Botanica
SERBICA

(2020) 44 (2): 103-120

DOTI: https://doi.org/10.2298/BOTSERB2002103K
journal homepage: botanicaserbica.bio.bg.ac.rs

Review Article

Diversity and the role of endophytic bacteria: a review
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ABSTRACT:

Endophytes belong to a widespread group of microorganisms that colonise in-
tracellular and intercellular spaces in all known plant parts but do not cause
diseases or major morphological changes to the host. Endophytic bacteria ubig-
uitously colonise plant internal tissues, where they can form a variety of in-
teractions, including commensalistic, symbiotic, trophobiotic and mutualistic.
Endophytic bacteria produce pharmaceutically important compounds such as
antimicrobials, antioxidants, industrial enzymes, antidiabetics and anti-cancer
agents. In addition, endophytes can also support their host by producing a va-
riety of natural products for potential use in medicine, agriculture or industry.
This group of bacteria can have a tremendous impact on plant communities,
raising their fitness by endowing tolerance to biotic and abiotic stress. There are
great prospects for searching, selecting and studying new endophytic bacteria
species in order to create new microbial preparations for adaptive crop pro-
duction, while reducing the environmental impacts of agriculture. The present
review summarises studies to date about endophytic bacteria, including topics
such as isolation methods, the diversity of these bacteria and their biological
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roles.

INTRODUCTION

The term endophyte was initially introduced by DE
BARY in 1866 to describe any organism found within the
plant’s tissues, distinct from the epiphytes, which reside
on the plant’s surface (DE BARY 1866). Various definitions
of endophytes have been used in the literature, terms
like endophytic microorganisms, which are described
as asymptomatic microbes residing in plants (CARROLL
1991), whereas the bacteria that spend part or all of their
life cycle colonising intra-cellular or inter-cellular spac-
es in petiole, leaves, stem and roots within healthy plant
tissues are usually considered endophytic bacteria (WiL-
SoN 1995). Endophytes are regarded as microbes which
are culturable or occupy the inside of plant tissues, do
not harm their hosts and therefore do not grow exter-
nal structures (ARAUJO et al. 2001). This description has
been revised by MENDES & AZEVEDO (2007) who rele-
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gate endophytic microorganisms to two groups: group
I includes all those that don’t generate external struc-
tures from the host, and group II includes those that
can produce external structures, such as mycorrhytic
fungal nodules and nitrogen-fixing bacteria. Different
definitions have been suggested, but the most accepted
one is “Endophytes are microorganisms which reside in
a wide variety of plant tissues without causing any ap-
parent infection to the host” (HALLMANN et al. 1997).
Endophytism is now considered as a universal phenom-
enon, and it is believed that all plants harbour endophyt-
ic bacteria (COMPANT et al. 2010; DUDEJA & GIRI 2014).
The endophytic bacteria can have immense potential in
the uptake of nutrients (DE SouzAa et al. 2016; RIBEIRO et
al. 2018), growth promotion (RAMANUJ & SHELAT 2018;
SANTOS et al. 2018), as biofertilizers (NGAMAU et al.
2014; SANTOS et al. 2018), as biocontrol agents (KANDEL
et al. 2017; SELIM et al. 2017) and in secondary metab-
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olite production (BRADER et al. 2014; SINGH et al. 2017;
PALANICHAMY et al. 2018).

DIVERSITY OF ENDOPHYTIC BACTERIA

Endophytic bacteria are common to all species of vas-
cular plants (STURZ et al. 2000). They are found in both
monocotyledon and dicotyledon species (RYAN et al.
2008). The colonisation of endophytic bacteria in ferns,
algae and bryophytes has already been described (Co-
LOMBO 1978; HOLLANTS et al. 2011; SHCHERBAKOV et al.
2013; L1u et al. 2014; DAS et al. 2017a; TiaNn & L1 2017;
MAHLANGU & SEREPA-DLAMINI 2018). All groups of
plants ranging from seagrasses (MARHAENTI et al. 2011;
GARCIAS-BONET et al. 2012) to large trees (SHEN &
FULTHORPE 2015; PURI et al. 2017) harbour endophytic
bacteria. They are present in lichens as well (BATES et
al. 2011). Several attempts have been made to determine
the overall number of endophytic bacteria. The number
of endophytic bacterial species, however, may vary due
to the development of new techniques and methods to
identify this diverse group of microorganisms. Previous
research on the diversity of endophytic populations has
shown that different plant hosts may harbour a similar
population of endophytic bacteria (MUNDT & HINKLE
1976). Moreover, a single host plant species may house
multiple endophytic genera as well as species, and the
scope of the endophytic community may be determined
by the tissue, plant type or isolation season (KUKLINSKY-
SOBRAL et al. 2004; MILIUTE et al. 2015).

A database of all 16S rDNA sequences currently al-
located to endophytes, along with uncultured and cul-
tured microbes, showed that even though the sequences
correspond to a total of 23 different phyla of bacteria,
four of them (Firmicutes, Actinobacteria, Bacteroidetes
and Proteobacteria) account for 96% of all endophytic
sequences of the prokaryotes (HARDOIM et al. 2015).
Among them, more than 50% of the sequences in the
database are proteobacteria. Gamma-proteobacteria iso-
lates seem to be the most frequently found as endophytes
within this phylum, including genera like Enterobacter,
Serratia, Pantoea, Pseudomonas, Stenotrophomonas and
Acinetobacter. But on the other hand, Microbacterium,
Staphylococcus (Firmicutes), Streptomyces, Arthrobacter
(within Actinobacteria), Paenibacillus, Mycobacterum
and Bacillus are all well-identified among endophytic
microbes (HARDOIM et al. 2015). The group of y-prote-
obacteria is dominant and most diverse in agricultural
crops (MILIUTE et al. 2015).

Endophytic bacteria are traditionally isolated from
plant tissues which are surface-sterilised and grown
in a nutrient-rich medium. Several endophytes have
been recently reported using culture-independent ap-
proaches like whole-genome sequencing, sequencing
of the 16S rRNA gene or use of the internal transcribed
spacer regions ITS1 and ITS2 of endophytic communi-

ties (TAGHAVI et al. 2009; IKEDA et al. 2010; SESSITSCH
et al. 2012; TURNER et al. 2013; YANG et al. 2017). Typ-
ically, endophytic bacteria have been enumerated and
characterised by traditional culture-based approaches,
although these methods are largely dependent on the
isolation medium and incubation conditions, whereas
culture-independent 16S rRNA-based techniques, on
the other hand, can identify unculturable bacterial colo-
nisers as well as those that are so low in number or grow
so slowly that traditional culture-based protocols ignore
them.

Endophytic bacteria based on colonisation can be
grouped into ‘facultative’, ‘obligate’ and ‘passive’ de-
pending on whether or not tissue of the plant is required
for them to reproduce and live. Bacteria obtained from
any part of the plant but inside plant tissue and unable
to live in the soil are known as obligate endophytic bac-
teria (L1u et al. 2017). Bacteria that are widespread in
the soil and carry out infection and colonisation where
appropriate conditions are available are known as facul-
tative endophytic bacteria. Many facultative endophytic
bacteria are in the cortex, but some also reach the central
xylem and phloem as well (CoMPANT et al. 2010). The
passive mode of colonisation of endophytes is defined as
the mode taken by bacteria that are unable to infect and
colonise. They can invade endophytic niches of plants
through cracks and wounds on the plant (AMBROSE et al.
2013). Bacteria can thus colonise a plant extracellular-
ly as well as intracellularly. Despite being tracked in all
parts of the plant, roots with the most intimate contact
with soil are the first ones to attract endophytic bacteria.
Endophytic bacteria can have a genetic basis for their
different patterns of infection and colonisation, which
may correlate with their patterns of interaction in plants
(Lru et al. 2017). Studies have confirmed the presence of
endophytic bacteria in different plants. The detailed list
is summarised in Table 1.

HISTOLOGICAL LOCALISATION, ISOLATION
AND PURIFICATION OF ENDOPHYTIC
BACTERIA

Endophytic bacteria thrive within healthy tissues of the
plant; thus disease-free, lesion-free and fresh parts of the
plant should be selected at the time of isolation and histo-
logical location. Explants must be preserved at 4°C until
endophyte isolation. Rapid changes in the colonisation
of endophytes are not likely to happen immediately after
collection. However, it is important that samples must
be processed and handled carefully as soon as possible
following collection, generally within 48 hours. Samples
should be air-dried before transporting or storing to
remove any surface moisture. They should be kept cold
and dry during transportation. It is preferred to hold
samples in paper envelopes and cotton. The use of plastic
bags to hold samples is discouraged, but if used they
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Table 1. List of endophytic bacteria isolated from various vascular plants and their biological activity if any.

Endophytic bacteria isolated

Plant species Plant family (and their bioactivity if any) Reference
Allium cepa L. Alliaceae Bacillus subtilis PLEBAN et al. 1995
Amaranthus spinosus L. Amaranthaceae  Exiguobacterium profundum strain N4 SHARMA & ROY 2015

Andrographis paniculata (Burm. f.) Nees

Acanthaceae

Consortia spp.

Aziz et al. 2013

Andrographis paniculata Nees. Acanthaceae  Bacillus thuringiensis KL1 Roy et al. 2016
Artemisia annua L. Asteraceae Stre.ptomyces sp. (antibacterial and “L1 ef al. 2012b
antifungal*)
i sp. . fal*),
Azadirachta indica A. Juss. Meliaceae Nocardia sp (ant1bac.ter1a Z *VERMA et al. 2009
Streptomyces sp. (antifungal*)
Beta vulgaris L. Amaranthaceae  Pseudomonas poae RE 1-1-14 ZACHOW et al. 2015
Boesenbergia rotunda (L.) Mansf. Zingiberaceae  Streptomyces sp. BO-07 TAECHOWISAN et al. 2017
Brassica oleracea L. Brassicaceae Enterobcfcfer SP-» ZAKRIA et al. 2008
Herbaspirilum sp.
Brassica oleracea L. var. botrytis L. Brassicaceae Bacillus cereus PLEBAN et al. 1995
Bruguiera gymnorrhiza (L.) Lam. Rhizophoraceae  Streptomyces sp. GT2002/1503 (anti-HIV*) *DING et al. 2010
Capsicum annuum L. Solanaceae Kleblszella o?cy ioca AVSCE5 (KM104324) *SYED et al. 2017
(antibacterial*)
Achromobacter piechaudi,
Bacillus spp.,
Cupriavidus pauculus,
Capsicum frutescens L. Solanaceae Corynebacterium minutissimum, AMARESAN et al. 2012
Proteus spp.,
P, rettegeri,
Serratia marcescens,
Staphylococcus delphini
Bacillus cereus,
Bacillus sp.
Catharanthus roseus L. Apocynaceae Brevundimonas sp., Lietal 2012a
Curtobacterium sp.,
Erwinia sp.
Centella asiatica (L.) Urb. Apiaceae Baczllzfs subtilis NONGKHLAW & JosHI 2015b
Serratia marcescens
Chenopodium album L. Amaranthaceae  Bacillus pumilus BEIRANVAND et al. 2017
Citrus nobilis Lour Rutaceae Streptomyces sp. TQR12-4 (antifungal*) *HoNG-THAO et al. 2016
Coffea arabica L. Rubiaceae Paenibacillus amylolyticus SAKIYAMA et al. 2001
Baci ) . . al*
Curcuma aeruginosa Roxb. Zingiberaceae acz.llus any lolzquefaczens‘(ant1bacter1a ) *INDRAWATI et al. 2018a
Bacillus cereus (antibacterial*)
. . . . e
Curcuma xanthorrhiza Roxb. Zingiberaceae Bac.zll.us an loliquef aeens (ar.ltlbaCt?njl ) *INDRAWATI et al. 2018a
Lysinibacillus sphaericus (antibacterial*)
Curcuma zedoaria (Christm.) Roscoe Zingiberaceae Bacillus spp. (2) (both isolates antibacterial*) *INDRAWATI et al. 2018a
Dendrobium sp. Orchidaceae Bacillus megaterium (antibacterial*) *WANG et al. 2019
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Endophytic bacteria isolated

Pl i Plant famil f
ant species ant family (and their bioactivity if any) Reference
Bacillus subtilis,
B. tequilensis, RAHMAN et al. 2017
Fagonia indica L. Zygophyllaceae Enterobacter cloacae, . (antibac_terial, antifun_ggl
Enterobacter hormaechei, and antiprotozoal activity of
Pantoea dispersa isolates)
Stenotrophomonas maltophilia
Bacillus atroph tibacterial*),
Glycyrrhiza uralensis Fisch. ex DC. Fabaceae act I.JS a m.P aeu_s (anti *ac erial”) *MOHAMAD et al. 2018
B. mojavensis (antifungal*)
Helianthus sp. Asteraceae Bacillus pumilus PLEBAN ef al. 1995
Hibiscus rosa-sinensis L. Malvaceae Pseudomonas oryzihabitans BHAGAT et al. 2016
Bacillus amyloliquefaciens,
Hyptis suaveolens (L.) Kuntze Lamiaceae Bacillus sp., (antibacterial*) *Das et al. 2017b
Pseudomonas spp. (antibacterial*)
Lactuca sativa L. Asteraceae Pseudomonas viridiflava (antifungal*) *MILLER et al. 1998
Litsea cubeba (Lour.) Pers. Lauraceae Bacillus siamensis NONGKHLAW & JosHI 2015b
Baci > T. SIONE . 201
Malus domestica Borkh. Rosaceae acillus spp AMOSIONE et al. 2018
Pseudomonas spp.
Bacillus clausii,
, .. . B. licheniformis,
Mangifera indica L. Anacardiaceae . KANNAN et al. 2015
B. pumilus,
Baccilus sp.
Manihot esculenta L. Euphorbiaceae  Bacillus pumilus (antifungal*) *MELO et al. 2009
Bacillus megaterium,
B. chosinensis, GAGNE et al. 1987;
Medicago sativa L. Fabaceae Erwinia sp., StajkoviC et al. 2009;
Microbacterium trichothecenolyticum, LOPEZ et al. 2018
Pseudomonas sp.
Strept . (antibacterial and
Monstera sp. Araceae re}) oy ries sp- (antibacterial an *EzZRA et al. 2004
antifungal*)
; ) . . Bacillus licheni is MpKL1
Moringa peregrina (Frossk.) Fiori Moringaceae (aﬁibﬁitfriiﬁ%formw P *ALJURAIFANI et al. 2019
ool ot Wess ot al. 1995
Musa sp. Musaceae .p . )y ) MARTINEZ et al. 2003;
Bacillus amyloliquefaciens, Citrobacter sp.,
. . ROSENBLUETH et al. 2004
Klebsiella variicola
Ocimum sanctum L Lamiaceae Bacillus subtilis, Tiwarl et al  2010;
) Enterobacter sp. (antibacterial activity*) *MUHSININ et al. 2016
Ophiopogon japonicus (L.f.) Ker Gawl. Asparagaceae Bacillus amyloliquefaciens CHEN et al. 2013
A j .5
groballcter.zum SPo. YANNI ef al. 1997;
Azorhizobium caulinodans,
o ) CHAINTREUIL et al. 2000;
Bradyrhizobium japonicum,
) . . ENGELHARD et al. 2000;
Oryza sativa L Poaceae Chromobacterium violaceum,
. PHILLIPS et al. 2000;
Pseudomonas stutzeri A15,
Rhizobium leguminosarum MORONTA-BARRIOS ef al.
‘ & ’ 2017; PHAM ef al. 2017;
Sphingobacterium sp.
Phaseolus vulgaris L. Fabaceae Pseudomonas fluorescens PLEBAN et al. 1995
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Plant species

Plant family

Endophytic bacteria isolated
(and their bioactivity if any)

Reference

Pinellia ternata (Thunb.) Berit.

Araceae

Aranicola proteolyticus,
Bacillus cereus,

B. licheniformis,

B. thuringiensis,
Serratia liquefaciens

Liu et al. 2015

Plectranthus tenuiflorus (Vatke) Agnew

Lamiaceae

Acinetobacter calcoaceticus,
Bacillus licheniformis,

B. megaterium,

B. pumilus,

Baccilus sp. (antibacterial*),
Micrococcus luteus,
Paenibacillus sp.,
Pseudomonas sp. (antifungal*)

*EL-DEEB et al. 2013

Populus sp.

Salicaceae

Rhizobium tropici

Dory et al. 2005

Potentilla fulgens Wall. ex Hook.

Rosaceae

Bacillus methylotrophicus

NONGKHLAW & JosHI 2015b

Pyrenacantha volubilis Hook.

Icacinaceae

Bacillus amyloliquefaciens KY741854,
Bacillus sp. KP125955 and KP125956, B.
subtilis KY741853

SOUJANYA et al. 2017

Raphanus sativus L.

Brassicaceae

Enterobacter sp. (antifungal*),
B. subtilis (antibacterial*)

*SE0 et al. 2010

Saccharum officinarum L.

Poaceae

Acetobacter diazotrophicus, Azospirillum
amazonense,

Burkholderia tropica,

Gluconacetobacter diazotrophicus,
Herbaspirillum seropedicae,

H. rubrisubalbicans

DONG et al. 1994; OLIVARES
et al. 1997; BENEDUZI et al.
2013; PEREIRA et al. 2013;
S1vA GIRIO et al. 2015

Solanum lycopersicum L.

Solanaceae

Bacillus sp.

TIAN et al. 2017

Taxus brevifolia Nutt.

Taxaceae

Paenibacillus kribbensis

IsLAM et al. 2018

Teucrium polium L.

Lamiaceae

Bacillus cereus, B. subtilis

Hassan 2017

Tridax procumbens L.

Asteraceae

Bacillus spp.,

Cronobacter sakazakii,
Enterobacter spp.,
Lysinibacillus sphaericus,
Pantoea spp.,
Pseudomonas spp.,
Terribacillus saccharophilus

PREVEENA & BHORE 2013

Vitis vinifera L.

Vitaceae

Bacillus atrophaeus SP13
B. megaterium Sof,

B. pumilus SP7,
Comamonas sp.

BELL et al. 1995;
SHCHERBAKOV et al. 2009

Withania somnifera (L.) Dunal

Solanaceae

Bacillus amyloliquefaciens,

B. horneckiae,

B. pumilis,

Bacillus sp.,

Brevibacterium frigoritolerans,
Micrococcus luteus,
Pseudomonas putida,
Rhizobium sullae,
Staphylococcus haemolyticus

PANDEY et al. 2018
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should be kept open to prevent the growth of superficial
moulds and for circulation of air to prevent condensa-
tion (STONE et al. 2004). Samples are surface-sterilised
by different methods (ZINNIEL et al. 2002; GORYLUK et
al. 2009; QIN et al. 2009; CosTA et al. 2012; YAISH et
al. 2015; MAHLANGU & SEREPA-DLAMINI 2018). Surface
sterilisation procedures vary depending on the prefer-
ence of the researcher, host tissue type and plant species
sampled, but the most often used surface-sterilisation
protocol followed is that of AHMED et al. (2012), ANJUM
& CHANDRA (2015) and SHUKLA & WaHLA (2019). Ex-
plants are washed under running tap water before the
isolation of endophytic bacteria, and this is accompa-
nied by surface sterilisation, which differs depending on
the form of contaminants and explant. The midrib and
lateral stem, roots and leaves are sliced into pieces (0.5-
1.0 cm). These surface-sterilised materials are further
sterilised with (0.1% w/v) mercuric chloride, different
concentrations of ethanol (70%, 80%, 90% and absolute)
for some seconds to minutes (30 seconds to 1 minute)
in a laminar airflow cabinet and sodium hypochlorite
(4%) for 2-3 minutes, which is accompanied by rinsing
with sterile water (double-distilled and deionised) to re-
move sterilisation traces and use of sterile tissue paper to
dry the explants by blotting. Bacterial endophytes in the
host plants do not cause any signs of disease, and their
interaction requires a metabolic exchange. It is therefore
difficult to identify their existence externally. As a re-
sult, the presence of endophytic bacteria in healthy plant
tissues is typically identified by culture-based methods.
The surface-sterilised explants are inoculated on sterile
Luria Bertani Agar (LB), Tryptic Soy Agar, Rich Media,
Nutrient Agar Medium, King B Agar and other media
types supplemented with 100 pg/ml of cycloheximide
(ZINNIEL et al. 2002; YAN et al. 2018) closed with the aid
of parafilm and incubated at 37+ 2°C in an incubator un-
der controlled conditions to promote bacterial growth.
Tryptic Soy Agar and Nutrient Agar are widely used iso-
lation media for the isolation of endophytic bacteria and
the incubation temperature and time period most often
used for isolation is 28°C for 2-3 weeks (FERREIRA et al.
2008; ARAVIND et al. 2009; CosTtA et al. 2012; LumAc-
TUD et al. 2016; INDRAWATTI et al. 2018a; MAHLANGU &
SEREPA-DLAMINI 2018). The plates are observed regular-
ly for growth of endophytes. The isolated endophytes can
be identified based on their morphological, biochemical
and molecular characteristics.

BIOLOGICAL ROLES OF
ENDOPHYTIC BACTERIA

Endophytes associated with plants of ethnomedicinal
importance can be helpful in the production of natural
products with novel bioactivities (NONGKHLAW & JOSHI
2015a). The ability of endophytic bacteria to produce
interesting and new bioactive secondary metabolites

of agricultural, industrial and pharmaceutical impor-
tance (STROBEL 2006; PANDEY et al. 2017) makes them
interesting candidates for research purposes. They play
important roles in different fields of life, ranging from
their impacts on host plants to their effects on the en-
vironment and human life. Endophytic bacteria are ca-
pable of synthesizing bioactive compounds that can be
used by plants to defend against pathogens or stimulate
plant growth, and certain endophytes can be useful in
the process of drug discovery. The natural products pro-
duced by endophytic bacteria have been shown to have
different bioactivities and structures helpful against
various diseases. This creates a vast potential of endo-
phytes for the production of secondary metabolites of
industrial, agricultural and medicinal importance. For
example, endophytic bacteria isolated from the climb-
ing shrub Miquelia dentate Bedd. (Icacianaceae) pro-
duce camptothecin, an anti-cancer alkaloid. Camptoth-
ecin (CPT)-based drugs remain attractive to scientists
globally, and more CPT analogues are developing as
promising chemotherapeutic agents. It is believed that
CPT will continue to attract much attention from the
pharmaceutical industry as well as from the academic
community. Endophytic bacteria are one of the most
diverse and understudied groups of microorganisms.
They are omnipresent and found in nearly all plants,
including a wide range of hosts in different ecosystems,
and thus play a key role in the natural environment. The
products of these microorganisms remain poorly char-
acterised despite extensive work in this field. They have
appeared as a major boosting factor and have strongly
affected human beings in various ways, like their impact
on plants and the environment, health care, nutrient cy-
cling, bioremediation, biodegradation and agriculture.
It is believed that endophytic bacterial products will be
a cheap source of raw material for health, farming and
other industries in the future, and more compounds will
certainly be isolated from this unique group of bacteria
in view of the latest advances in culturing techniques
and screening methods used to identify various bioac-
tive molecules.

ROLE OF ENDOPHYTIC BACTERIA IN
PHYTOSTIMULATION

As a consequence of increasing growth of the human pop-
ulation worldwide and damage to the environment, world
production of food may soon be inadequate to feed all the
people of the globe. In this regard, the population of the
world, currently around 7.7 billion people, is projected
to increase in the next 50 years to about 10 billion (FAO
2017). In order to feed such a large human population, it is
essential to significantly increase agricultural productivi-
ty over the next few decades. That, however, is not an easy
task. We will have to come up with alternative approaches
and strategies in order to address this challenge. One such



alternative that has been in vogue is the systematic use
of plant growth-promoting endophytic bacteria or endo-
phytes (PGPEBs) in agriculture. These PGPEBs have been
reported in various studies (TAGHAVI et al. 2009; WEIL-
HARTER et al. 2011; ALl et al. 2012; RASHID et al. 2012;
JasiM et al. 2014; BORAH et al. 2019).

One of the very significant mechanisms that such
PGPEBs employ is phytostimulation. Phytostimulation
basically involves the production of phytohormones
which act as plant growth regulators (BENEDUZI et al.
2012). Phytohormones such as gibberellins, cytokinins
and auxins promote changes in root morphology, ab-
sorption of water and uptake of nutrients (SANTOS et
al. 2018). It is pertinent to look at how PGPEBs aid in
phytostimulation. It has been shown that some PGPEBs
like Arthrobacter spp., Bacillus spp., Pseudomonas puti-
da and Rhodococcus spp. release the ACC deaminase en-
zyme (l-aminocyclopropane-1-carboxylic acid), which
lowers the ethylene levels of plants, thereby enhancing
their growth (GAIERO et al. 2013). It should be noted that
increased ethylene levels in a plant inhibit cell division,
shoot/ root growth and DNA synthesis, which is an im-
pediment to a plant’s growth (GAIERO et al. 2013).

Phytohormone production is a common character-
istic of endophytic bacteria that raises tolerance of the
plant to abiotic stresses and promotes plant growth
(UMAMAHESWARI et al. 2013; PIETERSE et al. 2014;
EGAMBERDIEVA et al. 2017). Severe threats to agroeco-
systems are abiotic stresses such as drought, extreme
temperatures, oxidative stress, heavy metal toxicity and
salinity (ARORA 2015). The expression and induction
of stress-responsive genes, the production of scavenger
molecules such as ROS and antistress metabolite synthe-
sis are molecular mechanisms adopted by endophytes to
improve stress tolerance in host plants (LATA et al. 2018).
Enterobacter sp. (SA187), a desert plant Indigofera argen-
tea Brum. f. (Fabaceae) endophyte colonising Arabidop-
sis thaliana (L.) Heynh. (Brassicaceae) shoots and roots,
has been shown to induce salt stress tolerance through
the formation of bacterial 2-keto-4-methylthiobutyric
acid (KMBA), which modulates the ethylene signalling
pathway of the plant. Enterobacter sp. (SA187) using this
novel mechanism was found to be effective in increasing
the yield of alfalfa crops (Medicago sativa L., Fabaceae)
under in vitro conditions of salt stress (DE ZELICOURT et
al. 2018). Burkholderia phytofirmans (PsJNT), an endo-
fungal bacterium isolated from the fungus Glomus vesic-
uliferum (Thaxt.) Gerd. & Trappe (Glomeraceae), showed
significant plant growth-promoting effects and was re-
ported to increase resistance and plant vigour in plants
like Solanum tuberosum L. (Solanaceae) and Zea mays L.
(Poaceae) exposed to abiotic and biotic stresses (WEIL-
HARTER et al. 2011). Bacillus pumilus (2A) isolated from
the synanthropic plant Chelidonium majus L. (Papaver-
aceae) was found to produce biosurfactants that can act
as plant-growth-promoting agents (MARCHUT-MIKOLA-
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jczYK et al. 2018). A maximum of 10 endophytic bacteria
isolated from wild Pistacia atlantica Desf. (Anacardiace-
ae), belonging to different genera such as Pseudomonas,
Bacillus, Stenotrophomonas, Serratia and Pantoea, were
able to produce different amounts of the phytohormone
gibberellic acid (GA) (ETmINANI & HARIGHT 2018).

Endophytes also play a major role in the absorption
of essential nutrients needed for plant growth. For ex-
ample, endophytic Bacillus strains B1920, B2088, B2084
and B1923 isolated from Zea mays L. (Poaceae) en-
hanced nutrient uptake during growth of pearl millet
under low-phosphorus conditions (RIBEIRO et al. 2018).
Future use of the strains treated in this study may lead
to the creation of robust PGPBE inoculants that are so
reliable that minor changes in external environmental
factors will not impact the effectiveness of plant growth
promotion. With a more comprehensive understanding
of the functioning of endophytic bacteria, future gener-
ations may be able to design ones that can be used for
more efficient crop production.

ENDOPHYTIC BACTERIA AS ANTIMICROBIAL
AGENTS

Antimicrobial activity is the process of inhibiting or
killing disease-causing microorganisms. Different anti-
microbial agents are used for this purpose. Antimicrobi-
als may be anti-viral, anti-bacterial and anti-fungal. At
present, bacterial infections are one of the main causes
of human and animal mortality and chronic diseases.
Antibiotics have been the best method for treating bac-
terial infections due to powerful outcomes and favour-
able cost-effectiveness. However, various studies have
provided clear proof that the broad use of antibiotics has
resulted in the development of multidrug-resistant bac-
terial strains. Due to the indiscriminate use of antibiot-
ics, so-called superbacteria which are resistant to almost
all antibiotics have emerged. For this reason, attention
has been focused on the isolation of exciting and new
endophytic bacterial strains with antimicrobial activity.
Endophytic bacteria are highly suitable for their efficien-
cy and have no unwanted effects. Bacillus sp. CY22 (an
endophytic bacterium) isolated from Platycodon grandi-
florum (Jacq.) A. DC. (Campanulaceae) has been report-
ed to have beneficial antimicrobial effects against the
fungal plant pathogens Pythium ultimum, Rhizoctonia
solani, Phytophthora capsici and Fusarium oxysporum
(CHO et al. 2002). Endophytic bacteria have received
much recognition in recent years for the development
of a variety of antimicrobial compounds with a novel
mechanism of action due to their non-detrimental and
intimate association with plants (STROBEL 2003). Vari-
ous secondary metabolites obtained from endophytic
bacteria have found applications in medicine (ADHIKARI
et al. 2001; GUNATILAKA 2006). A novel family of pep-
tide antimycotics, termed ecomycins (namely ecomycins
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Table 2. Endophytic bacteria exhibiting various enhanced enzymatic activities.

Known endophytic bacteria

Enzyme activity reported

Reference

Pseudomonas oryzihabitans

Asparaginase

BHAGAT et al. 2016

Bacillus clausii, B. licheniformis, B. pumilus, Bacillus sp.

Amylase, cellulase, lipase,
protease

KANNAN et al. 2015

Paenibacillus amylolyticus

Pectin lyase

SAKIYAMA et al. 2001

Pseudomonas sp.

Exo-[B-agarase

GuPTA et al. 2013

Bacillus methylotrophicus, B. siamensis,
B. subtilis, Serratia marcescens

L-asparaginase

NONGKHLAW & JosHI 2015b

Alcaligenes faecalis, Burkholderia cepacia,
Enterobacter hormaechei

Cellulase, hemicellulase,
ligninase

LEo et al. 2016

Bacillus amyloliquefaciens

Exopolysaccharase

CHEN et al. 2013

Bacillus thuringiensis

Anthracene-degrading enzyme

Rov et al. 2016

Actinomyces pyogenes, Bacillus circulans, B. coagulans,
B. licheniformis, B. megaterium, Bacillus sp.,
Corynebacterium renale,

Pseudomonas stutzeri, Staphylococcus sp.

Amalyase, cellulase, pectinase,
xylanase

CARRIM et al. 2006

Bacillus aerophilus, B. anthracis,

B. tequilensis, Chryseobacterium indologenes,
Enterobacter ludwigii, Macrococcus caseolyticus,
Pseudomonas entomophila, P. hibiscicola

Amylase, esterase, lipase,
protease

AKINSANYA et al. 2016

Bacillus licheniformis, B. pseudomycoides,
Paenibacillus senitriformus

L-asparaginase

JosH1 & KULKARNI 2016

Bacillus sp.

L-asparaginase

EBRAHIMINEZHAD et al. 2011

Bacillus amyloliquefaciens

Phytase

IDRISS et al. 2002

Bacillus sp., Burkholderia sp., Caulobacter sp.,

Chitinophaga sp., Curtobacterium sp., Kosakonia sp., Massilia sp.,
Methylobacterium sp., Microbacterium sp., Mucilaginibacter sp.,
Pseudorhodoferax sp., Pantoea sp., Rhizobium sp.,

Sphingomonas sp.

ACC deaminase, endoglucanase,
protease

CHIMWAMUROMBE et al. 2016

Acinetobacter sp., Bacillus sp.

ACC deaminase, amylase,
cellulase, pectinase, protease

JoE et al. 2016

Bacillus sp., Curtobacterium MBR2.20, Erwinia sp. MBA2.19

Amylases, cellulases,
endoglucanase, esterase, lipases,
proteases

CASTRO et al. 2014

Bacillus safensis

Amylases, cellulases, lipases,
proteases

KHIANNGAM et al. 2013

Bacillus cereus strain 65

Chitinase

PLEBAN et al. 1997

Acenitobacter sp., Bacillus licheniformis, B. megaterium, B. pumilus,
Bacillus sp., Micrococcus luteus, Paenibacillus sp., Pseudomonas sp.

Amylase, cellulase, esterase,
lipase, pectinase
Protease, xylanase

EL-DEEB et al. 2013

Bacillus cereus, B. licheniformis,
B. weihenstephanensis

Amylase, cellulase, lipase,
protease.

AMARESAN et al. 2012




B and C), have been isolated from the endophytic bac-
terium Pseudomonas viridiflava (MILLER et al. 1998).
The molecular masses of Eecomycin B and C are 1153
and 1181, respectively, i.e., different from the molecular
masses of other pseudomonad lipopeptide antimycotics
(BaLLr1O ef al. 1994). The ecomycins have significant bio-
activities against a wide range of human-pathogenic fun-
gi such as Cryptococcus neoformans, Candida albicans
and plant-pathogenic fungi like Fusarium oxysporum,
Rhizoctonia solani and Sclerotinia sclerotiorum, which
are some of the most destructive and widespread of crop
pathogens (MILLER et al. 1998). Four endophytic iso-
lates, viz., Pseudomonas entomophila, Bacillus tequilen-
sis, Pseudomonas hibiscicola and Chryseobacterium in-
dologenes, which were isolated from Aloe barbadensis
Miller (Asphodelaceae), possess a broad spectrum of
antimicrobial activities against pathogens like Staphylo-
coccus aureus, Pseudomonas aeruginosa, Bacillus cereus,
Proteus vulgaris, Klebsiella pneumoniae, Salmonella ty-
phimurium, Streptococcus pyogenes and Escherichia coli
(AKINSANYA et al. 2015). Xiamycin, a pentacyclic indo-
losesquiterpene showing anti-HIV activity, and its me-
thyl ester-derivatives of Streptomyces sp. (GT2002/1503),
an endophytic bacterium isolated from the mangrove
Bruguiera gymnorrhiza (L.) Lam. (Rhiyophoraceae)—
are novel indolosesquiterpenes isolated from prokary-
otes (DING et al. 2010). Bacillus pumilus isolated from the
South American woody shrub cassava (Manikhot escu-
lenta Crantz., Euphorbiaceae) produced the lipopeptide
“pumilacidin”, an antifungal compound which showed
strong inhibitory activity against the plant-pathogenic
tungi Sclerotium rolfsii, Rhizoctonia solani and Pythium
aphanidermatum (MELO et al. 2009). Endophytic bacte-
ria isolated from Andrographis paniculata Nees (Acan-
thaceae) showed a broad spectrum of activity against
clinical pathogens and also against pathogens of fish
(ARUNACHALAM & GAYATHRI 2010).

The endophytic bacterial isolate Bacillus amylolique-
faciens isolated from Curcuma zanthorrhiza Roxb. (Zin-
giberaceae) and Syzygium polycephalum (Miq.) Merr.
& L.M. Perry (Myrtaceae) has been found to block the
growth of methicillin-resistant Staphylococcus aureus
(MRSA), (INDRAWATI et al. 2018a, b). The antimicrobial
activities reported from endophytic bacteria are sum-
marised in Table 1. To sum up, the endophytic bacte-
ria have an enormous potential for bioprospecting, and
they could serve as one of the potential sources of new
antibiotics in the future. Therefore, the current scenario
warrants extensive research to explore endophytic bac-
teria that are untapped, unused and ignored. Effective
cross-talk between molecular biologists, chemists, eth-
nobotanists, pharmacists, taxonomists, toxicologists
and microbiologists is essential for exploring endophytic
bacteria in the search for new antibiotics.

S. S. Khan et al.: Diversity and the role of endophytic bacteria

ENDOPHYTIC BACTERIA AS BIOCONTROL
AGENTS

Biocontrol can be defined simply as employing one liv-
ing organism to control another. This process is also re-
ferred to as biological control. Biological control is de-
scribed as the use of beneficial organisms, their genes
and/or products, such as metabolites, to minimise the
adverse effects of plant pathogens and promote positive
plant responses (TRANIER et al. 2014). Biological appli-
cation is mainly launched to reduce a pest’s population
and produce yields that are pest-free. For the control of
invasive plants, it is a long-term treatment and self-sus-
taining method. The living organism employed in this
process is used to prevent the outbreak of weeds and to
manage pests, including mosquitoes, bacteria and graz-
ing animals. Endophytic bacteria can reduce or prevent
certain pathogenic organisms from having adverse ef-
fects. They appear to have significant effects on their
plant host via mechanisms similar to those defined for
bacteria associated with the rhizosphere (FRANKS et al.
2008).

Certain endophytic bacteria are thought to cause
a phenomenon known as induced systemic resistance
(ISR), which is phenotypically identical to systemic ac-
quired resistance (SAR). Systemic acquired resistance
develops when plants effectively initiate their defence
mechanism in reaction to a pathogen’s primary infec-
tion, particularly when a pathogen induces a hyper-
sensitive reaction through which it is limited in a lo-
cal necrotic lesion of brown desiccated tissue. Induced
systemic resistance is effective against various types of
pathogens but is different from SAR because the trig-
gering bacterium does not cause noticeable symptoms
in the plant host (vAN LooN et al. 1998). KLOEPPER &
Ryu (2006) analysed endophytic bacteria and their role
in ISR (induced systemic resistance). According to their
study, selective strains of non-pathogenic endophytic
bacteria can induce ISR in plants, resulting in the fre-
quency of various diseases being reduced. In many cas-
es, elicitation of ISR in plants by endophytic Bacillus sp.
is associated with enhanced plant growth, and further
investigation should be conducted in order to clarify the
connection between growth promotion and ISR. It has
just been unravelled how endophytic bacteria or their
determinants account for ISR elicitation, and more work
is required to explain why one isolate of a provided bac-
terial species can elicit ISR, whereas another isolate of
the same species cannot.

Vascular wilts are disastrous plant diseases that can
impact both woody annual and perennial crops, leading
to major food loss and damaging precious natural ecosys-
tems. This could be prevented by endophytic bacteria by
modulating various possible disease suppression mecha-
nisms to boost agricultural productivity (ELJoUNAIDI et
al. 2016). Two unknown isolates of endophytic bacteria

111



112

| Botanica SERBICA vol. 44 (2)

(marked as Psl, Ps8) from healthy tomato plants were
shown to inhibit the tomato pathogen Ralstonia solan-
acearum, which causes wilt disease in vitro over up to
4-7 mm and in vivo significantly suppresses wilt disease
by up to 8.07- 9.19% with an incubation period of 15-16
days (PURNAWATI 2014). It has also been shown that en-
dophytic Bacillus sp. isolated from annual crops acts as
a potential agent for biocontrol of fungal cacao disease
black pod rot of cacao (MELNICK et al. 2008). Similarly,
the endophytic bacterium Rhodococcus sp. (KB6 strain)
isolated from Arabidopsis thaliana (L.) Heynh. (Brassi-
caceae) minimised signs of black rot disease in leaves of
sweet potato [Impomeoa batatas (L.) Lam., Convolvu-
laceae], which is caused by the fungal pathogen Cerato-
cystis fimbriata (HONG et al. 2016).

The endophytic bacteria Burkholderia sp. and Bacil-
lus sp. isolated from soybean [Glycine max (L.) Merr.,
Fabaceae] have been the most active isolates in treating
fungal and bacterial pathogens of soybean in vitro. Both
these bacterial isolates can shield soybean in such a way
as to strengthen a sustainable crop management system
(DE ALMEIDA LoPEs et al. 2018). Endophytic bacterial
isolates of PGPR (plant growth-promoting rhizobac-
teria), viz., Bacillus cereus (RBac-DOB-S24) and Pseu-
domonas aeruginosa (BacDOB-E19), isolated from rhi-
zomes of Curcuma longa L. (Zingiberaceae) have been
shown to act as biocontrol agents capable of suppressing
leaf blight and rhizome rot diseases in the same species
(VINAYARANI & PrRAKASH 2018).

Endophytes are appealing as a source of chemical-
ly produced pesticides because they provide options for
plant disease management that contribute to sustainable
farming. The Bt toxin synthesized by Bacillus thuringien-
sis is presently one of the most effective, bioinsecticides
available on the market (JEONG et al. 2016). Endophyt-
ic isolates of Serratia marcescens and Escherichia coli
bacterial strains from Pinus species (namely Pinus ko-
raiensis Siebold & Zucc, Pinus densiflora Siebold & Zucc,
Pinus thunbergii Parl. and Pinus rigida Mill., Pinaceae)
have been shown to possess important nematicidal ac-
tivity against the pinewood nematode [Bursaphelenchus
xylophilus (Steiner & Buhrer) Nickle, 1970, Parasitaph-
elenchidae] and can be used effectively as agents for the
biocontrol of that nematode (L1u et al. 2019). Although
continuing efforts to screen hypothetical endophytes
are routinely carried out via in vitro experiments under
standardised conditions, field experiments are required
in various environmental situations in order to develop
commercially successful biocontrol agents. For the com-
mercialisation of biocontrol agents, further research is
essential, as this will significantly reduce environmen-
tal and economic costs. Future work could be combined
with screening, processing of biomass and measuring
of antagonistic capacity in greenhouse and field trials,
followed by the marketing of biocontrol agents that are
essential to ensure global agricultural security.

ENDOPHYTIC BACTERIA AS A SOURCE OF
ENZYMES

In different areas such as agriculture, industry and hu-
man health, microbial enzymes play a significant role.
Endophytic bacteria enter plants through natural open-
ings or injuries with the aid of hydrolytic enzymes such
as cellulases and pectinases that enable them to actively
penetrate plant tissues. As pathogens also produce these
enzymes, more understanding is required to differenti-
ate endophytic bacteria from plant pathogens for their
regulation and expression. Limited research has been
done on the isolation of endophytic bacteria from in-
digenous plants and their enzyme production potential
(JosHI et al. 2018).

Endophytic bacteria are considered to be an impor-
tant source of extracellular enzymes (KHAN et al. 2017).
They have been documented to produce enzymes like
protease, amylase, cellulases, pectinase, phytase, es-
terase, ACC deaminase, lipase, asparaginase, protease
and others (CARRIM et al. 2006; JOE et al. 2016; VI-
JAYALAKSHMI et al. 2016). It has been shown that the
endophytic bacterium Lactobacillus fermentum isolat-
ed from Vinca rosea L. (Apocynaceae) exhibits high
proteolytic activity superior to that of the protease of
non-endophytic bacteria (JALGAONWALA & MAHAJAN
2011). Some work has already focused on this area of
research, and endophytic bacteria producing enzymes
of industrial importance are summarised in Table 2.
Recently, more attention has been paid to endophytic
bacteria, but they remain unexplored and neglected.
To date, their capability as producers of enzymes has
not been thoroughly studied. At this stage, the ques-
tion of whether such organisms will be used in the
coming years as effective industrial enzyme producers
cannot be addressed. Modern and much more detailed
research with the aid of well-established methods is re-
quired to promote development in the area of enzymes.
The huge potential of endophytic bacteria as an indus-
trial source of biocatalysts and characterisation of the
chemical and physical properties of such enzymes will
be more thoroughly explored in the years to come.

CONCLUSION

Endophytic bacteria contribute to plant adaptation in
several habitats and are of considerable ecological sig-
nificance, since they enhance soil quality and fertility as
judged by plant development. Research on the metabol-
ic influence of endophytic bacteria in plant tissues ac-
quaints us with the various biochemical and physiolog-
ical changes caused by interactions between endophytes
and plants. These microorganisms have no bearing on
the nutrient rivalry typically found in the rhizosphere
and are more significant for reducing the harm brought
about by numerous phytopathogens.



Isolation of endophytic bacteria and techniques used
to identify them are vital for improving agricultural
practices, since many species enhance growth of the
plant, promote better nutrient uptake and absorption
and induce tolerance of environmental stress, thus rep-
resenting valuable biological resources that can have a
positive effect on agricultural production. Compared to
those treating endophytic fungi, studies on endophytic
bacteria are generally limited. The appearance of new
studies reporting the ability of investigators to isolate
beneficial and novel bioactive compounds from endo-
phytic bacteria is therefore significantly much higher.
Endophyte research does not rely entirely on microbiol-
ogists, but rather involves a network of researchers from
multidisciplinary areas such as chemistry, pharmacol-
ogy, molecular biology, taxonomy and bioinformatics.
The focus on existing isolated compounds could be ex-
panded to include topics such as their use for treatment
of cancer and other diseases, as well as the problem of
emergence of multidrug-resistant pathogens.
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Diverzitet i uloga endofitskih bakterija: pregled

Sofia S. Khan, Vijeshwar Verma i Shafaq Rasool

Endofite pripadaju $irokoj grupi mikroorganizama koje naseljavaju unutarcelijske i meducelijske prostore svih poznatih delova bilja-
ka, ali ne uzrokuju bolesti ili ve¢e morfoloske promene domacina. Endofitne bakterije sveprisutno kolonizuju unutrasnja tkiva biljaka,
gde mogu da formiraju razli¢ite interakcije, uklju¢ujuéi komensalisti¢ke, simbiotske, trofobiotske i mutualisticke. Endofitne bakterije
proizvode farmaceutski vazna jedinjenja kao $to su antimikrobni lekovi, antioksidanti, industrijski enzimi, lekovi protiv dijabetesa i
kancera. Pored toga, endofite mogu da podrze svog domacina stvaranjem razlicitih prirodnih proizvoda za potencijalnu upotrebu u
medicini, poljoprivredi ili industriji. Ova grupa bakterija ima ogroman uticaj na biljne zajednice pobolj$avajuéi njihovo opste stanje
kroz toleranciju na stres izazvan bioti¢kim i abioti¢kim ¢iniocima. Postoji veliki potencijal pronalaska, odabira i prou¢avanja novih
vrsta endofitskih bakterija sa ciljem stvaranja novih mikrobnih preparata za adaptivno gajenje useva, dok se istovremeno smanjuje
uticaj poljoprivrede na Zivotnu sredinu. Ovaj pregled rezimira dosadasnje studije o endofitskim bakterijama, uklju¢ujuéi metode izol-
acije, njihovu raznolikost i biologku ulogu.

KLjUCNE RECI: endofite, bioloska uloga, histoloska lokalizacija, biokontrola, antimikrobna aktivnost



