their host plant’s metabolism, but one can speculate that the established
host range could also alter or influence the pattern of secondary metabolites in endophytic fungi.
Moreover, the host plants can influence the metabolite pattern in pathogenic fungi [11].

1.2. Effects of Endophytes on Neem Plants

Endophytes form a symbiotic relationship with their plant host. It is believed that in many
cases the microbes function as the biological defense for the plant against foreign phytopathogens
due to the fact that the majority of secondary metabolites occurring in endophytic microorganisms
have antimicrobial activity and these have been implicated in protecting the host plant against [16].
The protection mechanism of the endophytes are exerted directly, by releasing metabolites to attack
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any antagonists or lyse affected cells, and indirectly, by either inducing host defense mechanisms or
promoting growth [14]. Antibiotics or hydrolytic enzymes can be released by endophytes to prevent
colonization of microbial plant pathogens [13,17].

2. Endophytic Fungi from Azadirachta indica

Different tissue samples of a given plant in several locations yield the greatest species diversity
of endophytes. Periconia, Stenella, and Drechslera were endophytes reported from neem plant [6].
Moreover, the authors of [6] reported Phomopsis oblonga, Cladosporium cladosporioides, Pestalotiopsis sp.,
Trichoderma sp., and Aspergillus sp. as the dominant endophytic fungal isolates. The huge and
substantial collection of endophytic fungi from neem may represent a peculiar source of the interesting
and useful bioactive compounds associated with Azadirachta indica such as the azadirachtins and
related tetranortriterpenoids [6].

The diversity of endophytic fungi is likely determined by the age of the plant parts [18]. Some
endophytes are isolated only from certain specific locations irrespective of the difference in tissue
specificity [19]. Therefore, in this section, endophytic fungi from different tissues of Azadirachta indica
are reviewed and presented in Table 1.

2.1. Endophytic Fungi of Leaf

The leaf is an ideal tissue for exploring the endophytes and their secondary metabolites. The leaf
has shown the highest report on species richness and colonization of endophytes [6]. The authors of [6]
reported the occurrence of five fungal endophytes from asymptomatic green and senescent leaves of
neem plant. From these, four were sterile forms and one was Fusarium avenaceum. The frequency of
occurrence of endophytes was significantly higher in the basal leaflets than in the apical or middle leaflets
and in the main vein of the leaflet than in the lamina tissue. The colonization frequency of green leaves by
endophytes increased during the rainy season although no new endophyte species could be recovered
by their study. The antifungal metabolites present in the leaves could be accounted for by the restricted
number of endophytic fungal genera and the absence of common endophytic fungi in the neem leaves.
The occurrence of foliar endophytes in tropical trees is influenced by environment, types and chemistry
of the host tissue [20], and the nature of interaction between the mycobiont and phycobiont. They have
isolated and recorded Fusarium avenaceum with some other sterile mycelia. Another study conducted
by [21] isolated four endophytic fungal species (Trichoderma sp., Colletotrichum sp., Curvularia sp. and
Chaetomium sp.) and Alternaria alternata [22] from the leaves of Azadirachta indica A. Juss.

In most studies of endophyte fungi, the sterile mycelia fungi are reported as mycelia-sterile. Unlike
those, the three mycelia-sterile isolated were identified as Fusarium solani and Chaetomium globosum.
Additionally, leaf isolated mycelia-sterile was identified as F. solani (soil fungus) by Verma [7], and it
shows the vertical traveling nature of this fungus from root to upper tissues of the host by the
same study.

Tenguria and Khan [23] have isolated 85 endophytic fungi of 10 genera from 200 segments of fresh
Azadirachta indica leaves. These are Chaetomium globosum, Pestalotiopsis spp., Phoma sp., Aspergillus flavus,
Aspergillus niger, Alternaria alternata (Fr.) Keissl., Fusarium spp., Penicillium spp., Trichoderma spp.,
and Sterile mycelia. Their isolates are almost similar to fungi reported by Taware & Rajurkar [24].
The endophyte Geotrichum sp. AL4 was cultivated from the leaf of Azadirachta indica and produced
novel active components with nematicidal activities [25]. Abubakar and Ndana [26] have isolated five
species of endophytic fungi from leaf tissue of Azadirachta indica with Cladosporium spp. dominated the
leaves with the frequency of colonization of 11.3%.

2.2. Endophytic Fungi of Stem

The endophytic fungus Xylaria sp. YM 311647 was isolated from stems of healthy Azadirachta
indica collected in China [27]. Another endophytic fungus Phomopsis sp. YM 311483 was isolated from
surface-sterilized fresh stems of an apparently healthy Azadirachta indica specimen collected in China.
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This fungus produced two new ten-membered lactones which have antifungal potential against plant
pathogenic fungi [28].

Wu et al. [29] have isolated and reported the fungal genus Xylaria sp. YC-10 from stems of
Azadirachta indica A. Juss. Abubakar and Ndana [26] have isolated seven species of endophytic fungi
from stems (twig) tissue of A. indica with Cryptococcus spp. reported being the most dominant isolate
with high percentage frequency of colonization 13.9%.

2.3. Endophytes of Fruit

The endophytic fungi from A. indica are mostly known from leaves, bark, and stems but it is
uncommon from fruits of this host. Verma et al. [7] have isolated endophytic fungi from unripe
fruit and roots. They have isolated 105 endophytic fungi from these unripe fruits, from 29 taxa,
at a rate of 68.0%. Their isolates were composed of 11.06% mycelia sterilia, 7.25% coelomycetes,
and 81.69% hyphomycetes, while Humicola, Drechslera, and Colletotrichum sp. were obtained exclusively
from fruit samples.

2.4. Endophytic Fungi of Bark

Mahesh et al. [5] have investigated the endophytic fungi from the inner bark of A. indica. They have
isolated 77 endophytic fungal isolates belonging to 15 genera composed of hyphomycetes, coelomycetes,
ascomycetes and sterile mycelia (Table 1). The endophytes Curvularia, Cochlonema, Gliomastix and
Verticillium spp. were reported in their study. Most importantly, Trichoderma, Penicillium and Pestalotiopsis
spp. were the most dominant endophytes recorded. Verma et al. [6] have isolated and characterized
18 different taxa of endophytic fungi from leaf, stem, and bark of Azadirachta indica A. Juss. Their isolates
are composed of 62.2% hyphomycetes, coelomycetes (27.4%) and mycelia sterilia (7.7%). Importantly,
the endophytic fungi occur more often in leaf segments than stem and bark tissues [6].

Tejesvi et al. [19] have isolated the endophytic fungi Gliomastix, Curvularia, Phoma eupyrena,
and Phyllosticta from the inner bark of A. indica. In another investigation, they have reported three
isolates of Pestalotiopsis microspora and two isolates of Bartalinia robillardoides from the inner bark of
A. indica [30].

2.5. Endophytic Fungi of Root

The endophytic fungus Chloridium sp. was isolated from the roots of A. indica A. Juss. in Varanasi,
India. The fungus produces a highly functionalized javanicin, with promising antibacterial activity [31]
that might prevent its host from invasion by pathogenic microorganisms.

Verma et al. [7] have isolated 167 endophytic fungi from roots, at a rate of 68.0%. Their isolates are
identified into 29 taxa; those composed of mycelia sterilia accounted for 11.06%, coelomycetes 7.25%,
while hyphomycetes showed the maximum number of representative isolates (81.69%). They have
recorded species such as Chaetomium globosum, Chloridium, Scytalidium, Nigrospora and Verticillium
exclusively from the root. Kusari et al. [32] have reported the isolation and characterization of a novel
endophytic fungus Eupenicillium parvum in their study.

2.6. Endophytic Fungi of Seed and Twigs

Although endophytic fungi isolated from different tissue of plants in several investigations,
the reports of endophytic fungi from twigs of neem plant, unlike from other plants, are very few.
Ashkezari and Fotouhifar [15] have isolated nineteen new endophytic fungi from a common yew
plant. The pathogenic endophyte Phomopsis azadirachtae, the cause of devastating die-back disease,
were reported from seeds and twigs of neem plants [33]. It is important to note that the twigs of
Azadirachta indica are a poorly exploited surface for investigation of endophytes. Therefore, it is
imperative to conduct further study on the endophytic fungi and their bioactive prospects in the search
for potential applications.
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Table 1. Endophytic fungi from different parts of neem plant.

Division (Subdivision) Class Subclass Order Family Genus (Former Name) Identified by Plant Tissue References

Ascomycota Sordariomycetes Hypocreomycetidae Hypocreales Nectriaceae Fusarium ITS-5.8S rDNA analysis R,L,S,B,F [6,7,19,34–36]

(Pezizomycotina) Hypocreaceae Trichoderma LSU, SSU, TEF and RPB2
sequence data R,L,S,B,F [7,36]

Gliomastix Phylogeny L,B [5,6,19,36]

Acremonium Phylogeny and
DNA-based identification R,B,F [7,19,37]

Glomerellales Plectosphaerellaceae Verticillium LSU, SSU, TEF and RPB2
sequence data R [7,36]

Glomerellaceae Colletotrichum ITS-5.8S rDNA analysis L,F [7,21]
Sordariomycetidae Sordariales Chaetomiaceae Chaetomium ITS-5.8S rDNA analysis R,L,B [7,19,23]

Humicola ITS-5.8S rDNA analysis F [7,36]
Chaetospheriales Chaetosphaeriaceae Chloridium ITS R [7]

Xylariomycetidae Xylariales Xylariaceae Xylaria Phylogenetic analysis;
Molecular clock analysis S [29,34–36]

Amphisphaeriaceae Pestalotiopsis Phylogenetic analysis;
Molecular clock analysis B,L,S [5,6,23,30,36]

Bartaliniaceae Bartalinia ITS rDNA analysis B [38,39]
Diaporthomycetidae Trichosphaeriales Trichosphaeriaceae Nigrospora ITS-5.8S rDNA analysis R,S,L,B [6,7,36]

Diaporthales Diaporthaceae Diaporthe (Phomopsis) six-gene phylogeny S,L,B [6,34,36,40]
Leotiomycetes Scytalidium ITS-5.8S rDNA analysis R [7]

Eurotiomycetes Aspergillus six-gene phylogeny R,S,L,B,F [34]
Penicillium ITS-5.8S rDNA analysis R,F [7]

Eupenicillium five-gene phylogeny R,S,L,B [41,42]
Dothideomycetes Pleosporales Curvularia ITS-5.8S rDNA analysis R,B,F [6,7,19]

Alternaria ITS-5.8S rDNA analysis R,L,F [6,7]
Drechslera ITS-5.8S rDNA analysis B,F [6,7]

Phoma Phylogenetic analysis L [36]

Periconia Phylogenetic analysis;
Molecular clock analysis B [6,36]

Capnodiales Davidiellaceae Cladosporium ITS-5.8S rDNA analysis R,L,B,F [7,43,44]
Stenella B [6]

Botryospheriales Botryosphaeriaceae Phyllosticta ITS-5.8S rDNA analysis R,F [7,39,45]
Basidiomycota (Agaricomycotina) Tremellomycetes Tremellomycetidae Filobasidiales Cryptococcus six-gene phylogeny S [34,46]
Zygomycota (Zoopagomycotina) Zoopagales Cochlonemataceae Cochlonema Phylogeny B [5,19,46]

Mucoraceae Cercinella ITS-5.8S rDNA analysis R [7]

Note: “R”: root; “L”: Leaf; “B”: Bark; “S”: Stem; “F”: Fruit. The endophytes are isolated from the tissue types.
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3. Current Trends on Bioactive Metabolites from Neem Endophytic Fungi

The production of antimicrobial bioactive compounds by endophytes is currently receiving urgent
concern due to the emergence of multidrug-resistant pathogens in chemotherapy. Unlike the chemical
synthetics, due to health and environmental issues, there is a strong need of endophytic sources of
antimicrobials for their biological and chemical safety effects. There exist many appreciable possibilities
for the exploitation of endophytic fungi for the generation of abundant novel biologically active
secondary metabolites. Secondary metabolites from microorganisms have proven to be tremendous
and enduring sources [47]. The endophytes isolated from the medicinal plants have the potential as an
alternative source of these bioactive secondary metabolites [48]. Some of the bioactive compounds
produced by endophytic fungi of the neem tree and their biological activities are discussed hereunder.

3.1. Melanin Pigment

Diaporthe (former name: phomopsis) is a phellophytic fungus that lives in the outer layer of the
bark [49]. Found in Azadirachta indica, it synthesized and deposited DOPA (3,4- dihydroxyphenylalanine)
type of melanin on their hyphae. Melanin produced by the endophyte, Phomopsis, provides adaptations,
which include mechanisms for overcoming host barriers, successful competition with other phylloplane
fungi and surviving harsh environmental conditions [50] and in the widespread occurrence of the
endophyte [51].

Melanin pigment production is catalyzed by the enzyme tyrosinase produced by endophytic
fungi Fusarium spp. from Azadirachta indica. The fungi produced 2.8 U/mol (L-DOPA) extracellular
tyrosinase activity. This enzyme is essential for pigmentation, an important factor in wound healing
and primary immune response. It has a great application in environmental, pharmaceuticals, cosmetics
and food industries [52].

Even though endophytes are known for their antibacterial, antitumor, immunomodulatory,
anti-inflammatory and antiviral activities, there are few reports on endophytes for tyrosinase
production from neem plants [52]. However, extracellular production of fungal tyrosinase was
reported, firstly, from a filamentous fungus, Trichoderma reesei [53]. Therefore, future research should
focus on investigating tyrosinase from neem endophytes due to its higher industrial applications.

3.2. Antioxidant Metabolites

Kumaresan et al. [21] have screened endophytic fungi, from the leaf, for their antioxidant bioactive
compounds. They have investigated the constituents of antioxidants like phenols, tannin, flavonoid,
ascorbic acid, and β-carotene. All isolated endophytic fungi studied by their team possessed in vitro
antioxidant activities. Similarly, evaluation of secondary metabolites from Penicillium species revealed
the presence of saponins in addition to those mentioned above [54]. This is one of the very few reports
from neem endophytes for their antioxidant activities. Another study by Zhao et al. [55] reported the
natural antioxidant cajaninstilbene acid (100.5 ± 9.4 µg/g dry weight of mycelium) from endophytic
fungi F. solani isolated from pigeon pea. This Fusarium was also found in neem tree as mentioned in
Table 1.

3.3. Antimicrobial Secondary Metabolites

Wu et al. [56] reported two solanapyrone analogues (solanapyrones N and O) compounds
isolated from the fermentation culture of Nigrospora sp. YB-141, an endophytic fungus isolated from
Azadirachta indica A. Juss growing in the tropical region of Southwest China.

Verma et al. [57] have screened and evaluated the efficacy of six fungal endophytic strains from
Azadirachta indica A. Juss against dermatophytic fungi Trichophyton and Microsporum. They have
reported production of active compounds by their isolates but identification of the compound is not yet
reported. Similarly, evaluation of secondary metabolites from Penicillium species isolated from the leaf
of neem plant showed that they possessed some degree of antibacterial and antifungal activities [54].
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Five 10-membered lactones were isolated from the endophytic fungus, Phomopsis sp. YM 311483,
obtained from the stem of Azadirachta indica. Of these, two compounds (8R-acetoxy-5R-hydroxy-7-
oxodecan-9-olide and 7R-acetoxymultiplolide A) were newly recorded by Wu et al. [28]. Two compounds
identified as 7R,8R-dihydroxy-3,5-decadien-10-olide and 8R-acetoxymultiplolide A are identical to
compounds reported by Tan et al. [58]. All the compounds were evaluated for their antifungal activity
against seven plant pathogens, Aspergillus niger, Botrytis cinerea, Fusarium avenaceum, Fusarium moniliforme,
Helminthosporium maydis, Penicillium islandicum, and Ophiostoma minus. Compound 8R-acetoxymultiplolide
A showed the most potent antifungal activities with MIC values in the range of 31.25–500 µg/mL.
Interestingly, 8R-acetoxymultiplolide A was more potent [58] than 7R-acetoxymultiplolide A even though
their structures differed only in the position of the acetoxy substituent [40]. On the contrary, Tan et al. [58]
have reported that compounds 7α,8α-Dihydroxy-3,5-decadien-10-olide and 8α-Acetoxymultiplolide A
have not shown any antifungal activities against Candida albicans. Therefore, further antimicrobial activity
bioassay is deemed necessary to reconcile the discrepancy of the report and to utilize the potential of the
isolates and their compounds.

Five guaiane sesquiterpenes isolated from the culture broth of endophytic fungus Xylaria sp.
YM 311647 showed moderate or weak antifungal activities in a broth microdilution assay against five
pathogenic fungi, but no obvious inhibitory activities against Fusarium avenaceum [27]. Nine oxygenated
guaiane-type sesquiterpenes and three isopimarane diterpenes were reported from this fungus,
by Tejesvi et al. [30]. Suggested by Wu et al. [59], 18-norisopimarane diterpene and the diterpene
sulfate are effective against human pathogenic fungi.

The extracts of Pestalotiopsis microspora isolated by Tejesvi et al. [30] demonstrated the potential
of antibacterial activities as therapeutic agents against various pathogens tested. The same species
from different isolates by the same work demonstrated antioxidant and antihypertensive properties.
From this, it is possible to deduce that this isolate needs to be thoroughly investigated for its commercial
use as an antioxidant or antihypertensive agent for the treatment of the respective diseases.

An investigation of the secondary metabolites from Chloridium sp. root isolates by Kharwar et al. [31]
resulted in the identification of javanicin. This compound was identical in all respects to a previously
described naphthaquinone, javanicin. However, its crystallized structure was confirmed by X-ray
crystallography. Javanicin was tested for its antimicrobial potential against human and plant pathogens.
Tests demonstrated that javanicin had antimicrobial potential against human and plant pathogens.
It was either slightly active or not active against fungi such as Pythium ultimum, Phytophthora infestans,
Botrytis cinerea, and Ceratocystis ulmi, whereas it was active against C. albicans, Escherichia coli, Bacillus sp.,
and Fusarium oxysporum at higher MIC values ranging from 20 and 40 µg/mL. Its activity was recorded
against Rhizoctonia solani and Verticillium dahliae at 10 µg/mL while it was active at 5 µg/mL against
Cercospora arachidicola. The bacteria that were the most sensitive to the javanicin (2 µg/mL) were
P. aeruginosa and P. fluorescens. On account of this, it may be ideal for compounds, particularly for
valuable selective antibiotic formulations for human and plant pathogens [31].

3.4. Natural Insecticides

The production of natural insecticides, azadirachtin A and B, from endophytic fungus
Eupenicillium parvum was reported by Kusari et al. [42]. These compounds are exclusive to the
neem tree, Azadirachta indica A. Juss, from where they are currently originated. The production
of this compound by the fungus is not only in the mycelium but also released into the culture
media. The discovery of this azadirachtin-producing endophytic fungus has vast implications for
further research from the ecological and biochemical point of view. Another study conducted by
Kaur et al. [22] reported antifeedant and toxic activity against tobacco caterpillar Spodoptera litura
by Alternaria alternata. The larvae fed on the diet supplemented with fungal extract significantly
reduced the survival and influence the development and reproduction of S. litura due to potent
toxicity of A. alternata. Additionally, the fungus was known for its immunomodulatory effects on
Spodoptera litura [60].
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The genus Xylaria sp. YC-10 isolated from stems of Azadirachta indica A. Juss. produced eleven
compounds from which eight compounds (5-Methylmellein, 5-Carboxylmellein, Hymatoxin C, Hymatoxin
D, Halorosellinic acid, Cerebroside C, Cerevisterol and (2S,3S,4R,2′R)-2-(2′-Hydroxytetracosanoylamino)-
octadecane-1,3,4-triol) exhibited weak insecticidal activity against Plutella xylostella [29].

3.5. Nematicides

Li et al. [25] isolated four compounds from the endophytic fungal strain Geotrichum sp. AL4,
cultivated from the leaves of the neem tree. They reported two compounds, chlorinated oxazinane
derivate (1-[(2R*,4S*,5S*)-2-chloro-4-methyl-1,3-oxazinan-5-yl] ethenone) and an epimer of the former
(1-[(2R*,4S*,5R*)-2-chloro-4-methyl-1,3-oxazinan-5-yl] ethanone) and two other known compounds.
The two compounds reported by their team were assessed for nematicidal activities against the
nematodes Bursaphelenchus xylophilus and Panagrellus redivivus, and showed noticeable bioactivities.
Of known compounds, compound 1-(2,4-dihydroxyphenyl)-ethanone is commonly isolated from
plants. However, they have reported, for the first time, this compound from a microbial source
showing nematicidal activity. Therefore, the Geotrichum sp. AL4 can be an ideal source for the
formulation of antinematicidal agents.

3.6. Antiparasites

Verma et al. [61] have investigated several endophytic fungal strains from Azadirachta indica A. Juss
and came up with the endophytic fungal strain Pestalotiopsis sp. with a significant anticestodal potential
against hydatid cysts Echinococcus granulosus. The anticestodal activity observed with Pestalotiopsis sp.
showed promising scolicidal activity of up to 97% mortality within 30 min of incubation. Since this
was the first report that dealt with fungal endophytes for the anticestodal potential activities, further
studies to reaffirm its anticestodal biopotential activities through optimized culture condition are
thus needed.

4. Conclusions

Currently, the demand for health services is growing dramatically, particularly in developing
countries, due to the emergence of drug resistance by pathogenic microorganisms. Moreover, the highly-
increased recurrence of cancer and other infectious diseases makes the situation a greater tragedy.
Hence, it is urgently necessary to investigate new bioactive compounds effective against drug-resistant
pathogens for the remedy of the aforementioned diseases. Therefore, endophytic fungi, producer of
a wide array of secondary bioactive metabolites with their peculiar potential compounds, namely,
melanin, antimicrobials, antioxidant, anti-inflammatory, insecticides, nematicides, etc., are the ideal
targets. These bioactive compounds have a range of potential to combat etiologic agents of plants and
animal’s disease, prevent cell damage due to reactive oxygen species, crop pests, animal pests, and to
target pathogenicity traits of pathogenic microbes for necessary remediation.

To date, very few structures of bioactive compounds are characterized and identified from
endophytic fungi of neem, but most of the investigations are restricted to the level of fungal
identification and bioactivities assay. The different types of Ascomycota, Basidiomycota and
Zygomycota endophytes found in the neem tree are phylogenetically synthesized using modern
taxonomy from different systematic reviews (Table 1). Some of the endophytic isolates which
failed to sporulate, sterile mycelia, are placed to their natural group based on modern taxonomy.
Most importantly, the uncultured endophytic fungi from the neem tree were not reported in the
literature surveyed so far. As a result, non-culturable endophytes have not been looked for with
a metagenomics method. Metagenomics approaches, if used for neem tree, will allow identifying
uncultured endophyte fungi that are ignored when isolation and cultivation of endophytes are done
before identification. Similarly, too many authors do not make sufficient use of the modern taxonomy
based on phylogenetic analysis for identification of their endophytic isolates. The compounds are
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identified by few investigators and this may be due to a lack of advanced equipment, but possible
cooperation with the institutions with the tools are crucial for further discovery.

Even though there are several records on the antioxidant activities of endophytic fungi from
different plant hosts, very few endophytes having these effects are known from Azadirachta indica.
However, this host is widely used for its various biological activities, as antioxidant properties,
in different forms of the formulation. Therefore, more work on the antioxidant activities of its
endophytes can exert a profound effect on the search for novel antioxidant bioactive compounds.
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