
Falade et al. Beni-Suef Univ J Basic Appl Sci           (2021) 10:61  
https://doi.org/10.1186/s43088-021-00146-3

REVIEW

Aptitude of endophytic microbes 
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and industrial enzymes towards agro‑industrial 
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Abstract 

Background:  Endophytes have continued to receive increased attention worldwide, probably, due to the enormous 
biotechnological potentials spanning through various industrial sectors. This paper outlines the biotechnological 
potentials of endophytes in biocontrol and industrial enzyme production, and the possible contribution towards 
achieving agro-industrial sustainability using published articles on endophytes in both Web of Science and Scopus 
(1990–2020).

Main body of the abstract:  This review discusses the potential of endophytes to produce novel secondary metabo-
lites with effective biocontrol activity against insect pests and plant pathogens. More so, the aptitude of endophytes 
for production of a wide range of enzymes with potential applications in agriculture, energy and health is discussed in 
this review. Furthermore, this review highlights the emerging potentials of endophytes in the production of exopoly-
saccharide and fatty acids. This paper also advocates the need for bioprospecting endophytes for novel biocontrol 
agents against termites, which are known for causing significant damage to forest and stored products.

Short conclusion:  Exploration of endophytes for biocontrol and production of biomolecules of industrial signifi-
cance could contribute significantly towards agricultural and industrial sustainability.

Keywords:  Agricultural sustainability, Biocontrol agents, Biotechnology, Endophytes, Enzyme production, 
Polysaccharides
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1 � Background
One of the fundamentals of Sustainable Development 
Goals (SDGs) as set by the United Nations (UN) is to 
achieve food security and engender agricultural sus-
tainability by 2030. A major challenge confronting food 
security globally is the activity of insect pests and plant 
diseases, with resultant negative implications on annual 
agricultural produce, hence threatening food secu-
rity. Achieving zero hunger with increasing world’s 

population necessitates an increase in annual agricultural 
productivity globally. It is, therefore, important to take 
proactive steps towards improving crop yield. Unargua-
bly, effective control of crop pests and phytopathogens is 
vital to improving crop yield. Even though, there are effi-
cient chemical methods for pest control, the approaches 
are accompanied by possible health risks [1]. Thus, bio-
logical control of pest and pathogens is a promising alter-
native as the method is environmentally-friendly with 
limited health hazards.

Interestingly, endophytes hold great dexterity for bio-
logical control of phyto-diseases as the microbes pro-
tect their host plants from pathogens’ attack through 
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antagonism [2, 3]. The microbes have also displayed 
abilities for production of secondary metabolites with 
antimicrobial activity [4], which could be explored for 
biocontrol of different pathogens. Moreover, endo-
phytes produce some enzymes as a defence response 
mechanism of the host against pathogens while other 
enzymes from endophytes promote plant growth [5, 6]. 
Thus, bioprospecting endophytes for production of novel 
biocontrol agents will contribute significantly towards 
improving agricultural productivity.

Furthermore, some studies have implicated endo-
phytes in the production of enzymes of industrial sig-
nificance including amylase, cellulase, lipase and laccase 
[7]. Specifically, Bezerra et  al. [8] reported the poten-
tial of various endophytic fungi in a Brazilian medici-
nal plant, Bauhinia forficate for the production of some 
extracellular and hydrolytic enzymes such as cellulases 
and xylanases, with potential applications in biorefinery. 
The ability of endophytes to produce lignocellulolytic 
enzymes (Laccase, cellulases, xylanases etc.) is signifi-
cant to achieving affordable and clean energy, which 
is the seventh of the SDGs. While ligninolytic enzymes 
play the role of delignification during pretreatment of 
feedstock for biofuel production, cellulases are responsi-
ble for cellulose hydrolysis, which enables the release of 

fermentable sugars during biofuel production. The com-
plementary roles of these enzymes would indeed pro-
mote sustainable energy through optimum utilization of 
renewable biomass as feedstock for biofuel production. 
Besides, discovery of endophytes with exceptional ability 
for improved enzyme production would favour industrial 
sustainability since poor enzyme yield is a major prob-
lem militating against industrial application of enzymes. 
Undoubtedly, exploration of endophytes for biocontrol 
and production of industrial enzymes could contribute 
positively towards agricultural and industrial sustainabil-
ity (Fig. 1). This review, therefore, brings to the fore sci-
entific evidences that attest to the prospect of endophytes 
in biocontrol and production of industrial biomolecules 
with the possible implication on SDGs.

2 � Main text
2.1 � Endophyte articles identification strategy
The study identified endophyte-related research articles 
hosted in WoS and Scopus within the timespan 1990–
2020 (07/07/2020). The articles were identified using the 
term ‘endophyt*’ for inclusion of different indexes includ-
ing ‘endophyte’, ‘endophytes’, and ‘endophytic’ restricted 
to the title-field. The retrieved article sets were finally 
limited to primary research articles, downloaded in CSV 

Fig. 1  Scheme of endophytes potentials in biocontrol and production of biomolecules
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format and de-duplicated in ScientoPy package [9]. The 
topics of interest related the objectives of the review were 
mined from the processed article datasets based on the 
average growth rate or relevant author-keywords using 
Eq. 1 [9]:

2017b = start year; 2020c = end year; ASb = number of 
endophyte-related articles connected to sustainable bio-
control, enzyme and biomolecule production in 2017; 
ASc = number of endophyte-related articles related to 
sustainable biocontrol, enzyme and biomolecule produc-
tion in 2020.

The topics considered include biocontrol potential 
(biological control, pest control, parasitoidal, biopesti-
cidal, microbial control) and enzymes (glucoamylase, 
laccase, xylanase, 1-aminocyclopropane-1-carboxylate 
deaminase, alpha-amylase, alpha-glucosidase, ascorbate 
peroxidase, beta-glucosidase, chitinase, inulinase, 
L-asparaginase, asparaginase, glucuronidase, hemicel-
lulose, keratinase, lipase, cellobiohydrolase, glutaminase, 
amylase, endoglucanase, protease, oxalate oxidase, poly-
phenol oxidase, glucanase), fatty acid and polysaccha-
ride (fatty acid, polysaccharide, exopolysaccharide). The 
discussion was limited to recent studies under various 
subtopics.

2.2 � Bioprospecting endophytes for agricultural 
sustainability and food security

There is plethora of chemical pesticides, bactericides 
and fungicides in the market, however, some of them 
have shown negative effects on soil and plant health [1]. 
Even though, chemical control of insect pests and plant 
diseases is efficient, it is characterized with environmen-
tal hazards [1]. There is therefore, the need to explore 
novel sources of pesticides and plant disease control 
agents with little or no negative impact on consumers. 
A major progress in this direction is the exploitation of 
endophytes for biological control of plant pathogens. 
Several studies have documented the efficacy of endo-
phytic microbes to produce secondary metabolites with 
insecticidal and biological control activities. A survey of 
published articles on endophytes as identified by Eq.  1 
in the study databases showed that 760 articles (Addi-
tional file 1: Table S1) have reported the biocontrol activ-
ity of endophytes, out of which 36 percent was published 
within the last two years. There are 40 additional articles 
that reported the biological control properties of endo-
phytic microbes: pest control (19 articles), parasitoid (11 

(1)
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�
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�
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articles), biopesticide (6 articles) and microbial control (4 
articles) (Additional file 1: Table S1). The aforementioned 
keywords form an integral part of the biocontrol poten-
tial of endophytes. There are overwhelming evidences of 
the enormous potential of endophytes in biocontrol of 
pests and plant pathogens.

In this section, we accentuate some of the most recent 
reports on the biological control activity of endophytes 
(Table 1) and the implication on agricultural productiv-
ity. Ramakuwela et  al. [10] established the biocontrol 
activity of Beauveria bassiana against two pecan pests: 
Melanocallis caryaefoliae and Monellia caryella. In their 
study, Ramakuwela et al. [10] showed that populations of 
the pecan aphids significantly reduced on pecan leaves 
colonized with B. bassiana. This, therefore, confirms 
the aptitude of B. bassiana for application in pecan pest 
management as its usage will reduce the pest-damaging 
effects on foliage and shucks of pecan, thereby increas-
ing the rate of photosynthesis with consequent effect on 
crop yield. Also, a number of chloramphenicol deriva-
tives isolated from Acremonium vitellinum, a marine-
alga endophyte showed considerable insecticidal activity 
against the cotton bollworm, Helicoverpa armigera [11]. 
Recent studies have also reported the potential use of 
extracts from endophytic microbes and their bioactive 
compounds as antifeedants for biological control of pests 
such as Plutella xylostella larvae and Myzus persicae [12, 
13].

Moreover, endophytic microbes have shown effec-
tive antagonistic activity against phytopathogens. Chen 
et al. [19] reported the biocontrol activity of Lactobacil-
lus plantarum CM-3, an endophytic lactic acid bacte-
rium against Botrytis cinereal, which causes “grey mold”, 
a sternly destructive strawberry disease. A Streptomyces 
species showed a promising biocontrol potential against 
“anthracnose”, also a strawberry disease but caused by 
Glomerella cingulata as the endophytic bacteria was 
reported to suppress the development of “strawberry 
anthracnose” lesions [20]. Meanwhile, Latz et  al. [21] 
identified Penicillium olsonii ML37 and Acremonium 
alternatum ML38 as promising biocontrol agents against 
wheat Septoria tritici blotch (STB). It is noteworthy that 
the identified endophytic fungi were effective for the 
control of the disease in the two wheat cultivars inves-
tigated: cv. Sevin and cv. Mariboss. Bacillus velezen-
sis 8–4, an endophytic bacterium isolated from potato 
was reported to have exhibited robust inhibitory effect 
on Streptomyces galilaeus, a causative agent of potato 
scab, a severe soil-borne disease of potato [22]. Like-
wise, the endophytic bacterium was effective against 
four other potato pathogens of fungal origin including 
Phoma  foveata, Rhizoctonia solani, Fusarium avena-
ceum and Colletotrichum coccodes [22]. It is remarkable 
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that the Bacillus strain exhibited higher control efficiency 
against potato scab over other types of treatments with 
resultant improvement on potato yield. Similarly, Huang 
et  al. [23] documented the control efficacy of two hun-
dred and eighty-eight endophytic fungal strains against 
cucumber Rhizoctonia root rot with about 33 percent 
showing above 80 percent control efficiency against the 
disease while approximately 74 percent of the endophytic 
fungi exhibited over 50 percent control efficiency against 
Rhizoctonia solani. Also, an endophytic bacterium iso-
lated from boxwood leaves and identified as a member 
of Burkholderia cepacia complex displayed an impressive 
biocontrol activity against Calonectria pseudonaviculata, 

implicated in boxwood blight disease [24]. The endo-
phytic bacterial strain significantly reduced spore for-
mation by the pathogen, thus, alleviated the occurrence 
of blight by about 90 percent [24]. Koohakan et  al. [32] 
showed that an unidentified endophytic bacterium 
reduced the occurrence and severity of Fusarium wilt 
disease of tomato. Besides, coating of tomato seed with 
the endophytic bacteria improved growth performance 
of tomato plant and production quality [32]. Further-
more, Bacillus subtilis SCB-1, an endophytic bacterium 
from sugarcane, displayed a remarkable biocontrol activ-
ity as it exhibited powerful antagonistic activity against 
a wide range of sugarcane pathogens belonging to the 

Table 1  Biocontrol potential of endophytes against insect pest and phytopathogens

Endophytes Pathogen/pest Plant/disease References

Bacillus subtilis and B. pumilus Plasmopara viticola Grapevine (Grapevine downy mildew) Zhang et al. [14]

Pseudomonas stutzeri E25 and Steno-
trophomonas maltophilia CR71

Botrytis cinerea Tomato Rojas-Solis et al. [15]

Hypoxylon anthochroum Fusarium oxysporum Cherry Tomatoes Macias-Rubalcava et al. [16]

Acremonium vitellinum Helicoverpa armigera Cotton (Cotton bollworm) Chen et al. [11]

Bacillus amyloliquefaciens Fusarium chlamydosporum Jacaranda acutifolia (stem rot) Zhu and Pan [17]

Bacillus halotolerans Fusarium oxysporum f. sp. albedinis Date palm (Bayoud disease) Ben Slama et al. [18]

Bacillus subtilis SCB-1 Saccharicola; Cochliobolus; Alternaria; 
and Fusarium

Sugarcane/mung bean seed Hazarika et al. [1]

Lactobacillus plantarum CM-3 Botrytis cinerea Strawberry fruit (Grey mold) Chen et al. [19]

Streptomyces thermocarboxydus-related 
species

Glomerella cingulata Strawberry (Anthracnose) Marian et al. [20]

Beauveria bassiana Melanocallis caryaefoliae and Monel-
liacaryella

Pecan Ramakuwela et al. [10]

Penicillium olsonii ML37 and Acremo-
nium alternatum ML38

Zymoseptoriatritici Wheat (Septoria tritici blotch-STB) Latz et al. [21]

Bacillus velezensis 8–4 Streptomyces galilaeus; Phomafoveat; 
Rhizoctonia solani; Fusarium avenaceum 
and Colletotrichum coccodes

Potato (Potato scab) Cui et al. [22]

Endophytic fungi (Fusarium, Chaeto-
mium, Colletotrichum and Acroca-
lymma)

Rhizoctonia solani Cucumber (Rhizoctonia root rot) Huang et al. [23]

Burkholderia cepacia complex Calonectria pseudonaviculata Boxwood (Boxwood blight disease) Kong and Hong [24]

Wickerhamomyces anomalus Curvularia lunata
Fusariummoniliforme;
R. solani

Rice (Dirty panicle disease)
Corn (Stalk rot disease)
Rice (Sheath blight disease)

Khunnamwong et al. [25]

Kodamae ohmeri Fusarium moniliforme Rice (Bakanae disease) Khunnamwong et al. [25]

Trichoderma asperellum T1 Corynesporacassiicola and Curvularia 
aeria

Lettuces (Leaf spot) Wonglom et al. [26]

Streptomyces albidoflavus OsiLf-2 Magnaporthe oryzae Rice (Rice blast disease) Gao et al. [27]

Beauveria bassiana Botrytis cinerea Tomato and Chilli pepper Barra-Bucarei et al. [28]

Bacillus safensis B21 Magnaporthe oryzae Rice (Rice blast disease) Rong et al. [29]

Aspergillus awamori Verticillium dahliae and Phytophthora 
drechsleri

Almond trees Rezvani et al. [30]

Cyperus iria and Diaporthemiriciae Plutellaxylostella Cabbage Ratnaweera et al. [12]

Trichoderma sp. EFI 671 Myzuspersicae - Kaushik et al. [13]

Pseudomonas poae CO Fusarium graminearum Wheat (Fusarium head blight disease) Ibrahim et al. [31]
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following genera: Saccharicola, Cochliobolus, Alternaria 
and Fusarium [1]. In addition, treatment of mung bean 
seeds with Bacillus subtilis SCB-1 extract resisted infec-
tion by Fusarium. The authors associated the significant 
biocontrol activity of Bacillus subtilis SCB-1 against phy-
topathogens with lipopeptide surfactin, an antifungal 
compound detected in the bacterial extract [1].

Endophytes with biocontrol activities have transcended 
fungi and bacteria as Khunnamwong et al. [25] reported 
the antagonistic potential of yeasts against some phy-
topathogens. Specifically, different strains of Wicker-
hamomyces anomalus exhibited impressive antagonistic 
property against Curvularia  lunata, Fusarium monili-
forme and Rhizoctonia solani, which are causative agents 
of rice dirty panicle disease, corn stalk rot disease and 
rice sheath blight disease, respectively. However, Koda-
mae  ohmeri repressed the development of only F. mon-
iliforme, which is implicated in the pathogenesis of rice 
bakanae disease. The antagonistic behavior of the yeasts 
was attributed to the production of secondary metabo-
lites such as “3-methyl-1-butyl acetate and 3-methyl-
1-butanol”; “β-1,3-glucanase and chitinase”, with the 
capacity to degrade fungal cell wall; and “siderophores”. 
Solubilization of PO4

3− and ZnO was also identified as a 
possible antagonistic mechanism employed by the yeast 
strains against the different plant pathogens [25]. This 
is corroborated by Wonglom et al. [26], who implicated 
volatile organic compounds (VOCs) secreted by Tricho-
derma asperellum in the biocontrol of Corynespora cas-
siicola and Curvularia aeria, which are responsible for 
the pathogenesis of lettuce leaf spot disease. Moreover, 
VOCs elicited increased chitinase and β-1,3-glucanase 
activity, which probably arose from increased degrada-
tion of the fungal pathogen’s cell wall by the enzymes. 
Besides, VOCs from Trichoderma asperellum stimu-
lated lettuce growth and improved chlorophyll content, 
which is significant to photosynthesis. Similarly, Rojas-
Solis et  al. [15] attributed the impressive antagonistic 
and antifungal activity exhibited by two novel endophytic 
bacterial strains: Pseudomonas stutzeri E25 and Steno-
trophomonas maltophilia CR71 against B. cinerea to 
production of VOCs, specifically, dimethyl disulphide 
(DMDS). DMDS elicited its biocontrol activity through 
mycelial inhibition mechanism. It is noteworthy that the 
endophytic bacterial strains also promoted the growth of 
tomato plants and as well improved the chlorophyll con-
tent [15]. Four different strains of endophytic Hypoxylon 
anthochroum emitted VOCs (majorly sesquiterpenes and 
monoterpenes) with inhibitory activity against F. oxyspo-
rum growth on cherry tomatoes [16]. It is evident from 
these studies that VOCs from endophytes are promis-
ing biocontrol agents against phytopathogens with plant 
growth stimulatory potentials. Therefore, researchers 

should continue to explore the biodiversity of endophytic 
microbes for novel VOCs and other secondary metabo-
lites with excellent antagonistic property against patho-
gens affecting crop yield.

Addtionally, Gao et  al. [27] reported the antagonistic 
activity of Streptomyces albidoflavus OsiLf-2 (an endo-
phytic bacterium isolated from rice) against Magnaporthe 
oryzae, which is implicated in rice blast pathogenesis. 
The endophyte displayed its biocontrol activity by imped-
ing the pathogen’s mycelial growth. Likewise, metabo-
lites in the endophyte culture supernatant were reported 
to have obstructed mycelial development and sporula-
tion as well as “appressorial formation” in the pathogen 
[27]. Streptomyces albidoflavus OsiLf-2 also exhibited 
significant antifungal activity, which may be linked to 
its ability to produce “antimicrobial compounds”, “cell 
wall lytic enzymes”, “siderophore” and “phytohormones”. 
Besides, treatment of rice with the endophytic bacterial 
stimulated diverse defence responses including enzyme 
activation, buildup of hydrogen peroxide and increased 
expression of salicyclic acid. It is evident that this endo-
phytic bacterial strain is an auspicious candidate for 
managing rice blast disease.

A recent development in the application of endophytes 
as biocontrol agents is the introduction of nanotechnol-
ogy for production of ecofriendly biocontrol agents as a 
substitute for conventional chemical fungicides. Ibrahim 
et  al. [31] biosynthesized silver nanoparticles using an 
endophytic bacterium (Pseudomonas poae CO) from gar-
lic. The biosynthesized nanoparticles showed antagonis-
tic activity against Fusarium graminearum, which causes 
wheat Fusarium head blight by inhibiting the “mycelium 
growth, spore germination and mycotoxin production” 
by the pathogen [31]. The study indicated that biosyn-
thesized nanoparticles from endophytic microbes may 
play a significant role in the management of phyto dis-
eases. However, there is need for researchers to leverage 
the biocontrol potential of endophytes for development 
of nanoparticles with biological control activity against a 
wide range of plant pathogens.

The ability of endophytes to produce a wide range of 
secondary metabolites, (majorly VOCs) characterized 
by remarkable pesticidal, bactericidal, fungicidal, antin-
ematicidal, herbicidal and algicidal properties, suggests 
the potential of endophytes to contribute significantly 
to achieving sustainable agriculture because integrated 
pest management (IPM) is one of the key sustainable 
farming practices. More so, biological control of pests is 
an integral part of IPM. Exploitation of endophytes for 
production of biocontrol agents will further minimize 
the use of chemical pesticides in line with the IPM [33]. 
Economically, effective pest management through the use 
of biocontrol agents from endophytes would definitely 
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improve agricultural productivity, thereby ensuring farm-
ers’ profitability. Overall, biological control using endo-
phytes-derived compounds would further protect the 
environment and enhance public health, which are hall-
marks of sustainable agriculture.

2.3 � Aptitude of endophytes for enzyme production
Given the high utility of enzymes in different indus-
trial sectors, there is increased market demand for 
purified enzymes. Hence, the need for exploration of 
novel sources of various classes of industrial enzymes, 
with robust production yield and improved enzyme 
titre. Endophytic microbes have shown excellent apti-
tude for production of a wide range of enzymes with 
industrial and biotechnological significance. A sur-
vey of published articles on endophytes over the last 
three decades as available in WoS and Scopus databases 
revealed that the following enzymeshave been produced 
by endophytes: cellulase, chitinase, α-glucosidase, pro-
tease, L-asparaginase, amylase, laccase, lipase, xylanase, 
β-glucosidase,glutaminase, endoglucanase, keratinase 
etc. A summary of enzyme production by some endo-
phytic microbes is presented in Table 2.

One of the most desirable industrial enzymes globally 
is cellulases, which comprise of exoglucanases, endo-
glucanases and β-glucosidase. The increased interest in 
cellulases is, perhaps, attributed to the robust industrial 
application potentials in biorefinery as well as paper and 
pulp industry. Cellulases are involved in cellulose hydrol-
ysis by cleaving the β-1,4 linkages in the complex struc-
ture thereby releasing the sugars for fermentation during 
biofuel production. Another enzyme of significance in 
biorefinery is xylanase because it has the ability to break 
the varied β-1,4-glycoside linkage in xylan to release 
xylose, hence, its involvement in hemicellulose degrada-
tion. Undoubtedly, cellulases, xylanases and other acces-
sory enzymes from microbes can be used as “emerging 
green tool” [66] for biofuel production from lignocellu-
lose biomass.

To achieve goal 7 of the UN SDGs: ensuring access to 
affordable and clean energy, there is an unarguable need 
for sustainable production of cellulases and xylanases. 
Hence, bioprospecting of endophytes as bioresources for 
enhanced and sustainable cellulase and xylanase produc-
tion is imperative. The good news is that there are recent 
research efforts toward exploring diverse endophytic 
microbes for production of lignocellulolytic enzymes 
(Table  2). One of such research endeavours is the work 
of Robl et  al. [39], where optimum xylanase produc-
tion (458 U/mL) by an endophytic fungus: Aspergillus 
niger DR02 was reported in a “constant fed-batch” fer-
mentation. Interestingly, proteomics of the endophytic 
fungus revealed the activity of other enzymes including 

cellobiohydrolase, beta-glucosidase and beta-xylosidase, 
which also play important role in biofuel production. 
Cellobiohydrolase involves in the degradation of cel-
lulose by breaking the 1,4-β-D-glycosidic bonds, lead-
ing to the cleavage of cellobiose unit from the cellulose 
chain ends while beta-glucosidase works in synergy with 
endo-β-1,4-glucanases and cellobiohydrolases to convert 
cellobiose to glucose [67] for biofuel production. Also, 
beta-xylosidase is an integral part of the enzyme battery 
(cellulases and hemicellulases) involved in the degrada-
tion of lignocellulose biomass [68]. Similarly, A. terreus, 
an endophyte from Corchorus olitorius exhibited excel-
lent xylanase production with improved production of 
the enzyme achieved using the host plant and pea peel 
as substrate [41]. It is worthy of note that hydrolysis of 
wheat bran by crude xylanase from A. terreus generated 
significant fermentable sugars and improved saccharifi-
cation, suggesting that xylanase could play a significant 
role in the utilization of wheat bran as feedstock for bio-
fuel production. Besides, it has potential for application 
in various other industrial processes including clarifica-
tion of juice, bread production, biobleaching and deink-
ing of waste paper [66].

Apart from Aspergillus, endophytes belonging to 
other fungal genera such as Fusarium, Trichoderma, 
Botryosphaeria, Saccharicola and Diaporthe have 
shown vigorous potential for cellulolytic enzymes pro-
duction. Out of fourteen endophytic fungi screened 
by Marques et  al. [45] for their ability to produce cel-
lulolytic enzymes, Botryosphaeria sp. AM01 and Sac-
charicola sp. EJC 04 displayed auspicious potential for 
production of cellulases and xylanases, with prospect in 
sugarcane bagasse saccharification. Furthermore, two 
different endophytic fungal strains of Fusarium genus 
(Fusarium sambucinum and Fusarium sp.) have been 
reported to show impressive capability for production 
of lignin peroxidase, manganese-dependent peroxidase 
and laccase [53], which are significant in delignification 
of feedstock for biofuel production [69]. In the same 
study, Trichoderma camerunense expressed appreci-
able cellulase and xylanase activity [53]. The produc-
tion of lignocellulolytic enzymes by endophytes is a 
desirable trait for sustainable biorefinery as the enzyme 
system is a promising alternative to chemical pretreat-
ment of feedstock for biofuel production. However, 
Goukanapalle et al. [61] reported the expression of the 
following cellulases: filter paperase, carboxymethyl cel-
lulase and β-glucosidase by Pestalotiopsis microspora 
TKBRR. It is remarkable that cellulase production is 
not limited to endophytic fungi alone as some endo-
phytic bacteria isolated from Capsicum chinese plant 
have shown the potential for production of endoglu-
canase and filter paper cellulase [60]. Likewise, some 
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Streptomyces species isolated from plants in Brazil 
exhibited remarkable potential as hemicellulase pro-
ducers while the extracts from the endophytic strains 
showed prospect for lignocellulose biomass decon-
struction and biofuel production [52].

Another enzyme of industrial significance reported 
to have been produced by endophytes is laccase. Apart 
from being a lignin-degrading biocatalyst, laccase is char-
acterized by several other application potentials includ-
ing juice clarification, dye decolourization, degradation 
of emerging environmental pollutants and so on. The 
diverse applications of laccase in different industrial sec-
tors have necessitated exploration of new sources with 
enhanced production capacity to meet the increasing 
demand. It is noteworthy that a few of the laccase-pro-
ducing endophytic fungi discussed in this paper belong to 
Phomopsis genus. Wang et al. [34] detected a new laccase 
gene in Phomopsis liquidambari, which was subsequently 
cloned and expressed. The expressed P. liquidambari lac-
case exhibited remarkable industrial properties as it was 
acidotolerant and thermostable, with about 50% of the 
enzyme activity being retained after 20  h. Besides, the 
enzyme displayed prospective application in the agricul-
tural sector as it promoted peanut growth in the study 
and as well reduced soil phenolic contents. Likewise, 
Phomopsis sp.exhibited improved laccase production 
with about twofold due to its exposure to “electron beam 
radiation” [48]. The enzyme was metallotolerant and dis-
played good thermostability, with potential application in 
remediation of synthetic dyes. Moreover, γ-irradiation of 
the aforementioned endophytic fungus boosted laccase 
production [65] and improved the enzyme catalytic effi-
ciency, which was evident in the effective degradation of 
a recalcitrant dye, aniline blue and textile effluent [65]. 
More so, members of Fusarium genus have exhibited 
robust laccase-producing potential. This was demon-
strated by Muthezhilan et  al. [35] who identified Fusar-
ium sp. AEF17 as the most promising laccase-producer in 
a screening that involved twenty-nine endophytic fungi 
from different coastal sand dune plants. Interestingly, 
purified laccase from Fusarium sp. AEF17 exhibited out-
standing remediation potential as it showed significant 
decolourization activity on a wide range of synthetic dyes 
[35]. Furthermore, endophytic fungal strains belonging to 
Hormonema, Pringsheimia, Ulocladium and Neofusico-
cum genera have also shown promising potential for lac-
case production [40].

Apart from the popular industrial enzymes discussed 
in the earlier paragraphs, endophytes have also shown 
emerging potential for production of some relatively rare 
and unique enzymes such as inulinase, pullulanase and 
L-asparaginase. Two endophytic fungi of Humicola and 
Fusarium genera have shown dexterity for production of 

inulinase [50], an industrial food biocatalyst that hydro-
lyzes inulin into simple sugars, particularly fructose. 
Inulinase activity has promoted utilization of inulin as 
an alternative to starch in various food industries [49]. 
Moreover, inulinase has shown promising application 
potential in biorefinery as inulin-containing biomass 
has been utilized for production of biofuels [49]. Pul-
lulanase, a debranching enzyme, was also secreted by 
an endophyte, Aspergillus sp. [59]. The ability of endo-
phytes to produce pullulanase holds enormous potential 
in the starch industry because of the enzyme peculiarity 
in hydrolyzing the α-1,6-glucosidic linkages of pullulan. 
Another enzyme that has recently been produced by 
endophytes is L-asparaginase, which is used as a chem-
otherapeutic agent for the treatment of lymphoblastic 
leukemia [55]. Production of L-asparaginase has been 
reported in a wide range of endophytic fungi includ-
ing Fusarium, Penicillium, Aspergillus, Alternaria and 
Talaromyces species [56, 58, 64].The potential of endo-
phytic bacterial strains for asparaginase production has 
also been reported [63]. However, endophytic bacteria 
seemed to be underexplored for the production of aspar-
aginase, hence, researchers should channel more efforts 
towards exploring novel endophytic bacteria for aspara-
ginase production as this would further alleviate the 
pains of patients with leukemia.

Furthermore, endophytes have shown prospect for 
production of agriculture-relevant enzymes including 
1-aminocyclopropane-1-carboxylate deaminase (ACCD) 
and chitinase [5, 6]. Chitinase is usually produced by 
endophytes as a defence response mechanism of the host 
plants against pests and pathogens whereas ACCD pro-
motes plant growth and stress tolerance by hydrolyzing 
1-aminocyclopropane-1-carboxylate to alpha-ketobu-
tyrate and ammonia, thereby reducing ethylene concen-
tration in the host plant. Apart from the plant-health 
promoting significance of the enzymes produced by 
endophytic microbes, most of these enzymes have spe-
cific industrial applications, which are articulated in the 
previous paragraphs.

The use of endophytes-derived enzymes in industrial 
processes is capable of improving the economic perfor-
mance of various industries [70]. For instance, lignocel-
lulolytic enzymes from endophytes could stimulate the 
use of lignocellulose waste biomass as cheap feedstock for 
biofuel production. This is not only cost-effective for the 
industry but also environmentally-friendly and sustain-
able. More so, production of plant-health and -growth 
promoting enzymes by endophytes would enhance agri-
cultural productivity and as such contribute to agro-
industrial sustainability. Therefore, it is important for 
biotechnologists and researchers to continue to harness 
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the biodiversity of endophytes for enhanced enzyme pro-
duction towards achieving industrial sustainability.

2.4 � Prospect of endophytes in polysaccharide and fatty 
acid production

Apart from enzymes, a copious number of endophytic 
microbes have displayed the potential for production of 
other biomolecules including exopolysaccharides and 
lipids (Table  3). Interestingly, polysaccharides are char-
acterized by enormous therapeutic potential as some 
have been reported to possess remarkable antioxidant 
properties [71–73] while others exhibited promising anti-
cancer, antitumor and antiproliferative activities [11]. 
Table 3 gives a summary of endophytic polysaccharides: 
their compositions and bioactivity. Bacillus amylolique-
faciens isolated from Ophiopogon japonicus produced 
polysaccharides with anticancer property [74] but the 

composition of the biomolecule was not determined in 
the study, as such, it is difficult to ascertain the bioac-
tive component of the polysaccharide. Likewise, Zheng 
et  al. [75] reported the production of an uncharacter-
ized exopolysaccharide by an endophytic Bacillus species 
from Artemisia annua L, which exhibited antioxidant 
property and prevented oxidative deoxyribonucleic acid 
damage. Another uncharacterized polysaccharide which 
was produced by a Staphylococcus species isolated O. 
japonicusdisplayed antitumor activity [76]. Similarly, 
Chen et  al. [77] reported exopolysaccharide production 
by an endophytic Bacillus strain from Codonopsispilo-
sula. The study also revealed the anticancer activity of 
polysaccharide with the following compositions: galac-
tose, glucose, rhamnose, fucose, arabinose and mannose. 
Just recently, Glutamicibacterhalophytocola showed the 

Table 3  Polysaccharide and fatty acid production by endophytes

NA: Not available; NC: not characterized; ND: not determined

Endophytes Host Biomolecule composition Bioactivity References

Bacillus amyloliquefaciens Ophiopogon japonicus NC Anticancer Chen et al. [74]

Aspergillus ochraceus Coral Dichotella gem-
macea

Mannose and Galactose ND Guo et al. [78]

Bionectria ochroleuca XF-38 Chinese Torreya grandis Linoleic acid, oleic acid and 
sciadonic acid

ND Yang et al. [79]

Bacillus cereus SZ1 Artemisia annua L NC Antioxidant and DNA-dam-
aging protecting activity

Zheng et al. [75]

Pestalotiopsis sp. BC55 NA 1,3-linked β-D-
glucopyranosyl moiety

ND Mahapatra and Banerjee [80]

Chaetomium sp. Gynostemma pentaphylla Glucose, mannose, arabinose 
and galactose

Antioxidant and antiprolif-
erative

Zhang et al. [81]

Diaporthesp. JF766998
Diaporthesp. JF767007

Piper hispidumSw Galactose, glucose, mannose 
and glucan

Antiproliferative Orlandelli et al. [82]

Mangrovihabitansendophyti-
cus gen. Nov., sp. nov

Bruguierasexangula Polysaccharide: glucose, 
galactose, mannose, arab-
inose, xylose and ribose
Lipid: diphosphatidyl glyc-
erol, phosphatidyl ethan-
olamine and phosphatidyl 
inositol

ND Liu et al. [83]

Staphylococcus sp. Opbiopogon japonicus NC Antitumor Xu et al. [76]

Bacillus sp. Codonopsis pilosula Galactose, glucose, rham-
nose, fucose, arabinose and 
mannose

Anticancer Chen et al. [77]

Fusarium solani DO7 Dendrobium officinale Galactoglucan Immune enhancement Zeng et al. [84]

Fusarium sp. A14 Fritillaria unibracteata Mannose, rhamnose, 
glucose, galactose, xylose, 
arabinose and pyranose

Antioxidantand antiprolif-
erative

Pan et al. [71]

Alternaria tenuissima FI Angelica sinensis O-galacturonic acid, rham-
nose, O-mannose, glucose 
and O-galactose

Antioxidant Wang et al. [85]

Glutamicibacter halophytoco-
laKLBMP 5180

NA Rhamnose, galacturonic acid, 
glucose, glucuronic acid, 
xylose and arabinose

Antioxidant Xiong et al. [73]

Pilidiella guizhouensis ZJSRU-
M1

Eupatorium chunense L Glucose alone Antioxidant Zhang et al. [72]
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dexterity for production of polysaccharide with excellent 
antioxidant activity [73].

Moreover, a broader range of endophytic fungi have 
shown intrinsic ability for production of polysaccha-
rides. A Chaetomium species isolated from Gynostemma 
pentaphyllaproduced polysaccharide with the following 
composition: glucose, mannose, arabinose and galactose 
[81]. It is noteworthy that the Chaetomium exopolysac-
charide showed antioxidant property and inhibited cell 
proliferation. In the same vein, two endophytic Dia-
porthe species from Piper hispidum were able to pro-
duce exopolysaccharide with characteristic ability to 
inhibit cell proliferation. Furthermore, Zeng et  al. [84] 
reported the production of a galactoglucan by a mem-
ber of Fusarium genus from Dendrobium officinale. The 
polysaccharide was biologically active as it enhanced 
immune response, hence it could be used for the devel-
opment of functional food for the treatment of patients 
with hypo-immunity. However, a Fusarium species from 
Fritillaria unibracteata produced a polysaccharide with 
entirely different composition: “mannose, rhamnose, glu-
cose, galactose, xylose, arabinose and pyranose” [71] but 
was characterized by efficient antioxidant and cell prolif-
eration inhibitory activities [71]. Other endophytic fungi 
with polysaccharide production potential include Alter-
naria tenuissima and Pilidiella guizhouensis [72, 85]. 
Meanwhile, Mangrovhabitansendophyticus, in addition 
to exopolysaccharide, produced lipid with the follow-
ing composition: diphosphatidyl glycerol, phosphatidyl 
ethanolamine, and phosphatidyl inositol [83]. More so, 
linoleic, oleic and sciadonic acids were produced by an 
endophytic fungus isolated from Torreya grandis, Bionec-
tria ochroleuca [79]. Linoleic and oleic acids are polyun-
saturated fatty acids with enormous health benefits [86]. 
Specifically, linoleic acid is one of the major fatty acids 
essential in human diets as it cannot be synthesized in 
the body. Endophytes may be a promising source of lin-
oleic acid and other polyunsaturated fatty acids.

3 � Conclusions
Endophytes, indeed, possess robust aptitude in biocon-
trol of phytopathogens and enzyme production, which 
are significant to agro-industrial sustainability. Never-
theless, there is still dearth of research on the applica-
tion of endophytes in the biocontrol of termites, which 
are known for causing substantial damage to agricul-
ture, specifically forest products, with consequent huge 
economic loss. More so, chemical methods of control-
ling termites are characterized by low efficiency and 
high cost. As well, they are not eco-friendly. Future 
studies should, therefore, explore endophytes for pro-
duction of novel biocontrol agents against termites.

Furthermore, literature survey showed that endo-
phytes have been poorly explored for production of 
versatile peroxidase (VP) and dye decolourizing peroxi-
dase (DyP), which are integral part of the ligninolytic 
enzyme system, with promising potentials in biofuel 
production and bioremediation. Research effort in this 
direction is therefore imperative.

Despite the effectiveness of endophytes in biologi-
cal control of plant pathogens, care must be taken in 
the direct usage of endophytes so as not to introduce 
pathogenic microbes in the environment. Researchers 
can however, exploit the biocontrol potential of endo-
phytes for development of nanoparticles with biocon-
trol activity against a wide range of phytopathogens. 
Future studies should focus more on isolating bioactive 
compounds from endophytes for development of effec-
tive biocontrol agents as part of integrated pest man-
agement. Therefore, there is a need for metagenomics 
study of endophytes so as to explore the diversity of 
endophytic microbes towards discovering novel sec-
ondary metabolites of industrial and agricultural signif-
icance. It is also important to decipher the biosynthetic 
pathway of biocontrol agents and enzyme production 
in endophytes as this can be exploited for large scale 
production through genetic engineering.
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