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Abstract
Plants are spontaneously colonized by various microorganisms with rhizospheric, endophytic or epiphytic development.
Moreover, plants microbiota can also be enriched, for various purposes, with microbial inoculants. Among
microorganisms, bacteria are more abundant, compared to other microbial categories. The most studied, well-known
and applied beneficial bacteria are the one colonizing the rhizosphere. However, bacterial endophytes provide similar
advantages. Since an intimate bound with their plant host is established, not only the plant is benefiting from the
biological traits of the endophytic bacteria, but also the microorganisms are in some way protected by various
environmental factors once inside the plant tissue. Plant-endophyte associations are diverse and complex, triggering a
high interest, mostly due to their beneficial traits in improving crop performance and plant protection against biotic
and abiotic stress. Bacterial endophytes can increase nutrient uptake in the host plants, elicit plant defense reaction and
stress tolerance, or prime a faster and stronger plant protection mechanism. Beside the agricultural benefits that can be
achieved through endophyte colonization, there are also environmental protection aspects. Some endophytes are
indirectly involved in the phytoremediation process, or improve the plant’s capacity to colonize new harsher
environmental areas. By understanding the mechanisms and functions of endophyte’s relationship with their hosts in
specific environmental circumstances we can improve the microbial balance for a better use of agricultural inoculants
and microbial land-improvers.
Key words: plant growth promoting endophytes (PGPE).

INTRODUCTION

applied beneficial bacteria are the ones
colonizing the rhizosphere. However, bacterial
endophytes provide similar advantages. Since
an intimate bound with their plant host is
established, not only the plant is benefiting
from the biological traits of the endophytic
bacteria, but also the microorganisms are in
some way protected by various environmental
factors once inside the plant tissue. Plantendophyte associations are diverse and
complex, triggering a high interest, mostly due
to their beneficial traits in improving crop
performance and plant protection against biotic
and abiotic stress (Dey et al., 2019; Eid et al.,
2019).
Bacterial endophytes can increase nutrient
uptake in the host plants, from both organic and
inorganic sources, can increase the root system,
improve photosynthesis, enrich the levels of
phytohormones and biostimulant compounds
for the plants, enhance vegetation in biotic and
abiotic stressful conditions, elicit plant
defensereaction and stress tolerance, or prime

Endophytes are internal colonizers of plant
tissues coexisting with their hosts without
causing visible symptoms or harm, but
sometime influencing plants’ vegetation,
mainly in a good way. They colonize mostly
the intercellular space and they can transit also
through vessels (Maela & Serepa-Dlamini,
2019). In only a few cases endophytes were
reported as intracellular microorganisms,
mostly related to symbiotic associations, as
those present in rhizobia (Thomas & Sekhar,
2014).
Although potential endophytes can naturally
use different access pathways to enter inside
plants, there are motifs to enrich plants
microbiota with beneficial inoculants, for
purposes such as: plant growth promotion,
plant protection, or environmental safety.
Among microorganisms, bacteria are more
abundant, compared to other microbial
categories. The most studied, well-known and
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faster
and
stronger
plant
protection
mechanisms.
Beside the agricultural benefits that can be
achieved through endophyte colonization, there
are also environmental protection aspects.
Some endophytes are indirectly involved in the
phytoremediation process, or improve the
plant’s capacity to colonize new harsher
environmental areas. By understanding the
mechanisms and functions of endophyte’s
relationship with their hosts in specific
environmental circumstances we can improve
the microbial balance for a better use of
agricultural inoculants and microbial landimprovers.

rhizosphere or epiphytic inhabitants that find a
way to enter inside plants by active or passive
manners.
Endophytes could be transmitted also vertically
through seeds and vegetative multiplication
(Figure 1). More common is horizontal
transmission, when soil, rhizosphere, air-borne
and epiphyte microorganisms succeed to enter
inside plant tissues. Underground roots can
contact soil and rhizosphere microorganisms’
through bio-chemical signaling or direct
interaction (Koo et al., 2005; Palmieri et al.,
2019). Soil and rhizosphere microorganisms
can enter into the plant through lenticels, root
cracks, natural injuries, and degraded root
hairs. Some soil inhabitants such as nematodes,
soil insects and vertebrates can also contribute
to microbial inoculation. Likewise, humans’
activities such as soil works can cause root
cracks that facilitate microorganisms to enter
the plants. In the case of leguminous plants,
microorganisms as rhizobia can be coopted by
the plant root hairs, during root coiling, leading
to the formation of root nodules (Dincă &
Dunea, 2017). Once inside the roots,
endophytic bacteria can colonize the adjacent
internal plant tissues (Figure 2).

ENDOPHYTES ACCESS PATHWAYS IN
PLANTS
In most situations, endophytic colonization
starts after a complex communication between
the plants and the adjacent microbial
communities. During this process both partners
are changing their behavior and alter the
surrounding environment, affecting also
neighboring life forms.
Endophytic lifestyle can be achieved by many
types of microorganisms, such as soil,

Figure 1. Vertical transmission of endophytes during vegetative and generative plant propagation

Note. This figure was createdby the authors using various sources: http://agritech.tnau.ac.in; https://clip.cookdiary.net; https://www.enasco.com;
https://i.pinimg.com; https://www.ucbmsh.org)

Plants can also contact outer microorganisms
that were brought by the wind, water,

pollinators or other arthropods, vertebrates,
including human activities.
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The entering parts could be the natural
openings, such as stomata, lenticels, pollinating
tube, but also injuries of any type.
In some cases, plant association with
microorganisms is already established, if

endophytes were vertically transmitted during
seed formation or horizontally spread within
plant tissues before vegetative propagation
(Frank et al., 2017; Luo et al., 2019).

Figure 2. Endophytes access pathways into the plant
Note. This figure was createdby the authorsusing various sources: Chowdhury et al. (2019); https://bio1152.nicerweb.com;
https://garden.lovetoknow.com; https://www.shutterstock.com; Liu et al. (2017); Stavrinidou et al. (2015)

BENEFITS OF PLANT - ENDOPHYTE
INTERACTION

promotion, but also for plant protection in
biotic and abiotic stressful conditions.
Plant growth promoting endophytes (PGPE)
are able to mediate the phytohormone levels in
plants and therefore the metabolic pathways
depending on it. But choosing endophytes do
not have to limit only to these traits, and should
provide also an increased nutrient availability
and uptake, reduced stress effects on their hosts
and support plant growth and productivity in
various or extreme environmental conditions.
Recently, the modulation by endophytes of
secondary metabolism for bioactive molecule
production in medicinal plants has also be
shown (Maggini et al., 2020).

Plant growth promotion has always been of
interest for agriculture and environmental
protection. There are continuous reasons for
improving plant growth, either because of the
economic advantages, demographic increase,
climate changing conditions, phytoremediation
needs, or even for pride.
Endophyte microorganisms have the advantage
of being intimate with their host plants. Many
biologic processes are activated more rapidly
by endophytes compared toother microorganisms. This benefitis not only for plant growth
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LABORATORY PROCEDURES
ENABLING PGPE SELECTION

Nowadays, the advantages of microbial
inoculants are largescale known. The most
commonly used bacterial inoculants are those
based on rhizobia andrhizobacteria (Dincă &
Dunea, 2017; Helepciuc et al., 2019) such as
Azospirillum,
Azotobacter,
Bacillus,
Pseudomonas and Rhizobium, or closely related
(Soare et al., 2017; Dumitru et al., 2019; Santos
et al., 2019). But the interest forendophyte
application has started to grow, as well as the
microbial variety of endophytic species (Ou et
al., 2019). Thereby, when choosing the
appropriate
endophytes
for
inoculants
production, the fact that their application is not
inside the plants must be considered. Therefore,
potential endophytes need to be competitive to
other microorganisms (Checcucci et al., 2017).
Ideally, they should promote plant growth even
before entering into their host. In this concern
when selecting PGPE we must consider not
only plant hormone modulation and activation
of their metabolic pathways, but also bacterial
potential to increase nutrients bioavailability
for the plants, in order to stimulate plants
interests to collaborate and coopt the inoculated
endophytic strains.

Phytohormone production
Phytohormones are plant growth regulators
with a great beneficial impact on plant growth
in both regular and stressful conditions. Studies
have
revealed
that
phytohormone
supplementation can improve plant metabolic
activity and stimulate plant defense response to
abiotic stress factors (Egamberdieva et al.,
2017). To select those bacteria capable to
produceindole-3-acetic acid (IAA) and secrete
it outside the cell there are several tests that can
be performed. The most used are performed
through microbiologic and biochemical
analysis. At first, for strain selection, it is better
to use a qualitative test on agar plates. This
way, a large number of bacterial isolates can be
tested with minimum expenses. For IAA
testing on agar plates the growth media should
contain 100 µg/ml tryptophan, as precursor.
Umesh and Ashok (2011) recommend using
JNFb- agar (Table 1), supplemented with
tryptophan.

Table 1. Selective media for endophytes characterization
Medium name
JNFb solid medium (g/L)

Micronutrient solution for
JNFb medium (g/L)
Bromothymol blue solution
for JNFb medium
Vitamin solution for JNFb
medium
DF minimal medium (g/L)

Trace elements solution for
DF minimal medium
Ferrous sulphate solution for
DF minimal medium
Pikowskaya (PVK) medium
for phosphate solubilization
(g/L)
NBRIP medium for phosphate
solubilization (g/L)

Composition
Malic acid, 5.0; K2HPO4, 0.6; KH2PO, 1.8;
MgSO4·7H2O, 0.2; NaCl, 0.1; CaCl2·2H2O, 0.02;
Micronutrient solution, 2 mL; bromothymol blue
solution, 2 mL; Fe-EDTA solution (16.4 g/L), 4 mL;
vitamin solution, 1 mL; KOH, 4.5; agar 17.0. The pH
must be adjusted to 5.8 with KOH
CuSO4·5H2O, 0.04; ZnSO4·7H2O, 0.12; H3BO3, 1.40;
Na2MoO4·2H2O, 1.0; MnSO4· H2O, 1.175.
5 g/L bromothymol blue in 0.2 N KOH
0.01% biotin and 0.02% pyridoxal-HCl in distilled
water. Placed in hot water bath for dissolution
KH2PO4, 4.0; Na2HPO4, 6.0; MgSO4·7H2O, 0.2;
glucose, 2.0; gluconic acid 2.0; citric acid 2.0; 0.1ml of
trace elements solution; 0.1ml ferrous sulphate
solution; agar 18.0
10 mg H3BO3; 11.19 mg MnSO4·H2O; 124.6 mg
ZnSO4·7H2O; 78.22 mg CuSO4·5H2O; 10 mg MoO3
dissolved in 100 ml of distilled water
100 mg FeSO4·7H2O dissolved in 10 ml of distilled
water
Glucose, 10; yeast extract, 0.5; (NH4)2SO4, 0.5; KCl,
0.2; MgSO4·7H2O, 0.01; FeSO4·7H2O, 0.0001;
MnSO4·H2O, 0.0001; Ca3(PO4)2, 5.0; agar, 15; pH 7.0
Glucose, 10; (NH4)2SO4, 0.1; KCl, 0.2; MgCl2·6H2O,
5; MgSO4·7H2O, 0.25; Ca3(PO4)2, 5; agar, 15; pH 7.0
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Medium name
Modified PVK and NBRIP
growth media for phosphate
solubilization
PSM for phytate solubilization
(g/L)
Aleksandrov medium for PSB
and KSB screening (g/L)
Aleksandrov medium Modified
by Rajawat et al. (2016)for PSB
and KSB screening (g/L)
Aleksandrov medium Modified
by Hu et al. (2006)for PSB and
KSB screening (g/L)
Selective media for KSB
screening (g/L)
Bunt & Rovira medium (g/L)

Bunt & Rovira supplemented
medium for zinc-compounds
solubilization (g/L)
Growth medium for KSB
screening(g/L)
DB agar medium for CDB (g/L)
King B (g/L)
Arnow’s reagent
Iron free modified M9 medium

Composition
Mentioned growth media supplemented with pH
sensitive dyes, such as bromphenol blue 0.1 g/L or
bromcrezol purple 0.1 g/L.
Glucose, 15; (NH4)2SO4, 5; KCl, 0.5; MgSO4·7H2O,
0.1; NaCl, 0.1; CaCl2·2H2O, 0.1; FeSO4, 0.01; MnSO4,
0.01; sodium phytate, 5.0; agar, 15.0; pH 6.5
Glucose, 5.0; MgSO4·7H2O, 0.5; CaCO3, 0.1; FeCl3,
0.006; Ca3(PO4)2, 2.0; potassium aluminium silicate
(feldspar), 3.0; agar, 20.0; pH = 7.2
Aleksandrov medium amended with 100mg/L of
different acid-base indicator dyes: phenol red,
bromocresol purple, or bromothymol blue
Glucose, 5.0; MgSO4·7H2O, 0.5; CaCO3, 0.1; FeCl3,
0.005; phosphorite GY, 2.0; montmorillonite, 2.0; agar,
18.0; pH = 7.0
Sucrose, 10.0; yeast extract, 0.5; (NH4)2SO4, 1.0;
Na2HPO4, 2.0; MgSO4·7H2O, 0.5; CaCO3, 1.0; potash
feldspar, 1.0; agar, 15.0.
Glucose, 20; peptone, 1; yeast extract, 1; (NH4)2SO4,
0.5; K2HPO4, 0.4; MgCl2, 0.1; FeCl3, 0.01; agar 18.0;
pH 6.6.-7.0. Some recommend using soil extract in a
ratio of 1:3 v/v of the final volume (which means
250ml soil extract in a final volume of 1L of medium).
0.1% ZnO
0.1% ZnCO3
pH sensitive dyes such as bromphenol blue 0.1 g/L or
bromcrezol purple 0.1 g/L
Dextrose, 10.0; (NH4)2SO4, 1.0; KCl, 0.2; K2HPO4,
0.1; MgSO4·7H2O, 0.2; 0.1% insoluble Zn compound
(ZnO or ZnCO3); agar, 15.0; pH 7.0
Glucose, 5.0; Yeast extract, 1.0; Peptone, 1.0; K2HPO4,
0.4; MgSO4, 0.01; NaCl, 5.0; (NH4)2SO4, 0.05; CaCO3,
5.0; agar 20.0
Proteose peptone, 20.0; K2HPO4, 1.5; MgSO4·7H2O,
1.5; glycerol 10ml; agar 18.0
10g NaNO2, 10g Na2MoO4·2H2O in 50 ml distilled
water
KH2PO4, 0.3 g/L; NaCl, 0.5 g/L; NH4Cl, 1 g/L;
MgSO4·7H2O,
493 mg/L;
CaCl2,
11 mg/L;
1.17 mg/L;
H3BO3,
1.4 mg/L;
MnSO4·H2O,
CuSO4·5H2O, 0.04 mg/L; ZnSO4·7H2O, 1.2 mg/L;
Na2MoO4·2H2O, 1 mg/L; casamino acids, 3 g/L;
PIPES, 30.24 g/L; FeCl3·6H2O, 10 μM/L; EDTA,
3.27 mg/L; glycerol, 5 g/L; agar, 1 8g/L

References
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Agrawal et al., 2015;
Matos et al., 2017
Bae et al., 1999; Singh et
al., 2013; Tungala et al.,
2013;Dobre et al., 2016
Prajapati & Modi, 2012;
Etesami et al., 2017;
Rajawat et al., 2016, 2019
Etesami et al., 2017;
Rajawat et al., 2016, 2019
Hu et al., 2006
Rajawat et al., 2019
Liu et al., 2013;
Dong at al., 2019
Dobre et al., 2016

Abaid-Ullah et al., 2015
Kumar et al., 2012
Saravanan et al., 2007;
Goteti et al., 2013
Tamilselvi et al., 2016
Kotasthane et al., 2017
Radzki et al., 2013

where PSB: phosphorus solubilizing bacteria; KSB: potassium solubilizing bacteria; ZnSB: zinc-compounds solubilizing bacteria; SiSB: siliconcompounds solubilizing bacteria; CDB: calcite dissolving bacteria

Auxin quantitative test could be also performed
in Luria-Bertani medium with IAA precursor.
For this test, fresh bacterial cultures should be
inoculated in cavities, aseptically made in the
culture media. After overnight incubation, the
suspension must be removed, and the holes
filled with an equal amount of Salkowski
reagent (2% of 0.5M FeCl3 in 35% HClO4
solution). In positive reactions a pink color
appears in and around cavities (Figure 3). The
pink halo rings of the positive reactions can be
used to appreciate which bacterial strains are

higher IAA producer. Umesh & Ashok (2011)
reveal a good correlation between this semiquantitative method and the results obtained
when IAA amount was quantified through the
colorimetric analysis.
Spectrophotometric
analysis
for
IAA
quantification is another approach for
beneficial bacterial strain selection. A
calibration curve must be performed along with
this analysis for correct determination of the
IAA produced. For this analysis, bacteria are
grown in usual culture medium and in media
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supplemented with IAA precursor, usually
2.5 mM and sometime 5 mM tryptophan.

a

methanol. Beside this method, Sharma et al.
(2018) are describing another gibberellins
estimation assay. For 15 volumes of culture
supernatant there should be used 2 volumes of
zinc acetate reagent prepared from 1M zinc
acetate and 1% glacial acetic acid. Two
minutes after, 2 volumes of 250 mM potassium
ferrocyanide should be added and the mixture
centrifuged for 15 minutes at low speed. Equal
volumes of clear supernatant and 30% HCI
should be mixed an incubated for 75 minutes at
room temperature before spectrophotometric
analysis (254 nm). For blank a 5% HCl
solution is used, and the quantification is
determined comparing with a standard curve,
with 0.01 to 0.1% GA3.
It was shown that gibberellins are responsible
for the induction of several degrading enzymes
such as α-amylase, β-glucanase and protease
(Barr, 1976). First studies were revealed on
barley endosperm (Coombe et al., 1967a).
Atzorn & Weiler (1983) confirmed that the
increase of GA levels is correlated with an
increase of α-amylase activity. Considering
these Lindow et al. (1998) developed a
bioassay that correlates gibberellins with the αamylase released. Sharma et al. (2018) express
the enzyme activity in units of reducing starch,
correlated with the response to GA3 dose from
the prepared curve. The α-amylase test could be
also performed on barley endosperm coupled
with gel diffusion technique (Coombe et al.,
1967b). The gibberellins are extracted from the
microbial cultures by reversed dialysis. The
extract is then used to treat the sterilized barley
endosperm. The test is performed in the starchagar gel, prepared from 2.5% agar with 1%
starch and poured in 2-3 mm layer on acetate
foil or microscopic slides. The barley
endosperm is placed together with the extract
in5 mm diameter holes performed in the agar
layer. After 3 days of incubation at room
temperature, in the dark, the gel is stained with
iodine solution that colors in blue the remains
of starch (Figure 4). Since there are many
bacterial strains producing amylase it is
mandatory for this assay to not use culture
supernatant as it is, and submit it for proper
phytohormone extraction.

b

Figure 3. Detection of IAA by semi-quantitative (a)
and quantitative (b) methods

The test should be performed with standardized
inocula, with the same concentration of
CFU/ml at starting time (Sicuia et al., 2016).
Overnight or up to 3 days old cultures can be
used in the quantification. To each 2 ml of clear
supernatant, collected by centrifugation, 3
drops of o-phosphoric acid and 4 ml Salkowski
reagent (FeCl3-HClO4) are added. The
homogenate should be incubated for 25-30 min
at room temperature before the reading at 530
nm. The spectrophotometric determination is
than correlated with the standard curve
(containing 0÷100 mg IAA/ml) in order to
perform IAA quantification.
For gibberellic acid (GA) production, specific
ELISA kits could be used. Indirect tests, using
crude GA extracts for plant growth stimulation
are also mentioned (Hasan, 2002). A rapid and
simple way to detect and quantify bacterial
strains producing GA is the spectrophotometric
analysis (Pandya & Desai, 2014). Two days old
bacterial cultures are centrifuged at high speed
for at least 15 minutes. The cell free
supernatant is treated with 3.75 N HCl until the
pH value drops to 2.5.The samples are
subjected to liquid-liquid extraction method
(Siddikee et al., 2010) using two times 1:10 v/v
ethyl acetate, then 1M NaHCO3 (pH 2.0) 1:1
v/v, to purify the ethyl acetate fraction. The
NaHCO3 solution having the free GA is
partitioned in two, and mixed again with ethyl
acetate (Volume 1:10). The upper fractions are
collected, reunited, and dried using rotary
evaporator. The residue is dissolved in 4 ml
absolute methanol and filtered through
Whatman No. 42 paper. The GAs extracts can
then be measured in UV light (254nm) against
control blank. A calibration curve should also
be performed in order to quantify the
spectrophotometric readings, using different
concentrations of GA dissolved in absolute
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a

deaminase activity. This enzyme hydrolyses
ACC
(1-aminocyclopropane-1-carboxylic
acid), a precursor of ethylene, and therefore is
lowering the amounts of this hormone in plants
(Vanderstraeten et al., 2019).
Ethylene is involved in the regulation of
various physiological processes of plants. In
abiotic stressful condition ethylene production
increases, which negatively influences plant
growth and development. Considering these
bacteria showing ACC-deaminase activity can
exert beneficial effects on abiotic stressed
plants (Gupta & Pandey, 2019). Moreover,
endophytes that possess this enzyme can use
the ACC as nitrogen source, converting it into
ammonia and α-ketobutyrate, and thereby
lowering the levels of ethylene in plants and
maintaining a normal growth potential in
stressful abiotic conditions (Kuźniar et al.,
2019).
Testing bacteria for ACC-deaminase presume
growing them on DF salt minimal medium
(Table 1) supplemented with 3 mM ACC as
sole nitrogen source. Positive and negative
controls should be prepared using DF medium
supplemented with 2 g/L ammonium sulphate
as positive control, and N-free DF medium as
negative control (Penrose & Glick, 2003).

b

Figure 4. Barley endosperm assay detecting gibberellin
inducing α-amylase: a. Negative control, b. Treatment
with Bacillus sp. gibberellins extract

Phytohormone producing microorganisms can
also be evaluated by various bioassays. The
microorganisms are first grown in specific
broth with or without precursors, such as Ltryptophan for auxins (Zhao, 2014), furfural or
adenine and isopentyl alcohol for cytokinins
(Zahir et al., 2001), or ent-kaurene for
gibberellins (Otsuka et al., 2004). The culture
supernatant is then submitted to specific
extraction procedures and used for different
bioassays. Each time a series of phytohormone
dilutions should be used as standard curve. The
etiolated wheat coleoptiles bioassay is used for
indole acetic acid evaluation (Bose et al.,
2013), for gibberellins evaluation, excised
lettuce hypocotyl sections can be used (Silk and
Jones, 1975), and for cytokinins, excised
cucumber or radish cotyledons (Figure 5) are
used (Letham, 2006).

a

Nitrogen-fixation
Improving nitrogen fixation in plants is an
important trait obtained after a proper
symbiosis
with
specific
beneficial
microorganisms, such as diazotrophs and other
biological nitrogen fixers (BNF). The most
studied are the rhizobia and leguminous plants
associations,
then
Azospirillum
and
Azotobacter species with cereals (Sivasakthi et
al., 2017; Rosenblueth et al., 2018). However,
there are many other bacterial species able to
fix nitrogen in plants.
Research activities have shown various
methods to evaluate microbial ability to
improve nitrogen fixation in plants. Some of
these methods are tracking plant morphophysiological changes associated with nitrogen
fixation, such as chlorophyll content, number
and weight of biological active nodules, total
nitrogen differences etc. There are also other
methods such as:acetylene reduction assay, Nsolute analysis of xylem exudate method and
detection of 15N labeled compounds.

b
Figure 5. Cytokinin bioassay using excised radish
cotyledons: a. Negative control, b. Treatment with
B. subtilis cytokinins extract

Among plant hormones there are also other
compounds whose level can be changed due to
microbial activity, for instance: abscisic acid,
ethylene, polyamines, jasmonates, salicylic acid
and strigolactones. Modifying phytohormone
levels in plants, the microorganisms influence
plant reaction to biotic and abiotic stress
factors. Most studies in these concerns are
debated in studies that discuss plant protection
and environmental issues.
ACC deaminase production
A widespread characteristic among plant
growth promoting bacteria is the ACC
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Figure 6. Different approaches for studying plant-microbial interactions

Testing bacterial nitrogen-fixing activity
requests controlled growth condition of the
plant growth substrate also. For such studies,
inert substrate like sand, perlite, vermiculite,
and sometime agar are used. To evaluate the
nitrogen–fixing abilities of plant associated
microorganisms it is required to grow the host
plant in a nitrogen–free medium. There are
several nutrient solutions already described.
However, first compositions of nutrient
mixtures were those used in soilless cultures
such as Knop's (used in hydroponics), Helriegel
(used in sand cultures), Prianishnikov (with a
much stable pH compared to the ones before)
that had also nitrogen input. Later on, nitrogen
free nutrient solution like Hoagland, Crone, or
Bryan's modification of Crone's salt
formulation appeared, some are nitrogen free
and others that have all macronutrients in order
to be used as control (El-Ramady et al., 2014).
Controlled plant growth can be performed in
various assay systems such as gnotobiotic
condition, Cyg pouches, Leonard jars or similar
(Figure 6), depending on plant species and
microbial inoculants.

Phosphorus deposits in nature are plentiful, in
both organic and inorganic forms. However,
the available forms that can be absorbed by
plants are not always sufficient for proper
nutrition. Fertilizers application raises the
amount of available phosphorus for the plants,
but after a short time almost tree quarter of the
amount are blocked in the soil. Therefore,
microbial conversion of P-compounds into
water soluble forms, easily absorbed by plants,
is of great interest for the agriculture. There are
many
ways
to
select
P-solubilizing
microorganisms, but the easiest and economic
way is by growing them on insoluble
phosphates or phytates enriched media. The
most common media for such tests are
Pikovskaya agar and NBRIP that contain
tricalcium phosphate (Dobre et al., 2016; Matos
et al., 2017), or PSM and TS agar media
containing phytates (Demirkan et al., 2014),
with or without pH sensitive dyes (Table 1).
Dynamic semi-quantitative tests could be
performed on such growth media by
inoculating the plates and measuring the
clearing halos at different incubation times
(Figure 7). Such measurements can be used
also for comparative analysis between strains.
In such case it is recommended to use the
phosphate solubilization index (Firew et al.,
2016):
CD + HD
SI =
CD

Phosphorus solubilization
Phosphorus (P) is one of the macronutrients
essential for plant nutrition, structure, growth
and biologic activities. It is involved in root
growth stimulation, plant vigor increase, stem
strengthen, flowering stimulation, fruiting
uniformity, seed production, crop quality
improvement, earlier crop maturity and
increase plant resistance to pathogens attack
(Shen et al., 2011; Malhotra et al., 2018).

where: SI = solubilization index; CD = microbial colony
diameter; HD = halo zone diameter.
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The measurements must be carried out after the
same incubation period, performed in identical
growth conditions.

a

1 day

b

6 days

c

1 day d

1 day

organic acids play an important role in
inorganic P-compounds mobilization.
Potassium solubilizing bacteria (KSB)
Potassium (K) is one of the nutrients essential
in plant growth and development, involved in
plenty plant biologic activities, such as nutrient
transportation, turgor maintenance, enzymes
activation and several defense mechanisms
against disease and insect attacks.
Screening microbial potential for potassium
solubilization is more common in soil and
rhizosphere microorganisms. However, for
microbial inoculants, although of endophytic
potential, such characteristics are beneficial,
mostly because many inoculants are applied in
the growing substrate, therefore externally to
the plant.
The most common KSB studies are performed
on Aleksandrov medium and modified
Aleksandrov media (Hu et al., 2006 or
Rajawatet al., 2016) (Table 1). However, those
media are also containing tricalcium phosphate
thus the solubilization halos could be
influenced by strains ability to solubilize
phosphates. Therefore, it is believed that the
growth medium mentioned by Liu et al. (2013)
and sustained by Dong et al. (2019) is more
appropriated (Table 1). There should be also
considered that bearing insoluble K-minerals
(such as: K-feldspar, K-rich shales, muscovite,
illite, biotite) could be influenced by strain
ability to solubilize Si-compounds, due to rocks
composition. Therefore, such qualitative assays
must be performed in parallel to phosphate and
silica solubilization tests (as in Figure 8).
In qualitative assays for KSB screening
cultures should be incubated for at least 48h at
27-30°C, or depending on the microorganisms.
Positive results are revealed by the clearing
halo developed by the solubilizing bacteria
around their colonies. If pH-sensitive dyes are
added into the substrate, as in modified
Aleksandrov media (Rajawat et al., 2016), the
halo will have a yellow color (Figure 8c) due to
organic acids production released by the
microorganism in order to solubilize the
substrate.

Figure 7. Phosphate solubilizing bacteria on
Pikovskayaagar media, with or without (a, b) pH
sensitive dyes: bromophenol blue (c), or bromocresol
purple (d), after different incubation times

Microbial potential to mobilize inorganic and
organic P-compounds could also be quantified
spectrophotometric. For insoluble phosphates
mobilization, or phytase activity, Firew et al.
(2016) recommend a comparative quantitative
assay, performed in PVK liquid medium
supplemented with 0.5% Ca3(PO4)2 (equivalent
to 997 µg “P”/ml), along with PVK
supplemented with 0.25% (w/v) rock phosphate
(equivalent to 500 µg “P”/ml). Media
inoculation must be performed with
standardized microbial suspension at a rate of
10% (v/v).The incubation is recommended
under controlled, constant temperature and
shaking condition. After different times of
incubation, 3 days to 3 weeks, aliquot could be
aseptically withdrawn, periodically, and
centrifuged in order to collect the clear
supernatant.
Theamount
of
solubilized
phosphorus can be estimated by Jackson
method (Selvi et al., 2011) and expressed as
equivalent
phosphate
(µg/ml).
Studies
performed by Firew et al. (2016) revealed
direct proportionality between P-solubilization
and culture acidification, confirming that

64

a

b

c

d
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Figure 8. Bacterial growth (strain Si10) revealing solubilization halos on different growth media comprising insoluble
compounds: Pikovskaya agar containing Ca3(PO4)2 (a), Aleksandrov medium containing Ca3(PO4)2 and feldspar (b);
modified Aleksandrov medium with Ca3(PO4)2, feldspar and bromphenol blue (c), Potassium solubilization media
containing feldspar (potassium aluminium silicate) (d), and Bunt &Rovira medium supplemented with talc (magnesium
silicate) (e) at different incubation times. These media are able to indicate PSB (a), both PSB and KSB (b, c), KSB (d)
and SiSB (e)

Enhanced micronutrient acquisition
Microbial beneficial attribute for plant nutrition
is already a known fact. Plant nutrition can be
improved not only by fertilizers application but
also
through
nutrient
solubilizing
microorganisms, especially those providing the
nutrients that are blocked within indissoluble
compounds, or cannot by absorbed due to some
abiotic stress factors. Such elements are
calcium, copper, iron, manganese, selenium,
silicon and zinc (Mora et al., 2015).
In some cases, the amount of available
micronutrients in the soil is enough for plant
nutrition. However, due to the benefits of some
elements for human health and nutrition (such
as Se, Fe, Zn), growers are interested to boost
their amount in the edible plants’ parts, by
supporting natural acquisition. In this concern,
there are already countries that developed
strategies for plants’ biofortification. Mora et
al. (2015) have listed some of the plant growth
promoting bacteria already used for such
purpose in countries like Finland, United
Kingdom, USA, Australia, and New Zealand.
In the case of Se-biofortification in plants the
most common sources are sodium selenite,
sodium
selenate,
selenobacteria
and
endophytes. Studies have shown that
endophytic selenobacteria applied alone or
together with arbuscular mycorrhizal fungi can
provide plant growth promotion and
biofortification of plants also in stressful
conditions (Duran et al., 2018; Trivedi et al.,
2019).
To select those bacteria able to acquire
selenium, they could be inoculated on NutrientAgar medium supplemented with 2 mM
sodium selenite (Na2SeO3), or sodium selenate
(Na2SeO4). It is important that selenite sodium
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salts be sterilized by filtration, due to their
sensitivity at high temperature. After 24-48 h of
incubation, the colonies turning red are those
considered selenobacteria (Trivedi et al., 2019),
as the red coloring indicates Se reduction
(Sura-de Jong, 2015).
For plants, zinc compounds solubilization is
also an important aspect. Zn is involved in
essential life processes in plants, such as:
nitrogen metabolism, chlorophyll synthesis,
pollen formation, cell membrane integrity, or
plant resistance to oxidative stress and phytopathogens attack (Saharan et al., 2019).
Microorganisms play an important role in zinc
bioavailability, releasing Zn from insoluble
compounds, in the benefit of plant nutrition. In
order to evaluate microbial potential for Zn
solubilization several semi-quantitative tests
can be performed on mineral salt media, such
as Bunt & Rovia (Table 1),supplemented with
ZnO, ZnCO3, or Zn3(PO4)2. Clearing halo can
be seen around solubilizing strains (Dobre et
al., 2016) after 1 to 5 days of proper incubation.
Calcite dissolving bacteria are screened on DB
agar medium (Table 1). Positive strains are
evaluated based on the clear zone formation
around colonies. As in all plate assays, the
solubilization index (SI) can be calculated
based onhalo diameter and colony size
(Tamilselvi et al., 2016).
In the case of iron, usually the soil is providing
enough amounts for plants requirements. Still,
there are some cases when iron availability is
severely limited, as in calcareous and alkaline
soil. Iron acquisition from soil to roots is
mostly depending on the environmental factors,
such as soil pH, redox potential, organic matter
amounts, and also microbial processes. As iron
is mainly present in the soil as Fe3+, it is not

directly accessible for plants, neither for
microorganisms. Dicotyledonous and nongraminaceous monocotsare releasing protons,
to increase rhizosphere acidification,or exude
organic compounds, such as phenolics, to
support Fe3+ solubility (Jin et al., 2010); while
graminaceous plants secrete phytosiderophores
which chelate Fe (Zhang et al., 2019). To
promote iron uptake in cultivated plants there is
also the possibility to enrich soil microbiota
with plant beneficial microorganisms. Selecting
such microorganisms can be performed in
various ways. The most facile way is to use
dedicated plate assays on various Fe free media
supplemented with chrome azurol S (CAS).
The blue agar CAS medium (Louden et al.,
2011) can detect all siderophore types, and can
be used for most of the microbial species. This
test indicates siderophore producing bacteria
due to a colour change from blue to orange.
The chrome azurol S also reacts to low
molecular weight organic acids, which means
that it is not very specific in siderophore
detection (Dimkpa, 2016), but it remains
suitable in detecting iron solubilisation.
As there are different classes of siderophores,
hydroxamate, catecholate and mixed ligand
siderophores, several tests were developed for
their detection.
Kothasthane et al. (2017) presented various
plate assays able to detect most avid iron
chelator Pseudomonads. They supplemented
the King B medium with 50 ml/L 8hydroxyquinoline, which is a strong chelator, to
check for those strains able to capture iron in
harsh competitive conditions. On such medium
only eager iron-capturing bacteria are able to
grow. To detect catechol type siderophores they
recommend Arnow’s assay, where King B
culture supernatants are mixed with 5N HCl,
Arnow’s reagent (Table 1) and 10N NaOH, in
10:1:5:1 (v/v/v/v) ratio. Positive reactions
showa reddish color after 10 min of mixture
incubation.The tetrazolium salt test is
recommended for hydroxamate siderophores
detection. For this test, to 1ml cell-free
supernatant is added a dash of tetrazolium salt
and 2 drops of 2 N NaOH, which will reveal a
spontaneous red color if hydroxamate nature
siderophores are present. These compounds can
also be revealed by Csaky's Test.

Similar tests can be performed also on Fe-free
modified M9 medium (Radzki et al., 2013) for
a larger spectrum of microorganisms.
Among mixed ligand siderophores, there are
the pyoverdines. These are fluorescent
compounds
produced
mainly
by
Pseudomonads.
Thepyoverdines
contain
dihydroxyquinolinechoromophores that can be
easily
differentiated
from
the
other
siderophores due to their fluorescence in UV
light (Figure 9).

Figure 9. Pyoverdine siderophores. Pseudomonads
positive strains produce a fluorescent compounds visible
under UV light, after the growthin King B agar

Another argument for the applications of
siderophore producing beneficial microbial
strains is their ability to compete plant
pathogens for nutrients acquisition.
CONCLUSIONS
Using endophytes for plant growth promotion
may seem as new approach for agriculture;
however, they have been used for decades as
inoculants for leguminous plants. Rhizobia are
the most known endophytes, due to their
beneficial traits, and they are now widely used
and produced on large scale. Diversifying the
species spectrum of such inoculants is
demanded by the agricultural needs. Research
studies are sustaining the feasibility of such
inoculants. Endophyte microorganisms have
the advantage of being more intimate with their
host plants, than any other type of
microorganisms. By colonizing the inside parts
of their host plants, they can activate more
rapidly plants’ biological processes. Therefore,
they could be more appropriate, than soil and
rhizospheric microorganisms, for plant
protection and growth promotion purposes.
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Due to the most common application
procedures, in soil or on seeds teguments,
endophytes should be competitive to other
microorganisms. It is recommended that
endophytes be able to dissolute low-soluble
nutritional complexes. This way plant growth
promotion can start before the microorganism
found its’ future hosting plant. A more
branched root system will also raise the
possibility that cultivated plants contact and
establish a connection with potential
endophytes. Considering these, selecting
performing and competitive endophytes for
plant growth promotion will be for a long time
a valuable activity for agriculture and
environmental protection.

The quest for elite rhizobia inoculant strains.
Frontiers in Microbiology, 8, 2297.
Chowdhury, S., Lata, R., Kharwar, R.N., Gond, S.K.,
(2019). Microbial Endophytes of Maize Seeds and
Their Application in Crop Improvements. In: Verma
S., White, Jr J. (eds) Seed Endophytes. Springer,
Cham.
Coombe, B.G., Cohen', D., Paleg L.G. (1967a). Barley
endosperm bioassay for gibberellins. I. Parameters of
the response system. Plant Physiol., 42, 105-112.
Coombe, B., Cohen, D., Paleg, L. (1967b). Barley
endosperm bioassay for gibberellins. II. Application
of the Method. Plant Physiology, 42, 113-119.
https://doi.org/10.1104/pp.42.1.113.
Demirkan, E., Baygın, E., Usta, A. (2014). Screening of
phytate hydrolysis Bacillus sp. isolated from soil and
optimization of the certain nutritional and physical
parameters on the production of phytase. Turkish
Journal
of
Biochemistry,
39(2),
206-214.
https://doi.org/10.5505/tjb.2014.26817.
Dey, P., Datta, D., Saha, D., Parida, S., Panda, D. (2019).
Plant-endophyte interaction and its application to
abiotic stress management of crop plants.
International Journal of Current Microbiology and
Applied Sciences, 8(7), 2708-2716. https://doi.org/
10.20546/ijcmas.2019.807.332.
Dimkpa, C. (2016). Microbial siderophores: Production,
detection and application in agriculture and
environment. Endocytobiosis and Cell Research,
27(2), 7-16.
Dincă, N., Dunea, D. (2017). The influence of
Rhizobium inoculation and nitrogen/molybdenum
fertilization on the growth characteristics of red
clover.AgroLife Scientific Journal, 6(2), 83-88.
Dobre A., Marin L.A., Manole, C., Andrei, N., Cornea,
C.P. (2016). Evaluation of the capacity of different
microorganisms to solubilize several compounds of
phosphorous and zinc. Scientific Bulletin. Series F.
Biotechnologies, XX, 254-262.
Dong, X., Lv, L., Wang, W., Liu, Y., Yin, C., Xu, Q.,
Yan, H., Fu, J., Liu, X. (2019). Differences in
distribution of potassium-solubilizing bacteria in
forest and plantation soils in Myanmar. Int. J.
Environ. Res. Public Health, 16, 700.https://
doi.org/10.3390/ijerph16050700.
Dumitru, M., Sorescu, I., Habeanu, M., Tabuc, C.,
Jurcoane, S. (2019). Preliminary characterization in
vitro of Bacillus licheniformis strain for used as
dietary probiotic. Scientific Bulletin. Series F.
Biotechnologies, XXIII, 164-172.
Duran, P., Viscardi, S., Sobarzo, J., Cornejo, P., Azcón,
R., Mora, M.L. (2018). Endophyticseleno bacteria
and arbuscularmycorrhizal fungus for Selenium
biofortification and Gaeumannomyces graminis
biocontrol. Journal of Soil Science and Plant
Nutrition,
18.
https://doi.org/10.4067/S071895162018005002902.
Egamberdieva, D., Wirth, S.J., Alqarawi, A.A.,
Abd_Allah, E.F., Hashem, A. (2017). Phytohormones
and Beneficial Microbes: Essential Components for
Plants to Balance Stress and Fitness. Frontiers in
Microbiology,
8,
2104.https://doi.org/10.3389/
fmicb.2017.02104.

REFERENCES
Abaid-Ullah, M., Hassan, M.N., Jamil, M., Brader, G.,
Shah, M.K.N., Sessitsch, A., Hafeez, F.Y. (2015).
Plant growth promoting rhizobacteria: An alternate
way to improve yield and quality of wheat (Triticum
aestivum). Int. J. Agric. Biol., 17, 51-60.
Agrawal, T., Kotasthane, A.S., Kushwah, R. (2015).
Genotypic
and
phenotypic
diversity
of
polyhydroxybutyrate (PHB) producing Pseudomonas
putida isolates of Chhattisgarh region and assessment
of its phosphate solubilizing ability. 3 Biotech, 5, 4560.
Atzorn, R., Weiler, E.W. (1983). The role of endogenous
gibberellins in the formation of a-amylase by
aleurone layers of germinating barley caryopses.
Planta, 159, 289-299.
Bae, H.D., Yanke, L.J., Cheng, K.J., Selinger, L.B.
(1999). A novel staining method for detecting
phytase activity, J Microbiol Methods, 39(1), 17-22.
Baldani, J.I., Reis, V.M., Videira, S. S., Boddey, L.H.,
Baldani, V.L.D. (2014).The art of isolating nitrogenfixing bacteria from non-leguminous plants using Nfree semi-solid media: a practical guide for
microbiologists.
Plant
Soil.https://doi.org/
10.1007/s11104-014-2186-6.
Baldani, V.L.D., Baldani, J.I., Olivares, F.L.,
Döbereiner, J. (1992). Identification and ecology of
Herbaspirillum seopedicae and the closely related
Pseudomonas rubrisubalbicans. Symbiosis, 19, 6573.
Barr, E.L. (1976). Evaluation of barley cultivars for
gibberellic acid activity. Master of science thesis in
Agronomy. Montana State University, 38 pp.
Bose, A., Shah, D., Keharia, H. (2013). Production of
indole-3-acetic-acid (IAA) by the white rot fungus
Pleurotusostreatus under submerged condition of
Jatropha seedcake. Mycology, 4(2), 103-111.
https://doi.org/10.1080/21501203.2013.823891.
Checcucci, A., diCenzo, G.C., Bazzicalupo, M.,
Mengoni, A. (2017). Trade, diplomacy & warfare.

67

Eid, A., Salem, S.S., Hassan, S., Ismail, M., Fouda, A.
(2019). Role of Endophytes in Plant Health and
Abiotic Stress Management. Chapter 6, 119-144. In:
Microbiome in Plant Health and Disease, V. Kumar
et al. (eds.), Springer Nature Singapore Pte Ltd.
https://doi.org/10.1007/978-981-13-8495-0_6.
El-Ramady, Hassan & Alshaal, Tarek & Shehata, Said &
domokos-szabolcsy, Eva & Elhawat, Nevien&Fári,
Miklós&Marton, Laszlo. (2014). Plant Nutrition:
From Liquid Medium to Micro-farm. 10.1007/978-3319-06016-3_12.
Etesami H., Emami, S., Alikhani, H.A. (2017).Potassium
solubilizing bacteria (KSB): Mechanisms, promotion
of plant growth, and future prospects - a review.
Journal of Soil Science and Plant Nutrition, 17(4),
897-911.
Firew, E., Delelegn, W., Diriba, M. (2016). Phosphate
solubilization potential of rhizosphere fungi isolated
from plants in Jimma zone, Southwest Ethiopia.
International Journal of Microbiology, 2016,
5472601.https://doi.org/10.1155/2016/5472601.
Frank, A.C., Saldierna Guzmán, J.P., Shay, J.E. (2017).
Transmission
of
Bacterial
Endophytes.
Microorganisms, 5(4), 70. https://doi.org/10.3390/
microorganisms5040070.
Goteti, P.K., Emmanuel, L.D.A., Desai, S., Shaik,
M.H.A. (2013). Prospective zinc solubilising bacteria
for enhanced nutrient uptake and growth promotion
in maize (Zea mays L.). International Journal of
Microbiology, https://doi.org/10.1155/2013/869697.
Gupta, R., Singal, R., Shankar, A., Kuhad, R.C, Saxena,
R.K. (1994). A modified plate assay for screening
phosphate solubilizing microorganisms. J. Gen. Appl.
Microbiol.,
40,
255-260.
https://doi.org/
10.2323/jgam.40.255.
Gupta, S., Pandey, S. (2019). ACC deaminase producing
bacteria with multifarious plant growth promoting
traits alleviates salinity stress in French bean
(Phaseolus
vulgaris)
plants.
Frontiers
in
Microbiology, 10, 1506.https://doi.org/10.3389/
fmicb.2019.01506.
Hasan, H.A.H. (2002). Gibberellin and auxin production
by plant root-fungiand their biosynthesis under
salinity-calcium interaction. Rostlinná Výroba, 48(3),
101-106.
Helepciuc, F.E., Mitoi, E.M., Brezeanu, A., Cornea, C.P.
(2019). Root colonization capacity by plant beneficial
bacteria. AgroLife Scientific Journal, 8(2), 48-53.
Hu, X., Chen, J., Guo, J. (2006) Two phosphate- and
potassium-solubilizing bacteria isolated from Tianmu
Mountain, Zhejiang, China. World J. Microbiol.
Biotechnol., 22(9), 983-990.
Jin, C.W., Li, G.X., Yu, X.H. & Zheng, S.J. (2010). Plant
Fe status affects the composition of siderophoresecreting microbes in the rhizosphere. Annals of
botany,
105(5),
835-841.
https://doi.org/
10.1093/aob/mcq071.
Kaur, G., Reddy, M.S. (2013). Phosphate solubilizing
rhizobacteria from an organic farm and their
influence on the growth and yield of maize (Zea mays
L.). J. Gen. Appl. Microbiol., 59, 295-303.
Koo, B.J., Adriano, D.C., Bolan, N.S., Barton, C.D.
(2005). Root exudates and microorganisms.

Encyclopedia of Soils in the Environment, 2005, 421428. https://doi.org/10.1016/B0-12-348530-4/004616.
Kotasthane, A.S., Agrawal, T., Zaidi, N.W., Singh, U.S.
(2017). Identification of siderophore producing and
cynogenic fluorescent Pseudomonas and a simple
confrontation assay to identify potential bio-control
agent for collar rot of chickpea. 3 Biotech, 7, 137.
https://doi.org/10.1007/s13205-017-0761-2.
Kotasthane, A.S., Agrawal, T., Zaidi, N.W., Singh, U.S
(2017). Identification of siderophore producing and
cynogenic fluorescent Pseudomonas and a simple
confrontation assay to identify potential bio-control
agent for collar rot of chickpea. 3 Biotech, 7, 137.
https://doi.org/10.1007/s13205-017-0761-2.
Kuźniar, A., Włodarczyk, K., Wolińska, A. (2019).
Agricultural and other biotechnological applications
resulting from trophic plant-endophyte interactions.
Agronomy, 9(12), 779. https://doi.org/10.3390/
agronomy9120779.
Letham, D. (2006). Regulators of cell division in plant
tissues XII.A cytokinin bioassay using excised radish
cotyledons. Physiologia Plantarum., 25, 391 - 396.
https://doi.org/10.1111/j.1399-3054.1971.tb01462.x.
Lindow, S.E., Desurmont, C., Elikins, R., McGourtyg,
C.E., Maria, T.B. (1998). Occurrence of indole-3acetic-acid producing bacteria on pear trees and their
association with fruit russet. Journal of American
Phytopathology, 88(11), 1150-1157.
Liu, X., Liu, Z., Yang, L., Guo, T., Lv, L., Yin, C.H.,
Xu, Q., Zhou, F., Yan, H. (2013). Classification
ofpotassium-releasing bacteria isolated from four
agricultural soil samples. J. Pure Appl. Microbiol., 7,
3001-3008.
Liu, H., Carvalhais, L.C., Crawford, M., Singh, E.,
Dennis, P.G., Pieterse, C.M.J., Schenk, P.M. (2017).
Inner Plant Values: Diversity, Colonizationand
Benefits from Endophytic Bacteria. Front.
Microbiol., 8, 2552. https://doi.org/10.3389/fmicb.
2017.02552.
Louden, B.C., Haarmann, D., Lynne, A.M. (2011). Use
of blue agar CAS assay for siderophore detection.
Journal of Microbiology & Biology Education, 12(1),
51-53.
Luo, J., Tao, Q., Jupa, R., Liu, Y., Wu, K., Song, Y., Li,
J., Huang, Y., Zou, L., Liang, Y., Li, T. (2019). Role
of vertical transmission of shoot endophytes in rootassociated microbiome assembly and heavy metal
hyper accumulation in Sedum alfredii. Environ. Sci.
Technol., 53, 6954-6963. https://doi.org/10.1021/
acs.est.9b01093.
Maela, P.M., Serepa-Dlamini, M.H. (2019). Current
understanding of bacterial endophytes, their diversity,
colonization and their roles in promoting plant
growth.
AppliMicrobiol
Open
Access,
5,
157.https://doi.org/10.4172/2471-9315.1000157.
Maggini, V., Mengoni, A., Bogani, P., Firenzuoli, F.,
Fani, R. (2020). Promoting model systems of
microbiota-medicinal plant interactions. Trends in
Plant Science, 25, 223-225.
Malhotra, H., Vandana, Sharma S., Pandey, R. (2018).
Phosphorus Nutrition: Plant Growth in Response to
Deficiency and Excess. Chapter 7, 171-190. In: Plant

68

nutrients and abiotic stress tolerance. Hasanuzzaman,
M., Fujita, M., Oku, H., Nahar, K., HawrylakNowak, B. (eds.)Springer Nature Singapore Pte Ltd.
https://doi.org/10.1007/978-981-10-9044-8_7.
Matos, A., Gomes, I., Nietsche, S., Xavier, A., Gomes,
W., Dos Santos Neto, J., Pereira, M. (2017).
Phosphate solubilization by endophytic bacteria
isolated from banana trees. Annals of the Brazilian
Academy
of
Sciences,
89(4),
2945-2954.
https://doi.org/10.1590/0001-3765201720160111.
Mora, M.L., Durán, P., Acuña, A.J., Cartes, P., Demanet,
R., Gianfreda, L. (2015). Improving selenium status
in plant nutrition and quality. Journal of Soil Science
and
Plant
Nutrition,
15(2),
486-503.
https://doi.org/10.4067/S0718-95162015005000041.
Otsuka, M., Kenmoku, H., Ogawa, M., Okada, K.,
Mitsuhashi, W., Sassa, T., Kamiya, Y., Toyomasu,
T., Yamaguchi, S. (2004). Emission of ent-kaurene, a
diterpenoid hydrocarbon precursor for gibberellins,
into the headspace from plants. Plant Cell Physiol.,
45(9),
1129-1138.
https://doi.org/10.1093/pcp/
pch149.
Ou, T., Xu, W., Wang, F., Strobel, G., Zhou, Z., Xiang,
Z., Liu, J., Xie, J. (2019). A microbiome study
reveals seasonal variation in endophytic bacteria
among different mulberry cultivars. Computational
and Structural Biotechnology Journal, 17, 10911100.
Palmieri, F., Estoppey, A., House, G.L., Lohberger, A.,
Bindschedler, S., Chain, P.S.G., Junier, P. (2019).
Oxalic acid, a molecule at the crossroads of bacterialfungal interactions. Chapter 2, 49-77. In: Advances in
Applied Microbiology, Volume 106. Gadd, G.M.,
Sariaslani,
S.
(eds).
https://doi.org/
10.1016/bs.aambs.2018.10.001.
Pandya, N.D., Desai P.V. (2014). Screening and
characterization of GA3 producing Pseudomonas
monteilii and its impact on plant growth promotion.
Int. J. Curr. Microbiol. App. Sci., 3(5): 110-115.
Penrose, D.M., Glick, B.R. (2003). Methods for isolating
and characterizing ACC deaminase-containing plant
growth-promoting
rhizobacteria.
Physiologia
Plantarum, 118, 10-15.
Prajapati, K.B, Modi, H.A. (2012). Isolation and
characterization of potassium solubilizing bacteria
from ceramic industry soil. CIB Tech Journal of
Microbiology, 1, 8-14.
Radzki, W., Gutierrez Mañero, F.J., Algar, E., Lucas
García, J.A., García-Villaraco, A., Ramos Solano, B.
(2013). Bacterial siderophores efficiently provide
iron to iron-starved tomato plants in hydroponics
culture. Antonie van Leeuwenhoek, 104(3), 321-330.
https://doi.org/10.1007/s10482-013-9954-9.
Rajawat, M.V.S., Ansari, W.A., Singh, D., Singh, R.
(2019). Potassium solubilizing bacteria (KSB).
Chapter 9, 189-210. In: Microbial interventions in
agriculture and environment. Volume 3: Soil and
crop health management. Singh, D.P., Prabha P.
(Eds.). Springer Nature Singapore Pte Ltd.
https://doi.org/10.1007/978-981-32-9084-6.
Rajawat, M.V.S., Singh, S., Tyagi, S.P., Saxena, A.K.
(2016). A modified plate assay for rapid screening of

potassium- solubilizing bacteria. Pedosphere, 26(5),
768-773.
Rosenblueth, M., Ormeño-Orrillo, E., López-López, A.,
Rogel, M.A., Reyes-Hernández, B.J., MartínezRomero, J.C., Reddy, P.M., Martínez-Romero, E.
(2018).Nitrogen fixation in cereals. Frontiers in
Microbiology, 9, 1794. https://doi.org/10.3389/
fmicb.2018.01794.
Saharan, K., Singh, U., Kumawat, K.C., Praharaj, C.S.
(2019). Cropping systems effect on soil biological
health and sustainability. Chapter 11, 225-262. In:
Microbial interventions in agriculture and
environment. Volume 3: Soil and crop health
management. Singh, D.P., Prabha, P. (Eds.). Springer
Nature
Singapore
Pte Ltd.
https://doi.org/
10.1007/978-981-32-9084-6.
Santos, M.S., Nogueira, M.A. & Hungria, M. (2019).
Microbial inoculants: reviewing the past, discussing
the present and previewing an outstanding future for
the use of beneficial bacteria in agriculture. AMB
Express, 9(1), 205. https://doi.org/10.1186/s13568019-0932-0.
Saravanan, V.S., Kalaiarasan, P., Madhaiyan, M.,
Thangaraju, M. (2007).Solubilization of insoluble
zinc compounds by Gluconaceto bacterdiazo
trophicus and the detrimental action of zinc ion
(Zn2+) and zinc chelates on root knot nematode
Meloidogyne incognita. Letters in Applied
Microbiology, 44(3), 235-241.
Selvi, B., Paul, A., Ravindran, A., Vijaya, V. (2011).
Quantitative estimation of insoluble inorganic
phosphate solubilization. International Journal of
Science Nature, 2, 292-295.
Sharma, S., Sharma, A., Kaur, M. (2018). Extraction and
evaluation of gibberellic acid from Pseudomonas sp.:
Plant growth promoting rhizobacteria. Journal of
Pharmacognosy and Phytochemistry, 7(1), 27902795.
Shen, J., Yuan, L., Zhang, J., Li, H., Bai, Z., Chen, X.,
Zhang, W. & Zhang, F. (2011). Phosphorus
dynamics: from soil to plant. Plant physiology,
156(3): 997-1005. https://doi.org/10.1104/pp.111.
175232.
Sicuia, O.A., Dinu, S., Constantinescu, F. (2016).
Phytohormone–like producing Bacillus increase
tomato seedlings quality. Scientific Bulletin. Series F.
Biotechnologies, XX, 83-88.
Siddikee, A., Hamayun, M., Han, G.H., Sa, T. (2010).
Optimization of gibberellic acid production by
Methylobacterium oryzae CBMB20. Korean J. Soil
Sci. Fert., 43(4), 522-527.
Silk, W.K., Jones, R.L. (1975). Gibberellin response in
lettuce hypocotyl sections. Plant Physiol., 56, 267272.
Singh, N.K., Joshi, D.K., Gupta, R.K. (2013). Isolation
of phytase producing bacteria and optimization of
phytase production parameters. Jundishapur Journal
of Microbiology, 6(5), 6419-6424.
Sivasakthi, S., Saranraj, P., Sivasakthivelan, P. (2017).
Biological nitrogen fixation by Azotobacter sp. - A
review. Indo - Asian Journal of Multidisciplinary
Research, 3(5), 1274-1284.

69

Soare (Vladu), M.G., Tomulescu, C., Petrescu, M.,
Lupescu, I., Moscovici, M., Popa, O., Băbeanu, N.
(2017). Antimicrobial activity of newly isolated
Bacillus sp. and Pseudomonas sp. strains and their
potential use as biocontrol agents. Scientific Bulletin.
Series F. Biotechnologies, XXI, 81-86.
Stavrinidou, E., Gabrielsson, R., Gomez, E., Crispin, X.,
Nilsson, O., Simon, D., Berggren, M. (2015).
Electronic plants. Science Advances, 1, e1501136e1501136. https://doi.org/10.1126/sciadv.1501136.
Sura-de Jong, M., Reynolds, R.J., Richterova, K.,
Musilova, L., Staicu, L.C., Chocholata, I., Cappa,
J.J., Taghavi, S., van der Lelie, D., Frantik, T.,
Dolinova, I. (2015). Selenium hyperaccumulators
harbor a diverse endophytic bacterial community
characterized by high selenium resistance and plant
growth promoting properties. Frontiers in Plant
Science, 6, 113.https://doi.org/10.3389/fpls.2015.
00113.
Tamilselvi, S.M., Thiyagarajan, C., Uthandi, S. (2016).
Calcite dissolution by Brevibacterium sp. SOTI06: A
futuristic approach for the reclamation of calcareous
sodic soils. Front. Plant Sci., 7, 1828.
https://doi.org/10.3389/fpls.2016.01828.
Tamilselvi, S.M., Thiyagarajan, C., Uthandi, S. (2016).
Calcite dissolution by Brevi bacterium sp. SOTI06: A
futuristic approach for the reclamation of calcareous
sodic soils. Frontiers in Plant Science, 7, 1828.
https://doi.org/10.3389/fpls.2016.01828.
Thomas, P. & Sekhar, A.C. (2014). Live cell imaging
reveals
extensive
intracellular
cytoplasmic
colonization of banana by normally non-cultivable
endophytic bacteria. AoB PLANTS, 6(0), plu002.
https://doi.org/10.1093/aobpla/plu002.
Trivedi, G., Patel, P., Saraf, M. (2019). Synergistic effect
of endophyticseleno bacteria on biofortification and
growth of Glycinemaxunderdrought stress. South
African Journal of Botany, 19. https://doi.org/
10.1016/j.sajb.2019.10.001.
Tungala, A., Narayanan, K.A., Muthuraman, M.S.
(2013). Izolation of phytase producing bacteria from
poultry faeces and optimization of culture conditions

for enhanced phytase production. International
Journal of Pharmacy and Pharmaceutical Sciences,
5(4), 264-269.
Umesh P.S., Ashok, K. (2011). A simple and rapid plate
assay for the screening of indole-3-acetic acid (IAA)
producing microorganisms. International Journal of
Applied Biology and Pharmaceutical Technology, 2
(1), 120-123.
Vanderstraeten, L., Depaepe, T., Bertrand S., Van Der
Straeten, D. (2019). The Ethylene Precursor ACC
Affects Early Vegetative Development Independently
of Ethylene Signaling. Frontiers in Plant Science, 10,
1591.https://doi.org/10.3389/fpls.2019.01591.
Zahir, Z.A., Asghar, H.N., Arshad, M. (2001). Cytokinin
and its precursors for improving growth and yield of
rice. Soil Biology and Biochemistry, 33(3), 405-408.
https://doi.org/10.1016/S0038-0717(00)00145-0.
Zhang, X., Zhang, D., Sun, W., Wang, T. (2019). The
adaptive mechanism of plants to iron deficiency via
iron uptake, transport, and homeostasis. International
journal of molecular sciences, 20(10), 2424.
https://doi.org/10.3390/ijms20102424.
Zhao, Y. (2014). Auxin biosynthesis. The Arabidopsis
Book, 12, e0173. https://doi.org/10.1199/tab.0173.
***http://agritech.tnau.ac.in/biotech/biotech_tc_notes_clip_ image002.jpg.
***https://bio1152.nicerweb.com/Locked/media/ch37/37
_11SoybeanRootNodule.jpg.
***https://clip.cookdiary.net/wallpaper-2238554
***https://garden.lovetoknow.com/image/252305~beancycle.jpg.
***https://i.pinimg.com/originals/f3/bd/3d/f3bd3dbdc52
9f1e7ea9597f83f5cf712.jpg.
***https://www.enasco.com/p/IncredibleCreatures%C2%
AE-Set---Life-Cycle-of-a-GreenBean-Plant%2BEL 11207.
***https://www.shutterstock.com/it/imagevector/illustration
-biology-xylem-vessel-phloemmake-1497112166.
***https://www.ucbmsh.org/wp-content/uploads/2017/
03/ METHODS-OF-MICROPROPAGATION.jpg.

70

