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% The ubiquity of endophytic microorganisms is an accepted fact nowadays and the possibility of using it in agriculture keeps at-
tracting attention of scientific community. In contrast to rhizospheric (living on root surface ) and phyllospheric (colonizing aerial
parts of plants) members of plant-microbial interactions endophytes are able to establish closer relationships with host-plant,
in some cases strongly influencing its phenotype, bringing benefits. However, these microorganisms do not form any specific
structures like nodules in case of symbiosis between legumes and rhizobium bacteria. Having a great amount of functions in-
cluding phytohormone level modulation, vitamins production and nutrient supply improving, endophytes could serve as a basis
for biofertilizer, which could potentially minimize the necessity of mineral fertilizers, thus reducing the negative impact of the
latter on soil fertility, biodiversity and human health. Our main aim here is to highlight the question of functional significance of
endophytes and endophytic bacteria in particular, as well as the way of its application in agriculture and to identify key points in
understanding biology of these organisms. In this review we will consider such aspects of plant-endophytic symbiosis as biodi-
versity of legume and non-legume endophytes, ecology of endophytes and some ways which are commonly in use by studying
these microorganisms.
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% [loBceMecTHOe pacnpocTpaHeHHe SHAO0(MUTHLIX MUKPOOPIaHU3MOB sIBJIsieTCsl 0OLLelIPU3HAHHBIM (DaKTOM, a OTKpbIBAOLLHeCs]
BO3MOZKHOCTH MCIIO/Ib30BAHHSl UX B CEJILCKOM XO3SIACTBE BbI3bIBAIOT OFPOMHBIA MHTEpeC K HUM CO CTOPOHbI HAy4HOro co00-
mectBa. B omsmune oT pusocdepHbIX (HACESIOUNX MOBEPXHOCTL KOPHEH) M (DH/TOChEPHBIX (KOJOHU3HPYIOLIMX Ha/l3eMHble
OpraHbl) TpeJCTaBUTe/ el PACTUTENLHO-MUKPOGHOTO COOOLLECTBA, SHAOMHUTBI COCOGHBI BCTYNATh C XO35IMHOM B G0Jlee TeCHble
B3aUMOOTHOLLEHHS], B HEKOTOPBIX CJIy4asiX CHJbHO BJIMsISl HA ero (heHOTHI U B LIeJIOM MPHHOCS ONpeJie/IeHHYI0 MoJb3y, He op-
MHUpYs1, OMHAKO, cllel(HUeCKHX CTPYKTYp, TAKHX KaK KJIyOeHbKH, B cjlydae 6000BO-pU300HaNbHOIO CUMOHO3a. Bhinonss Le-
Jblil Habop (DyHKUME, Cpelu KOTOPbIX MOAYJsILUS ypOBHEH (PUTOrOPMOHOB, MPOIYKLIMSI BUTAMMHOB W yJjyulleHHe CHaO:KeHUsl
MUTaTeJbHbIMH BelleCTBAMH, SHA0(UTbI MOTYT CJYKHTb OCHOBOH JWIsl OHOIIperapaToB, YTO [O3BOJIUT B MePCleKTUBe CHU3UThL
HEeOOXOAMMOCTb MCIOJIb30BAHHS MHHEPAJIBHBIX YI0OPEHUH B MPAKTHKE CEJILCKOrO X03dHCTBA M BCJEACTBHE 3TONO HEraTHBHOE
BJIMSIHUE [TOCJIJIHMX Ha MJI0J0POJIHe N0UB, 6MOpa3Ho00paste U 310pOBbe uesoBeka. B 5Tom 0630pe paccMOTpeHbl TAKHE aCTIeKThbl
PacTUTENIbHO-9HI0(UTHOrO CUMOHO03a, Kak GHopazHooOpazne 3HA0PUTOB GOOOBBLIX M HEGOOOBBIX KyJBTYp, SKOJOIHS JaHHbIX
MHKPOOPraHH3MOB, BOINPOCHl X (DYHKLMOHAJIbHON 3HAUMMOCTH, PaclpOCTPaHeHHble CII0COObl U3yUeHHs], a TaK:Ke BO3MOXKHOCTH
HX NIPUMEHEHHs] B CeJIbCKOM XO3sIICTBe.

% KuroueBble cj10Ba: cesibCKoe X035HCTBO; GaKTepHuH; HIAO(MUTHI; CUMOHO3; TOPOX.

INTRODUCTION other inhabitants of the biosphere is of interest to

The widespread distribution of microorganisms researchers and encourages both the study of the
in the environment is well known, and the presence fundamentals of symbiosis of microorganisms and
of close relationships between these organisms and higher plants, as well as the search for practical ap-
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plications of such relationships. The possibility of
using plant-bacterial interactions in the field of ag-
riculture is particularly noteworthy, given that plants
often serve as a target for pathogenic microorgan-
isms, but more interestingly, they also participate
in symbiosis with beneficial microflora, including
bacteria and fungi that can stimulate the growth
and development of a plant [1]. Understanding that
microbial communities represented in the internal
environment of the plant are not just indifferent
“passengers” but play an important role in the de-
velopment of a host plant and its resistance to dif-
ferent stresses has become one of the most exciting
discoveries over the past decade [2].

Currently, the relationship between plants and
rhizosphere microorganisms is the most studied
[3—5]. Rhizosphere microorganisms consist of fungi
of arbuscular mycorrhiza, capable of assimilating
poorly soluble phosphates and other nutrients of the
soil, nodule bacteria from the Rhizobiaceae family,
and associative nitrogen fixers of the genera Azo-
spirillum, Azotobacter, and Klebsiella, which can
give an advantage to the host plant in the absence
of bound nitrogen. In addition, beneficial bacteria of
the PGPR group (Plant Growth Promoting Rhizo-
bacteria) are also present in this broad group [6, 7].
The latter group of rhizosphere microorganisms is
heterogeneous, and representatives are able to syn-
thesize vitamins, phytohormones (auxins, cytoki-
nins, and gibberellins), and other biologically active
substances that can contribute to plant adaptation
to external stress factors [8, 9].

However, in addition to rhizosphere bacteria col-
onizing the surface of the roots, as well as phyllo-
spheric bacteria that inhabit the aerial parts of plants,
there exists an entire community of endophytes,
which are non-pathogenic microorganisms that live
inside the plant and are able to coexist without harm
and can bring certain benefits [1, 10]. Endophytic
bacteria do not form specific anatomical structures
like nodules and plant galls but are in closer rela-
tionships with plants than free-living microorgan-
isms. Bacterial endophytes are able to increase the
supply of nutrients, modulate hormone levels, and
produce vitamins, thereby positively affecting the
growth, development, and resistance of plants to
stress [11]. This may be the reason for higher yield
of plants inhabited by endophytes. The efficiency of
endophytes has been revealed in the case of abiotic
stresses, including drought [12], salinity [13, 14],
excessive irrigation, low temperature [15], and the
presence of toxic organic compounds and heavy met-

als in the soil [16]. In addition, some endophytes
have the ability to convert nitrogen and phospho-
rus into forms that are easily digestible for plants
[17, 18].

Using microorganisms isolated from the internal
environment of plants, researchers have the oppor-
tunity to create highly efficient biological prepa-
rations, which are already widely used in agricul-
ture [19—21]. Unlike mineral fertilizers, which are
the most energy-intensive process in agricultural
practices, the production of microbiological prod-
ucts is not as expensive. In addition, the use of
microbiological products does not adversely affect
human health, soil fertility, and/or biodiversity [22].
In some cases, the use of such biological prepara-
tions obviates the need for plants to be treated with
pesticides [20].

This review highlights the role of endophytes in
plant and microbial symbiosis, both in terms of ba-
sic research and in the case of practical applications.
The biodiversity of endophytes of leguminous and
non-leguminous plants is considered, as well as the
pathways of microorganisms entering the plant, the
colonization of internal tissues and the maintenance
(persistence) of bacteria in them, various aspects of
the functional significance of endophytic bacteria, and
methods of using endophytes in agriculture.

DIVERSITY OF ENDOPHYTIC BACTERIA

The study of biodiversity of endophytic microor-
ganisms is a relatively new field. However, based
on previous studies, it can be argued that almost
all plants contain endophytes, including cultivated
and wild-growing, herbaceous, namely sugar beet,
corn, sorghum, soy, wheat, rice; tree crops, namely
oak, pear, poplar, spruce, and also sphagnum mos-
ses [10, 23—30]. Endophytes have also been found
in various parts of plants, and have been isolated
from leaves, stems, roots, seeds of various plant
species, and in some cases, fruits and flowers (i. e.,
grape plants from which Pseudomonas and Bacil-
lus were isolated) [1, 31, 32]. Previous studies of
the biodiversity of endophytic bacteria were based
on the characterization of isolates obtained from the
internal tissues of surface-sterilized plants [33, 34].
However, currently, the study of the taxonomic di-
versity of bacteria, based on the methods of high-
throughput, next-generation sequencing (NGS), is
gaining increasing importance, which, unlike the
traditional methods of cultivation, biochemical tests,
and microscopy, provides information not only of the
cultivated but also of the uncultivated taxa (Table 1).
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Bacterial communities of various organs largely
overlap. Thus, endophytes of the root zone, as a
rule, are represented by bacteria from the phylum
Proteobacteria (approximately 50% of the commu-
nity), Actinobacteria, Firmicutes, and Bacteroidetes
(10% of the community each). Representatives of
other phylums, whose appearance in a role of endo-
phyte was often unexpected, were also found in the
root endosphere, although their share in the com-
munity was much smaller. Such microorganisms in-
clude bacteria from the phylums of Cyanobacteria,
Chloroflexi, Verrumicrobiae, Planctomycetes, Fu-
sobacteria, and Nitrospirae [35, 36]. In addition, it
was possible to establish, in the internal tissues of
the root, the presence of archaea and bacteria of the
phylum Acidobacteria, although their numbers were
significantly lower than that of the above-mentioned
representatives (about 1%) [35].

Since one method of endophytic colonization is
the penetration of bacteria into the plant root and
their further spread through xylem vessels or in-
tercellular spaces [37, 38], it is not surprising that
Proteobacteria, Firmicutes, and Actinobacteria are
the dominant phyla in stems and leaves. In particu-
lar, this has been demonsrated on beans (Phaseolus
vulgaris) [39].

[t is known that plants have the ability to pro-
vide for themselves a specific microbiome. That is,
to selectively allow only certain necessary micro-
organisms into their endosphere [1, 11]. Recent
studies of root endospheres have shown that only
a few bacterial groups dominate in this environ-
ment, which supports the above statement. This

has been demonstrated on potato plants [40] and
rice [35, 41, 42]. In both cases, Enterobacter,
Pseudomonas, and Stenotrophomonas from the
Gammaproteobacteria phylum dominated the bac-
terial community, and in rice they accounted for up
to 98% of observed OTUs (operational taxonomic
units, or the groups of microorganisms character-
ized by similarity of diagnostic fragments used in
molecular-genetic analysis). Sometimes, only one
of the most-represented groups was found in the
root. For example, in the case of Pseudomonas-
type bacteria in the roots of poplar Populus del-
toids [43], or in wheat germs and arabidopsis, the
typical dominant family is Streptomycetaceae from
the Actinobacteria phylum [2, 44, 45].

ENDOPHYTIC BACTERIA OF LEGUMINOUS CROPS
Bacteria belonging to various taxa, including the
genera Aerobacter, Aeromonas, Agrobacterium,
Bacillus, Chryseomonas, Curtobacterium, En-
terobacter, Erwinia, Flavimonas, Pseudomonas,
Sphingomonas, and Rhizobium [24, 31, 46—50]
were possible to isolate from roots and nodules of
leguminous crops. In the work of Lopez-Lopez et al.
(2010), 99 bacterial isolates from beans (Phaseolus
vulgaris) were identified. All of these were classified
as Firmicutes, Actinobacteria, and/or Proteobacte-
ria phyla, and approximately 50 species were iden-
tified. The phylum Firmicutes was most diverse. In
addition to the well-known species from the genera
Enterococcus, Nocardioides, Roseomonas, Lepto-
thrix, Cohnella, Rhizobium, Phyllobacterium, Mi-
crobacterium, Janibacter, Knoellia, Macrococcus,

Table 1
Diversity of endophytes from non-legume plants
Plant Endophytes Source
Cannabis Achromobacter, Pseudomonas, Alcaligenes, Enterobacter, (61]
(Cannabis sativa) Acinetobacter, and Bacillus
Grape . . Bacillus
(Vitis vinifera L.) Pseudomonas, Bacillus [1,31,32]
Potato
Enterobacter, Pseudomonas, and Stenotrophomonas [40]
(Solanum tuberosum)
Rice . Enterobacter, Pseudomonas, and Stenotrophomonas [35,41,42]
(Oryza sativa)
Poplar
(Populus deltoids) Pseudomonas [43]
Wheat
(Triticum sp.) Streptomycetaceae [2, 44]
Arabidopsis
(Arabidopsis thaliana) Streplomycetaceae (2, 45]
& ecological genetics 2019;17(1) eISSN 2411-9202
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Brachybacterium, and Streptomyces, new types
of genera Acinetobacter, Bacillus, Enterococcus,
Nocardioides, Paracoccus, Phyllobacterium, and
Sphingomonas were observed [51].

The pea is a representative of the legume fam-
ily, a model organism, and an important crop. It
has also been studied for its endophytic community.
In 2013, a study was conducted in which 75 bacteri-
al isolates were isolated from surface-sterilized roots
and nodules. Most of them (approximately 67 %)
belonged to gram-positive bacteria, of which 70%
and 90% of the nodule and root isolates, respec-
tively, were spore-forming and were attributed to
the genus Bacillus [31]. Particular attention should
be given to the fact that, in addition to bacteria of
the genus Rhizobium, various non-rhizobial bacte-
ria can also be widely represented in the nodules
of legumes (e. g., Pantoea, Escherichia, Bosea,
Phyllobacterium, Sphingomonas, Pseudomonas,
Agromyces, Microbacterium, Paenibacillus, Aero-
bacter, Agrobacterium, Chryseomonas, Curto-
bacterium, Erwinia, Flavimonas, Sphingomonas,
Methylobacterium, Blastobacter, Devosia, Rho-
dopseudomonas, Paracraurococcus, Phyllobacte-
rium, Ochrobactrum, Cupriavidus, Herbaspirillum,
Pseudomonas, Enterobacter, Leclercia, Ochrobac-
trum, Starkeya, Azotobacter, Azospirillum, Orni-
thinicoccus, Bacillus, and also Serratia), although
they do not belong to typical representatives of the
nodule microflora [52—55]. Due to the possibility
of using endophytes in agriculture, studies were
conducted to determine the identification of plant
growth promoting rhizobacteria (PGPB) in pea

plants. By analyzing the 16S rRNA gene sequence,
it was possible to establish the taxonomic identity
of the isolated organisms, namely Ochrobactrum
and Enterobacter [56]. In addition, a large number
of members of the genus Micromonospora were re-
cently found in the roots of the garden pea (M. au-
rantiaca, M. auratinigra, M. chaiyapumensis,
M. chersina, M. coerulea, M. coriariae, M. coxen-
sis, M. fulviviridis, M. lupini, M. matsumotoense,
M. pattaloongensis, M. saelicesensis, M. saga-
miensis, M. Siamensis, “Micromonospora zeae”,
“Micromonospora jinlongensis”, and Micromonos-
pora zamorensis) [57, 58]. Initially, Actinobacteria
of this genus were detected in the internal tissues of
the legume Lupinus angustifolius [57].

Other legumes have also been studied to de-
termine their endophytic community composition.
Chickpea root bacterial endophytes (Cicer arieti-
num L.), grown in saline soils, were represented by
40 observed isolates. Moreover, some of these sig-
nificantly improved the general condition of the host
plant under conditions of high salt content, while
protecting it from the pathogenic fungus Fusarium
solani. Such useful endophytes included Bacil-
lus cereus, Achromobacter xylosoxidans, Bacillus
thuringiensis w, and Bacillus subtilis [14]. A model
organism for genetic experiments, Medicago trun-
catula, is no exception to the general rule and may
contain endophytic bacteria. In particular, human
pathogens Klebsiella pneumonia and Salmonella
enterica ser. Typhimurium, in the role of PGPB,
may be the inhabitants of the endosphere of this
plant. [59].

Table 2
Diversity of endophytes from legume plants
Plant Endophytes Source
Mung bean . . .
(Vigna radiata L.) Bacillus, Agrobacterium, Bradyrhizobium [54]
Clover Agrobacterium, Bacillus, Bortedella, Comamonas,
(Trifolium pretense L.) Curtobacterium, Enterobacter, Methylobacterium, Pantoea, [52]
P R Pasteurella, Pseudomonas, Rhizobium, Xanthomonas
East Asian arrowroot Sinorhizobium, Mesorhizobium, Bacillus, Serratia, Enterobacter,
. : [53]
(Pueraria thunbergiana) Pantoea
Enterococcus, Nocardioides, Roseomonas, Leptothrix, Cohnella,
Rhizobium, Phyllobacterium, Microbacterium, Janibacter,
Common bean . .
(Phaseolus vulgaris) Knoellia, Macrococcus, Brachybacterium, Streptomyce, [51]
Acinetobacter, Bacillus, Enterococcus, Nocardioides, Paracoccus,
Phyllobacterium, and Sphingomonas
Pea Bacillus, Micromonospora, Ochrobactrum, Enterobacter, [48, 54, 55,
(Pisum sativum L.) Pantoea, Pseudomonas, Serratia 57, 58]
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Table 2 (continued)

Plant Endophytes Source
Lupine ;
(Lupinus angustifolius) Micromonospora [58]
Chickpea Bacillus cereus, Achromobacter xylosoxidans, [14]
(Cicer arietinum L..) Bacillus thuringiensis, and Bacillus subtilis
Alfalfa Bacillus cereus, Achromobacter xylosoxidans, [59]
(Medicago truncatula) Bacillus thuringiensis, and Bacillus subtilis
Faba bean Rahnella, Stenotrophomonas, and Enterobacter [60]
(Vicia faba) ’ ’

Several species of bacteria from the genus Pseu-
domonas, as well as the genera Rahnella, Steno-
trophomonas, and Enterobacter, were found in the
nodule community of common beans (Vicia faba),
which may confirm that nodules of legume bacteria
may not be inhabited only by rhizobial nodule-form-
ing bacteria [60].

The aboveground organs of leguminous plants,
stems, and leaves, are studied less often. In par-
ticular, using the fatty acid profiles, it was possible
to establish that the most widespread endophytes
of the stems and leaves of garden pea are bacteria
from the genera Pantoea, Pseudomonas, and Bacil-
lus [48] (Table 2).

ISOLATION AND IDENTIFICATION OF ENDOPHYTIC
BACTERIA

Methods for determining the localization of endo-
phytic bacteria in plant tissues can be divided into
quantitative and qualitative. In the case of quantita-
tive methods, the researcher has the opportunity to
accurately determine the number of bacterial cells
in the plant. Usually, a qPCR method (quantitative
polymerase chain reaction, or real-time PCR, which
is based on amplification and measurement of the
number of DNA molecules in real time after each
amplification cycle) is used for this, which enables
the determination of numbers within a cell [62].
Sometimes, quantitative methods include de novo
isolation, but in this case it is necessary to distin-
guish inoculated strains from the rest of the micro-
biome (e. g., by selecting for previously established
antibiotic resistance) [63].

There are also bioengineering approaches based
on visualization of bacteria (i. e., qualitative meth-
ods). Microorganisms containing a plasmid with a
reporter gene are investigated. In particular, GFP
(Green Fluorescent Protein), RFP (Red Fluorescent
Protein), and GUS-tagged cells are used [37, 64].
However, the use of GFP as a signaling molecule is

limited due to the presence of autofluorescence in
plant tissues. In addition, work with immunomarker-
labeled bacteria can be performed, as well as fluo-
rescent in situ hybridization in combination with la-
ser scanning confocal microscopy. In the latter case,
labeled oligonucleotide probes are used based on a
16S rRNA gene sequence, so it is possible to detect
rRNA in morphologically intact cells [65]. Visualiza-
tion methods, to some extent, can be attributed to
quantitative, as in each field of view, the number of
cells of the strain of interest can be counted. Another
simple, fast method for qualitative evaluation is clas-
sical PCR. With PCR, setting up controls in order to
avoid false-positive results is necessary, and quan-
titative assessment in this case is impossible [62].

Immunological instruments can also be used to
localize and count endophytes. These methods im-
ply a qualitative and/or quantitative assessment of
interactions of the antigen-antibody type. The sig-
nal molecule, which can be a fluorochrome, inter-
acts with the antibody, which makes visualization
possible [65].

Traditional methods of cultivation with corre-
sponding biochemical tests and microscopy, previ-
ously widely used to study taxonomic diversity, have
given way to NGS methods. New technologies en-
able identification of both cultivated and uncultivated
groups of microorganisms, as well as characteriza-
tion of not only individual representatives of the in-
ternal community, but the entire plant microbiome.
This has opened up new opportunities for the study
of relationships between host plants and bacterial
symbionts and between microorganisms of the plant
endosphere, which is necessary when studying plant
and microbial symbiosis.

ECOLOGY OF ENDOPHYTIC MICROORGANISMS
Endophytic microorganisms are widespread,

found in stems, leaves, roots, and seeds of various

plant species [1, 31]. The presence of bacteria in
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the tissues of generative organs, such as flowers
and fruits, has also been reported, although this
phenomenon was observed relatively rarely, and the
amount of endophytes observed was small [23, 32].
Microorganisms provide many benefits to their host
plants by providing vital functions. For bacteria, the
plant serves as a kind of reservoir or nutrient me-
dium. The plant, in turn, is able to select the most
effective complexes of microorganisms, providing its
individual microbiome [1, 11].

Bacterial endophytes usually inhabit the intercel-
lular space of plant tissues, and it was previously as-
sumed that their distribution is possible only through
intercellular spaces [23, 37, 66]. However, it was
later shown that some endophytes are able to move
through the xylem lumen, which is a characteristic
method for spreading pathogens. The transition is
made from one xylem element to another through
the holes of perforation plates [37].

Bacteria that inhabit plant tissues can colonize
the de novo endosphere from the environment or
can be transferred from seed to seed [13, 67, 68].
The mode of transfer is influenced by the ecologi-
cal and evolutionary aspects of the relationship, as
the path of vertical transmission ensures the trans-
fer of a useful symbiont from generation to genera-
tion [69]. This variant is common in cases where the
bacterial symbiont is responsible for an important
function [70].

Most bacterial endophytes are likely to be trans-
mitted horizontally. This is demonstrated by the
diversity of bacteria in seeds and seedlings grown
under field conditions, which is usually wider than
the diversity of endophytes in plants grown under
sterile conditions. This indicates that most endo-
phytes come from the environment [68, 71]. In ad-
dition, bacterial endophytes often do not have high
specificity to the host plant [19, 72, 73], and micro-
organisms that infect many plant species may spread
horizontally between them and are unlikely to be in-
herited strictly vertically.

Many believe that most endophytic bacteria
penetrate plants through the root system and then
spread throughout the plant via a stream of water
and nutrients [37, 74]. However, there are opinions
that the colonization of the aboveground portion of
plants can occur through airborne transmission via
stomata and cortical pores [11, 75—=77].

Bacterial cells primarily colonize the rhizosphere
of a plant, “recognizing” substances of root exu-
dates. Communicating with signaling molecules,
plants can attract mutualists and limit the penetra-

tion of pathogenic microorganisms [8]. For this,
plants can use salicylic and jasmonic acids, as well
as ethylene [59, 78]. Many bacteria do not stop at
the rhizosphere and rhizoplane but penetrate in-
side the plant through cracks (passively) or actively,
causing positive effects for the host plant. In passive
penetration, bacteria form biofilms [16]. With ac-
tive penetration, the plant reacts to endophytic mi-
croorganisms (e. g.,, by strengthening cell walls
and resin extraction). However, the action of these
mechanisms in response to endophytic colonization
is less pronounced than in the case of an attack of
pathogens [19, 78, 79].

As described above, not only vegetative, but also
generative organs of plants can undergo endophytic
colonization. In particular, this phenomenon has been
described in grapes. Namely, bacteria of the genera
Pseudomonas and Bacillus were isolated from the
fruits, flowers, and seeds of this plant [32]. In some
cases, flowers and fruits of plants have been inhab-
ited by unique species of endophytes that are not
found in the roots, which suggest that endophytes
are present in almost all plant organs [1, 37, 80].
Reports on the presence of endophytes on the sur-
face and inside the pollen of various plant species
are extremely interesting [81—84]. Moreover, exper-
imental data reported by Madmony et al. indicate
that endophytes isolated from pollen originated from
the parent plant (i. e., vertical inheritance).

FUNCTIONS OF ENDOPHYTIC BACTERIA

[t is thought that the associations of bacteria with
plants could arise and be a result of a positive se-
lection in favor of endophytes [85]. This implies the
existence of mutually-beneficial cooperation, and,
indeed, in the study of the functional activity of endo-
phytic strains, it was found that they have a positive
effect on the growth and development of the plant
and can improve nutrient supply. Their presence has
a positive effect on resistance to various stresses,
and in addition, during the long-term co-evolution
of plants and endophytes, the latter acquired the
ability to synthesize chemical compounds originally
produced by the host plant [11, 86]. In this regard,
the fact that under stress conditions, the frequency
of infection with endophytes increases deserves spe-
cial attention [17].

The ability of endophytic microorganisms to
produce vitamins and phytohormones explains why
plants inhabited by endophytes are generally more
resistant to diseases and produce high yields. For
example, the endophytes Rahnella aquatilis and
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Pseudomonas putiida, which are able to synthesize
indoleacetic acid, have a positive effect on the growth
and development of some cereals and radishes [87].
The endophyte Bacillus subtilis, which produ-
ces gibberellins, has a positive effect on plants [88].

The effect of stress resistance due to the pres-
ence of endophytes in plant tissues is of particular
interest. It has been reported that some microorgan-
isms are able to increase their tolerance to stresses
caused by drought, excessive irrigation, salinity,
presence of heavy metals, toxic organic compounds,
and pathogens due to modulation of ethylene levels.
Ethylene is a stress hormone responsible for many
processes. Its biosynthesis is tightly regulated by a
number of biotic and abiotic factors. Some endo-
phytic bacteria produce a certain enzyme (1-amino-
cyclopropane-1-carboxylate-deaminase) that causes
degradation of the ethylene precursor, thereby re-
ducing its content in the plant, as a result of which
the influence of many stresses decreases [16].

The fact that phytopathogens and endophytic
bacteria occupy similar ecological niches cannot be
ignored, as this indicates the existence of competi-
tion between these organisms and the possible place
of endophytes in biocontrol [80]. Many endophytes
are able to control pathogen numbers, including
nematodes and insects [89, 90].

Endophytic bacteria can also produce antibiotics.
For example, most bacteria from the genus Bacil-
lus synthesize compounds such as circulin, colis-
tin, and polymyxin, which suppress the growth of
gram-positive and gram-negative bacteria, as well
as many pathogenic fungi [91]. In addition, almost
all bacteria are capable of producing bacteriocins,
specific proteins that suppress the activity of cells of
other strains of the same species or related species
of bacteria [92].

Representatives of the endophytic community of-
ten have capabilities of synthesis of antifungal me-
tabolites. In particular, the bacterium Pseudomonas
viridiflava, commonly inhabitant of the aboveground
portion of herbaceous plants, produces ecomycin that
can act against human pathogens, such as Crypto-
coccus neoformans and Candida albicans. The pseu-
domycin produced by endophytes is effective against
Ceratocystis ulmi and Mycosphaerella fijiensis [93].
Antifungal activity of endophytes of peas and beans,
with respect to Bipolaris sorokiniana and Fusarium
oxysporum, has also been reported [94].

There is evidence that endophytes are capable of
producing siderophores (low molecular weight sub-
stances that chelate Fe®* ions) and vitamins, the

presence of which can enhance plant immunity and
resistance to pathogens [90, 95—97].

There are endophytes that produce immunosup-
pressants, anti-tumor, and antiviral compounds [90],
regulate osmotic pressure, stomato work, and mod-
ify the development of the root system [19], trigger-
ing an induced system of resistance of plants [98].
In addition, we must not forget about one of the
most basic functions of endophytic microorganisms,
namely providing the host with nutrients, such as
nitrogen and phosphorus, through their conversion
into easily digestible forms [17].

ENDOPHYTIC MICROORGANISMS IN AGRICULTURE

In traditional agriculture practices, the most
common, but also the most energy-intensive pro-
cess, is the production of mineral fertilizers, which,
when used in high doses, have a negative impact
on human health, soil fertility, and biodiversity [22].
Microbiological preparations used in the practice of
eco-oriented farming, which involves the use of well-
established symbiotic bonds, represent a good alter-
native to chemical fertilizers. The possibility of using
microorganisms that inhabit the internal tissues of
plants for the production of highly-effective biological
preparations makes this topic increasingly attractive
for research. There are studies demonstrating the
higher efficiency of this type of fertilizer compared
to mineral fertilizers. In particular, studies on Ba-
cillus subtilis strains obtained from hogweed, have
shown that productivity of spring barley (Hordeum
vulgare L.) was higher than with the use of mineral
fertilizers [21]. A number of microbial preparations
based on the bacteria Azospirillum, Pseudomonas,
Bacillus, Herbaspirillum, and Acetobacter have
been developed [19, 20]. Their use often enables
avoiding the need for treatment with pesticides [20].
In experiments, Garipovaya et al. demonstrated the
feasibility of bacterial treatments, given the disease
manifestations in beans treated with Bacillus subtil-
is and Rhizobium leguminosarum were significantly
reduced. Inoculation also increased plant mass, the
number of beans and seeds, and the mass of seeds
from a single plant [99]. The role of endophytes in
the field of soil bioremediation and basic research on
plant and microbial interactions cannot be underes-
timated [4, 7, 80, 100—103].

Plants growing on soils contaminated with xeno-
biotics usually contain microorganisms that are not
only resistant to such compounds, but also capable
of degrading them [104]. Endophytic bacteria from
white poplar trees growing on a site contaminated
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with toluene increased the effect of phytoremediation
of volatile organic substances and herbicides [105],
while bacteria from the genera Achromobacter,
Pseudomonas, Alcaligenes, Enterobacter, Acineto-
bacter, and Bacillus, isolated from Cannabis sativa,
had the ability to degrade phenol and benzene [61].
A particularly interesting and important fact in the
field of bioremediation is the ability of these endo-
phytic “utilizers” to degrade xenobiotics inside the
plant, thereby reducing the phytotoxic effect [90].

However, it is important to keep in mind that the
internal environment of the plant is inhabited by many
different endophytes. A study of plant microbiomes has
shown how great the contribution of microorganisms
is to the phenotype and physiological characteristics of
the host. Currently, properties of endophytic microor-
ganisms are widely known as growth-promoting activ-
ity, for nutrient supply (especially supply of nitrogen
and phosphorus), increases in resistance to various
stresses, and modulation of hormone levels.

[t is not surprising that topic of microbial com-
munity manipulation is becoming increasingly rel-
evant in the field of agriculture. However, the so-
called MAP (microbiome-associated phenotype)
was based on taxonomy, rather than on existing
traits [106, 107]. For this reason, for a long time,
the transition from fundamental knowledge to practi-
cal application, namely the development of effective
communities and manipulation of the microbiome,
caused considerable difficulties. This is evidenced by
the repeated ineffective attempts to use one strain
as a bio-fertilizer in various climatic and geographi-
cal conditions [107]. However, in 2018, research-
ers proposed a new concept of a “modular micro-
biome,” which is a microbial consortium developed
in accordance with the plant genotype, which im-
parts different, but complementary, MAPs to a sep-
arate host plant or entire population [106]. Since,
in fact, the relative importance of the microbiome
for plant growth, development, and health has not
been studied experimentally for most types of crops,
new MAPs-first approach is highly interesting, as
it implies the choice of consortia and implements a
specific MAP based on mathematical models [106].
Data obtained from such studies will form the nec-
essary foundation for experiments, which will enable
researchers to select strategies for the development
of synthetic endophytic communities.

CONCLUSION
The widespread distribution of endophytes is
well known and occurred as a result of long-term

co-evolution and selection in favor of these micro-
organisms. Most bacterial endophytes enter into
close relationships with their host plant and provide
significant advantages, such as producing a number
of biologically active substances that can serve as
growth stimulants. They are able to improve the im-
mune status of plants, increase the stress-tolerance,
and provide protection against diseases by compet-
ing with phytopathogens. Endophytic bacteria are
active participants in multi-component symbiotic
systems, interacting not only with the plant, but also
with other microorganisms in the community. It is
not surprising that these organisms attract more and
more attention from the point of view of not only
basic research of plant and microbial interactions,
but also practical applications in agriculture. Growing
interest is evidenced by improvement of research
methods and new proposals on methods of studying
not only specific representatives of one or another
part of the community, but also the multi-compo-
nent network as a whole. Integration of various ap-
proaches will allow for a deeper understanding of the
interaction of microorganisms and plants, which will
be the foundation for more promising studies and
strategies for using the data obtained in practice.
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