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Abstract

Microbial plant biostimulants (MPBs) are capable of improving the productivity and quality of crops by activating plant
physiological and molecular processes, representing an efficient tool in sustainable agriculture. Through phytohormone
production, MPBs are capable of regulating plant physiological processes, increasing the productivity and quality of crops,
in addition to being an efficient alternative in the industrial production of phytohormones. Bacillus is a bacterial genus
with various species on the market being used as biopesticides, due to their ability to produce antimicrobial, nematicidal
and insecticidal compounds. The capability of Bacillus species to protect plants against pests and/or pathogens also entails
the triggering or increase of plant defense responses. Furthermore, a relevant number of species from the genus Bacillus
provoke plant growth promotion by different mechanisms such as increasing the tolerance of their host plants under abiotic
stress conditions or improving plant nutrition. In several cases, the plant response is mediated by the bacterial production
of phytohormones. In the present work, all studies from recent decades where the production of phytohormones by Bacillus
species are reported, highlighting their role in host plants and the mechanisms by which they are capable of increasing plant
growth, promoting their development, and improving their response to different stresses.

Key points

o Different Bacillus-species are known as agricultural biopesticides.

® Bacillus role as biostimulants is being increasingly addressed.

® Bacillus represents a good source of phytohormones of agricultural interest.

Keywords Bacillus - Biostimulant - Phytohormone - Auxins - Cytokinins - Gibberellins - Abscisic acid

Introduction

As the United Nations points out in its Sustainable Devel-
opment Goals, the global development of humanity must
be linked to the development and extension of sustainable
agriculture, which includes ecological, economic and social
aspects (Janker et al. 2018). The world population is con-
stantly growing and it is calculated that it may reach 10
billion people in the year 2050 (Tripathi et al. 2019). To
address the demand for food, agricultural productivity must
increase globally by 70% (Barea, 2015). In order to feed the

> Jorge Poveda
jorge.poveda@unavarra.es

Institute of Environment, Natural Resources
and Biodiversity, University of Le6n, Ledn, Spain

Institute for Multidisciplinary Research in Applied Biology
(IMAB), Universidad Publica de Navarra (UPNA), Campus
Arrosadia, 31006 Pamplona, Spain

future population, it is essential to develop new strategies for
sustainable food production (Poveda, 2021), increasing the
productive capacity of agricultural crops and reducing the
yield losses caused by abiotic and biotic stresses (Poveda,
2020a).

Microorganisms present inside plant tissues and in the
rhizospheric soil play a key role in plant growth and devel-
opment, maintaining the balance of nutrients in the ecosys-
tem. These microorganisms provide important benefits to
their host plants, which is why they are valued as an impor-
tant and promising tool for sustainable agriculture (Yadav
et al. 2020). Directly or indirectly, these microorganisms are
capable of promoting plant growth, being known as plant
growth promoting microbes (PGPMs) (Naik et al. 2019).

PGPMs have received different names depending on
their mode of action; in such a way, the term microbial
biofertiliser has been used for those microorganisms capa-
ble of promoting plant growth, by increasing the supply of
nutrients to the host plant, in a direct or indirect manner
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(Mahanty et al. 2017). On the other hand, plant biostimu-
lants have been defined as natural compounds that trigger
physiological and molecular processes modulating crop
yield and quality, though their primary function is not to
supply nutrients (du Jardin 2015). Thus, the formulated
products consisting of microorganisms that act in the crop
in such a way are, by nature, plant biostimulants (Yakhin
et al. 2017; Rouphael and Colla, 2018). The European
Union (EU), in the recently released regulation (European
Union [EU]) 2019/1009, laying down rules on the making
available on the market of EU fertilizing products) coins
the term Microbial Plant Biostimulant (MPB), merging the
concept of biofertilisers and that of other plant biostimu-
lants, and expressly excluding those microorganisms that act
by protecting the crop from pests or disease, either from a
direct or indirect point of view (European Council 2019).
Thereby, the definition of MPBs encompasses the micro-
organisms or consortiums of microorganisms that act as
fertilizing products independently of the product’s nutrient
content, provided that they stimulate plant nutrition pro-
cesses, improving one or more of the following character-
istics of the plant or the plant rhizosphere: (a) nutrient use
efficiency; (b) tolerance to abiotic stress; (c) quality traits;
or (d) availability of confined nutrients in the soil or rhizo-
sphere (European Council 2019). In this work, the EU con-
cept of MPBs has been adopted. The list of taxa accepted
by the EU legislation is restricted so far, but it considers
a possible extension in the following years. The global
market for MPBs in agriculture is estimated to reach 1.95
billion dollars by 2022, reporting an annual growth rate of
14%. Specifically, Europe and Latin America account for
80% of the MPB world market, although the main loca-
tions in terms of growth are North America, Europe and
Asia—Pacific (Keswani et al. 2019).

Bacillus is a bacterial genus that provides a relevant
number of strains belonging to different species for bio-
control in agriculture. However, some species are also very
promising as MPBs, but this has received less attention
in the scientific literature. The present work analyses the
existing information concerning phytohormone production
by Bacillus strains, and the role that such phytohormones
play in the agricultural uses of Bacillus species as MPBs.
In this sense, there are many reviews so far on Bacillus
and agriculture. Despite this, the use of Bacillus as a bio-
technological and industrial tool in the production of phy-
tohormones has never been reviewed. Phytohormones are
considered to be very relevant for the crops to thrive with
stressing situations, thus, they will be important inputs
for future agriculture in the present scenario of increasing
biotic or abiotic stresses (Khan et al., 2020). Most of the
papers about Bacillus show their PGP effect as a com-
plex mix of very different modes of action. This review
attempts to unravel the role of Bacillus as phytohormone

@ Springer

producer, putting on the table what is known about this
specific mode of action.

Bacteria as phytohormone producers

Phytohormones regulate all the physiological processes of
plants, including their growth, development, nutrient alloca-
tion or adaptation to the environment. Therefore, all biologi-
cal processes that occur in the plant, and in its exogenous
interactions, are directly or indirectly affected by phytohor-
mones (Fahad et al. 2015).

In general, auxins, the most important being indole acetic
acid (IAA), are key phytohormones in plant growth regu-
lation, including cell elongation, vascular tissue develop-
ment and apical dominance. Cytokinins (CKs) also regulate
growth processes and plant development such as cell divi-
sion, shoot differentiation or photomorphogenic develop-
ment. Gibberellins (GAs) are phytohormones involved in
the processes of seed germination, flower initiation, leaf
expansion, stem elongation, or flower and fruit development.
Abscisic acid (ABA) is a phytohormone involved in plant
responses of tolerance to abiotic stresses (drought, chilling,
heat, salinity, etc.) and in the dormancy process (Fahad et al.
2015). Moreover, there are three phytohormones involved
in different physiological processes, which include defense
responses to biotic stresses: salicylic acid (SA), mainly
against biotrophic pathogens, and jasmonic acid (JA) and
ethylene (ET), mainly against necrotrophic pathogens and
pests (Poveda, 2020b).

Phytohormones are obtained for several industrial pur-
poses, including application in agriculture. The production
process is carried out through plant extraction, chemical
synthesis as well as microbial fermentation. Phytohormones
are found not only in higher plants, but also in algae, and
in plant-associated bacteria and fungi (pathogens and ben-
eficial/symbionts). In plants, the hormone concentration is
extremely low, for example, to obtain 9 mg ABA a 200-kg
cotton ball is needed. On the other hand, chemical synthesis
presents significant disadvantages and difficulties, since phy-
tohormones have a complex chemical structure which com-
plicate operations, causing high cost and low purity. There-
fore, microbial production of phytohormones is proposed as
a new alternative that overcomes the previous deficiencies,
obtaining final products with higher bioactivity and purity,
but also at a much lower cost (Tsavkelova et al. 2006; Shi
et al. 2017).

In recent decades, different bacterial genera beneficial to
plants with the ability to produce phytohormones have been
reported. Among them, the genera Azospirillum, Bacillus,
Paenibacillus, and Pseudomonas stand out, mainly produc-
ing IAA, CKs, GAs, and ABA, acting as powerful biostimu-
lants in agriculture (Dodd et al. 2010; Odoh 2017).
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Bacillus in agriculture

Bacillus is a gram-positive bacteria genus, rod-shaped,
endospore-forming and with the capacity to survive in both
aerobic and anaerobic conditions. The complex taxonomy of
Bacillus has led to the emergence of new genera related to it,
some in recent times such as Paenibacillus, Brevibacillus,
Virdiibacillus, Lysinibacillus, Geobacillus, Virgibacillus, or
Amphibacillus (Tiwari et al. 2019). Bacillus includes the
most abundant bacteria species in the rhizosphere and in
the root endosphere (95%) with the ability to promote plant
growth and produce antibacterial and antifungal secondary
metabolites, being well-known as the main source of strains
for registered commercial formulations such as bacterial bio-
controllers in agriculture (Nambirajan et al. 2020; Saxena
et al. 2020). Indeed, many Bacillus species produce a wide
range of effective molecules against plant pathogens. They
include antimicrobial peptides (such as bacteriocins) or sec-
ondary metabolites (such as polyketides). Therewith, species
such as B. subtilis, B. amyloliquefaciens, B. licheniformis, B.
cereus, B. velezensis or B. thuringiensis have been described
as antifungal (against Fusarium, Rhizoctonia, Sclerotium,
Pythium, Phytophthora, etc.), antibacterial (against Pecto-
bacterium, Pseudomonas, Xanthomonas, Agrobacterium,
etc.), nematicidal and insecticidal (Engelbrecht et al. 2018;
Lopes et al. 2018; Ngalimat et al. 2021). Moreover, by inter-
acting with root tissues, Bacillus species are able to induce
defensive responses in plants against future attacks by pests
and/or pathogens by SA, JA or JA/ET pathways, a mecha-
nism called induced systemic resistance (ISR) (Poveda et al.
2020).

However, this genus is also a well-known PGPM,;
the action mechanisms are diverse, including increased
nutrient uptake by the crop mediated by solubilization
of insoluble forms, nitrogen fixation, ammonia release
from nitrogenous organic matter; also, the synthesis of
plant growth phytohormones (IAA, CKs, GAs) or vola-
tile organic compounds’ (VOCs) production, which regu-
late plant physiology. Some of the main Bacillus species
described with PGP capacity are B. subtilis, B. cereus, B.
methylotrophicus or B. flexus (Lopes et al. 2018).

Moreover, by interacting and/or colonizing the roots,
various species of Bacillus are also capable of increasing
plant tolerance against abiotic stresses such as drought,
salinity or heavy metals, due to mechanisms of action that
include increased water transport in plant tissues, uptake
and distribution of nutrients, or accumulation of compat-
ible solutes and antioxidants, among others. As inducers
of plant tolerance against abiotic stresses, several Bacil-
lus species such as B. megaterium, B. thuringiensis, B.
amyloliquefaciens, or B. licheniformis (Radhakrishnan
et al. 2017) have been reported.

Different formulations based on Bacillus species are reg-
istered as agricultural input for a broad range of crops, e.g.,
Solanum lycopersicum (tomato), Brassica napus (canola),
Triticum aestivum (wheat), Crocus sativus (saffron), Gly-
cine max (soybean), Solanum tuberosum (potato), Malus
domestica (apple), Manihot esculenta (cassava) or Nico-
tiana tabacum (tobacco) (Kashyap et al. 2019). To a lesser
extent, Bacillus species are also used as bioremediators, and
as PGPMs (Islam et al. 2016). Indeed, a large number of
agricultural applications of Bacillus are related to their use
as biopesticides, e.g., B. thuringiensis (Bt) has more than
400 Bt-based formulations as a bioinsecticide on the mar-
ket, and B. amyloliquefaciens and B. subtilis have also been
registered as biofungicides (Sansinenea, 2019), but formula-
tions have also been registered for other uses (MAPA, 2021).

Finally, the use of Bacillus in microbial co-inoculants
with other bacterial or even fungal strains is increasingly
important in agriculture, e.g., the Bacillus—Rhizobium appli-
cation generates an increase in the formation of root nodules
in Phaseolus vulgaris (common bean) (Petersen et al. 1996)
and a reduction in the attack of soil borne pathogens such as
Rhizoctonia solani and Fusarium oxysporum (Jensen et al.
2002). Similarly, the Bacillus—Pseudomonas application pro-
vokes an increase in the productivity of Brassica campestris
(Maheshwari et al. 2015), as does the Bacillus—Bradyrhizo-
bium application in soybean (Ilidcei¢ et al. 2017).

Phytohormones produced by Bacillus

There are numerous studies reporting the ability of various
Bacillus species to produce phytohormones with beneficial
effects for agricultural crops, see Table 1 and the infographic
in Fig. 1.

Growth and development phytohormones

The main growth-related phytohormone is IAA auxin,
which is biosynthesised by several different Bacillus spe-
cies. Metabolomic and molecular studies carried out in silico
have enabled the identification of genes involved in TAA
biosynthesis in B. amyloliquefaciens, demonstrating that
it can occur through multiple pathways (Shao et al. 2015,
2021). The ability to produce IAA in vitro has been reported
in Bacillus species such as B. subtilis (Gerayeli et al. 2018;
Wagi and Ahmed, 2019; Chobotarov et al. 2020), B. cereus
(Karadeniz et al. 2006; Wagi and Ahmed, 2019), B. thuring-
iensis (Gerayeli et al. 2018), B. amyloliquefaciens (Gerayeli
et al. 2018; Shahzad et al. 2019), B. megaterium (Karad-
eniz et al. 2006; Gerayeli et al. 2018), B. pumilus (Gerayeli
et al. 2018), B. anthracis (Ali et al. 2021) or B. telluris (Guo
et al. 2020). The use of such strains for the industrial pro-
duction of IAA in bioreactors has been proposed, and in
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this sense, the highest amounts of IAA are produced by B.
subtilis growing in substrates with a neutral pH and higher
hemicellulose content (do Prado et al. 2019).

As a consequence of its ability to produce IAA, there
are numerous examples of increased plant growth in plants
inoculated with Bacillus species. After root inoculation, an
increase in root growth has been observed, as the auxins
produced by Bacillus act locally; examples include wheat
(Baghaee-Ravari and Heidarzadeh 2014) potato (Sorokan
et al. 2021) and soybean inoculated with B. subtilis (Araujo
et al. 2005), while Arabidopsis thaliana with B. amylolique-
faciens produced an increase of lateral root outgrowth, elon-
gation and root-hair formation (Asari et al. 2017). Conse-
quently, the increase in root development and auxin levels
imply an increase in complete plant growth, including shoots
and leaves, as has been reported in Lemna minor, soybean,
Musa sp. (banana) and Cucumis sativus (cucumber) with B.
amyloliquefaciens (Idris et al. 2007; Buensanteai et al. 2008;
Yuan et al. 2013; Liu et al. 2016); in Dioscorea rotundata
and Vigna radiata with B. subtilis (Noghabi et al. 2007; Ali
et al. 2009); in Brassica pekinensis (Chinese cabbage) with
B. cereus (Wang et al. 2020a); in Ocimum sanctum with B.
pumilus (Murugappan et al. 2013); in Fragaria X ananassa
(strawberry) with B. methylotrophicus (Vicente-Hernandez
et al. 2019); and finally, in Beta vulgaris (beet), Daucus
carota subsp. sativus (carrot), cucumber, Capsicum annuum
(pepper), potato, Raphanus sativus (radish), Cucurbita sp.
(squash), tomato and Brassica rapa subsp. rapa (turnip) with
B. velezensis (Meng et al. 2016). Increase in plant growth
due to the increase in auxin levels also observed in many
other PGP rhizobacteria (PGPRs). This plant growth promo-
tion leads to an increase in crop yield, as observed in a wheat
crop inoculated with B. cereus, B. licheniformis, B. pumilus,
and B. subtilis (Hussain and Hasnain, 2011). In addition,
due to the production of IAA by Bacillus, the foliar content
of chlorophyll increased (Samreen et al. 2019). Moreover,
inoculation of wheat with B. amyloliquefaciens provokes
a remodelling of the transporters of inorganic phosphorus
(Talboys et al. 2014). Along with TAA, there are species that
can produce other auxins, such as indole butyric acid (IBA),
that produce an increase in seed germination in Xanthium
italicum by B. aryabhattai (Lee et al. 2012).

As far as responses to abiotic stresses are concerned,
the production of IAA has been related to the ability of
Bacillus to increase plant tolerance against heavy met-
als, as has been reported for B. altitudinis in wheat under
iron stress mediated by the upregulation of genes encoding
ferritins (Sun et al. 2017). Another example is Zea mays
(maize) under aluminium toxicity conditions inoculated
with B. toyonensis, being the necessary plant-auxin trans-
port pathway for the aluminium-induced stress response
(Zerrouk et al. 2020). Furthermore, Bacillus-IAA has been
related to the ability to increase plant tolerance under

samy, 2009
Forchetti et al. 2010

Shanmugam and Narayana-
Plant growth increment and Ji et al. 2020

Forchetti et al. 2007

Akhtar et al. 2021b
Plant growth increment and Ji et al. 2020

Reference

traction increment in Cr

contamined soils
increase salt tolerance

Dry biomass and phytoex-
increase salt tolerance

Plant effect

Plant used
Brassica nigra

Wheat
Wheat

Productive capacity
2.57 pg/ml

4-5 pmol/ml

430 pg/ml

18 pg/ml

210-230 pmol-ml
0.003865 pg/ml

B. licheniformis
Bacillus pumilus

Bacillus Species
B. subtilis

B. cereus
Bacillus sp.
B. subtilis

Name

Table 1 (continued)

Phytohormone
Jasmonic acid
Salicylic acid

Group
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1AA, IPA, IBA, ICA, ILA
p * Promote plant growth
oM * Alleviateironstress
N\ * Increase drought tolerance
H
* Promote plant growth
2,e2,12, 2N, R, ZG, iP, IPA, DHZR |
* Stimulate root exudation

Bacillus spp. HO:

* Promote plant growth

* Increase seed germination

* Enhance nutritional metabolitesand food values

ndogenous phytohormones

nutrient uptake
* Induce thermotolerance

* Increase salt tolerance

* Promote plant growth
* Induce salinity stress tolerance
* Induce cadmium stress tolerance

* Induce drought stress tolerance

Fig. 1 Infographic showing the variety of phytohormones produced by Bacillus and their effect on the plant

salinity conditions in wheat by B. subtilis (Ji et al. 2020),
and drought by B. amyloliquefaciens, B. muralis, B. pumi-
lus, and B. simplex, also due to the production of other
auxins such as indole carboxylic acid (ICA) and indole
lactic acid (ILA) (Raheem et al. 2018).

Along with auxins, CKs are the main phytohormones
involved in plant growth processes. To date, numerous
Bacillus species capable of producing a wide range of
different CKs in vitro have been described. For exam-
ple, B. cereus, B. megaterium or B. subtilis are capable
of producing the CKs zeatin (Z), zeatin riboside (ZR),
zeatin glycoside (ZG), izopentyl adenine (iP), and izo-
pentyl adenosine (iPA) in vitro (Karadeniz et al. 2006;
Chobotarov et al. 2020). Another study demonstrated that
the extracts obtained from cell cultures of B. licheniformis
and B. subtilis are capable of increasing the weight and
size of cucumber cotyledons separated from the seedlings,
by inducing plant cell division due to the presence of Z
and ZR (Hussain and Hasnain, 2009).

As with auxins, the root inoculation with CKs-producing
Bacillus species increases plant growth, being more pro-
nounced in shoots, as verified in lettuce plants as a conse-
quence of the production of zeatin nucleotide (ZN), ZR, iP
and iPA by B. subtilis (Arkhipova et al. 2005), or in maize
plants by the production of trans-zeatin (tZ), cis-zeatin
(cZ) and iP by B. toyonensis (Zerrouk et al. 2020). Conse-
quently, the production of CKs by Bacillus species supposes

@ Springer

an increase in the productivity of crops when they are used
as biostimulants, as verified in wheat crops by B. cereus, B.
licheniformis, B. pumilus, and B. subtilis, capable of produc-
ing ¢Z, tZ, ZR and dihydrozeatin riboside (DHZR) (Hussain
and Hasnain, 2011). Furthermore, through the production
of Z and ZR, B. subtilis is capable of stimulating root exu-
dation of amino acids in wheat, being able to increase the
diversity and quantity of beneficial rhizospheric microbiota
(Kudoyarova et al. 2014).

Under abiotic stress conditions, CKs production has also
been related to the ability of Bacillus species, such as B.
subtilis, to increase plant tolerance to drought in lettuce
(Arkhipova et al. 2007) and Platycladus orientalis (Liu et al.
2013), or against salinity in wheat, due to the production of
Z, promoting plant growth (Ji et al. 2020). Furthermore, by
producing CKs and increasing their content in potato stems
plants, B. subtilis is able to repair shoots growth after Colo-
rado potato beetle damage (Sorokan et al. 2021).

GAs are phytohormones mainly involved in different
processes of plant development, although they can also
actively regulate other physiological processes (Rizza and
Jones, 2019). Various Bacillus species have been described
has having the ability to produce a wide range of different
GAs in vitro, such as GA; by B. cereus or B. megaterium
(Karadeniz et al. 2006; Pandya and Desai, 2013), or GA,,
GA;, GAg, GAy, GA 5, GA |y, GA,, GA,,, GA;4 and GA;
by B. amyloliquefaciens (Shahzad et al. 2019).
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Bacillus species capable of producing GAs promote plant
growth mainly by accelerating seed germination (Lee et al.
2012) and increasing stem elongation, as observed in Alnus
glutinosa through the action of GA |, GA;, GA,, and GA,,
produced by B. pumilus and B. licheniformis (Gutiérrez-
Maiiero et al. 2001). This promotion of plant growth is
a direct consequence of GAs’ production by Bacillus, as
reported in red pepper (Joo et al. 2004), radish (Malfanova
et al. 2011; Kim et al. 2017), banana (Yuan et al. 2013),
strawberry (Vicente-Hernandez et al. 2019), tomato, B.
juncea (Kim et al. 2017) or Chinese cabbage (Wang et al.
2020a), but also by indirect action of these phytohormones
in the host plant, increasing the nutrient uptake (Kang et al.
2019a) and increasing the tissue-plant content of phyto-
hormones such as GAs, SA, JA or ABA (Joo et al. 2005;
Shahzad et al. 2016). Furthermore, the production of GAs by
Bacillus species has been related to an increase nutritional
metabolites in plant tissues, such as different amino acids,
macro and micronutrients, gamma-aminobutyric acid, fruc-
tose or carotenoids, increasing the quality of crops, such as
lettuce (Radhakrishnan and Lee, 2016).

As far as abiotic stresses are concerned, the production of
GA; by B. subtilis has been related to its ability to increase
the tolerance of wheat under salinity (Ji et al. 2020). Moreo-
ver, the production of GA |, GA;, GA;, GAg, GA |y, GA,,,
and GA; by B. tequilensis is involved in the induction of
thermotolerance in soybean plants due to an increase of
endogenous JA and SA contents of the phyllosphere and
a downregulation of production of stress-responsive ABA
(Kang et al. 2019b).

Stress-related phytohormones

Plants respond to stress situations by modulating their
physiological responses, where phytohormones play a key
role (Singh et al. 2017). The main phytohormone related
to abiotic stresses tolerance is ABA, having reported so
far numerous Bacillus species with the ability to produce
the phytohormone in vitro, such as B. amyloliquefaciens
(Shahzad et al. 2019), B cereus, B. megaterium (Karadeniz
et al. 2006) or B. subtilis (Chobotarov et al. 2020). As a
consequence of ABA production, significant benefits have
been reported in host plants inoculated with these bacte-
ria. B. subtilis can promote soybean root growth (Araujo
et al. 2005), in addition to the aerial part in wheat, both in
non-stress situations and under saline stress (Ji et al. 2020).
Additionally, due to the production of ABA, B. amylolique-
faciens can increase tolerance to salinity in rice, although
the mechanism involved is still unknown (Shahzad et al.
2017); a similar result was observed in soybean, in this case
mediated by increased GA, biosynthesis (Kim et al. 2017).
Under drought, as a consequence of ABA production by B.
marisflavi when inoculated in barley and Brassica juncea,

an increase in plant tolerance occurred due to an induction
in stomatal closure and GA; induced a-amylase activity in
germinating seeds (Gowtham et al. 2021). The same strategy
has been reported in Xanthium italicum by B. aryabhattai,
a plant that can be used as a pioneer plant in barren lands
(Lee et al. 2012). Regarding the presence of heavy metals,
B. subtilis has been reported to increase the tolerance of
Brassica chinensis to cadmium, increasing the production
of plant biomass by more than 200%. This is a consequence
of the action of ABA produced by the bacteria in the pres-
ence of cadmium, reducing the Cd-induced photosynthe-
sis inhibition and the oxidative damage in plant tissues, by
increasing plant levels of antioxidant-related compounds
(Pan et al. 2019).

On the other hand, although SA and JA are phytohor-
mones directly related to plant defence responses to biotic
stresses, their role in tolerance responses to abiotic stresses
is increasingly well known (Ahmad et al. 2019; Wang et al.
2020b). The production of these phytohormones has been
reported in different Bacillus species described as endo-
phytic bacteria (Forchetti et al. 2007; Shanmugam and
Narayanasamy, 2009). Specifically, B. pumilus can promote
the growth of sunflower seedlings under water stress through
the production of SA (Forchetti et al. 2010). Due to the pro-
duction of SA and JA, B. subtilis increases the growth of
wheat under salinity conditions by inducing specific plant
responses (Ji et al. 2020).

Conclusions

The current rates of population growth require the develop-
ment of new strategies for sustainable agriculture, playing a
fundamental role is the use of beneficial microorganisms, for
partial and in some cases total replacement of some of the
most contaminating chemical inputs. The main mechanism
used by MPBs is based on phytohormone production that act
directly by regulating plant physiological processes.

Besides the well-known role of biocontrollers of certain
species of the bacterial genus Bacillus, many species of
this genus and allied genera show great potential as MPBs,
although their capacity as biostimulants has been less com-
mercially exploited or representing a secondary benefit.
However, the potential of Bacillus species for use as inocu-
lants in agriculture with expected modes of action differ-
ent from biocontrol is being increasingly studied. Indeed,
the studies carried out with several Bacillus species have
demonstrated that they act as plant growth promoters in the
terms considered by Regulation EU 2019/1009, and that
many of such modes of action are mediated by the outstand-
ing production of phytohormones.

Another interesting use of phytohormone-producing
Bacillus species is to produce phytohormones industrially,
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using bioreactors. The most reported phytohormones pro-
duced by Bacillus species belong to the type of growth and
development phytohormones, but there is a gap that needs to
be bridged regarding stress-related phytohormones. Further-
more, the ability to produce the phytohormones SA and JA
by Bacillus species has not yet been related to their ability
to activate the tolerance responses of plants under abiotic
stresses, and thus, there is still a wide field of study in this
regard. Moreover, it is worth highlighting the wide vari-
ability in the amount of phytohormone produced by each
species, and even bacterial strain, both in vitro and in inter-
actions with plant roots, representing a standardization dif-
ficulty and a need for more studies.

Author contribution J.P. conceptualized and designed the manuscript.
J.P. performed the bibliographic search and analyzed the information.
J.P. wrote the first version of the manuscript. F.G.-A. contributed to the
manuscript correction and critical reading, as well as to the knowledge
on the bacteria and industrial field. All authors have read and agreed to
the published version of the manuscript.

Declarations

Ethics approval This article does not contain any studies with human
participants or animals performed by any of the authors.

Conflict of interest The authors declare no competing interests.

References

Ahmad F, Singh A, Kamal A (2019) Salicylic acid—mediated defense
mechanisms to abiotic stress tolerance. In: Khan MIR, Eddy PS,
Khan NA (eds) Plant Signaling Molecules. Woodhead Publish-
ing, Sawston, Cambridge, pp 355-369

Akhtar N, Ilyas N, Hayat R, Yasmin H, Noureldeen A, Ahmad P
(2021a) Synergistic effects of plant growth promoting rhizo-
bacteria and silicon dioxide nano-particles for amelioration of
drought stress in wheat. Plant Physiol Biochem 166:160-176.
https://doi.org/10.1016/j.plaphy.2021.05.039

Akhtar N, Ilyas N, Yasmin H, Sayyed RZ, Hasnain Z, Elsayed E, El
Enshasy HA (2021b) Role of Bacillus cereus in improving the
growth and phytoextractability of Brassica nigra (L.) K. Koch
in chromium contaminated soil. Molecules 26:1569. https://doi.
org/10.3390/molecules26061569

Alfonso FC, Vigueras-Ramirez G, Rosales-Colunga LM, del Monte-
Martinez A, Hernandez RO (2021) Propionate as the preferred
carbon source to produce 3-indoleacetic acid in B. subtilis: com-
parative flux analysis using five carbon sources. Mol Omics.
https://doi.org/10.1039/d1mo00039;j

Ali J, Ali F, Ahmad I, Rafique M, Munis MFH, Hassan SW, Sultan
T, Iftikhar M, Chaudhary HJ (2021) Mechanistic elucidation of
germination potential and growth of Sesbania sesban seedlings
with Bacillus anthracis PM21 under heavy metals stress: An in
vitro study. Ecotoxicol Environ Saf 208:111769. https://doi.org/
10.1016/j.ecoenv.2020.111769

Ali B, Sabri AN, Ljung K, Hasnain S (2009) Quantification of indole-
3-acetic acid from plant associated Bacillus spp. and their

@ Springer

phytostimulatory effect on Vigna radiata (L.). World J Micro-
biol Biotech. 25:519. https://doi.org/10.1007/s11274-008-9918-9

Ambawade MS, Pathade GR (2015) Production of gibberellic acid
by Bacillus siamensis BE 76 isolated from banana plant (Musa
spp.)- IntJ Sci Res 4:394-398

Araujo FF, Henning AA, Hungria M (2005) Phytohormones and anti-
biotics produced by Bacillus subtilis and their effects on seed
pathogenic fungi and on soybean root development. World
J Microbiol Biotech 21:1639-1645. https://doi.org/10.1007/
s11274-005-3621-x

Arkhipova TN, Veselov SU, Melentiev Al, Martynenko EV, Kudo-
yarova GR (2005) Ability of bacterium Bacillus subtilis to pro-
duce cytokinins and to influence the growth and endogenous hor-
mone content of lettuce plants. Plant Soil 272:201-209. https://
doi.org/10.1007/s11104-004-5047-x

Arkhipova TN, Prinsen E, Veselov SU, Martinenko EV, Melentiev Al,
Kudoyarova GR (2007) Cytokinin producing bacteria enhance
plant growth in drying soil. Plant Soil 29:305-315. https://doi.
org/10.1007/s11104-007-9233-5

Asari S, Tarkowské D, Rol¢ik J, Novak O, Palmero DV, Bejai S, Mei-
jer J (2017) Analysis of plant growth-promoting properties of
Bacillus amyloliquefaciens UCMBS5113 using Arabidopsis thal-
iana as host plant. Planta 245:15-30. https://doi.org/10.1007/
s00425-016-2580-9

Baghaee-Ravari S, Heidarzadeh N (2014) Isolation and characteriza-
tion of rhizosphere auxin producing Bacilli and evaluation of
their potency on wheat growth improvement. Archiv Agron Soil
Sci 60:895-905. https://doi.org/10.1080/03650340.2013.856003

Barea JM (2015) Future challenges and perspectives for applying
microbial biotechnology in sustainable agriculture based on a
better understanding of plant-microbiome interactions. J Soil Sci
Plant Nutr 15:261-282. https://doi.org/10.4067/S0718-95162
015005000021

Buensanteai N, Yuen GY, Prathuangwong S (2008) The biocontrol
bacterium Bacillus amyloliquefaciens KPS46 produces auxin,
surfactin and extracellular proteins for enhanced growth of soy-
bean plant. Thai J Agric Sci 41:101-116

Chobotarov A, Volkogon M, Voytenko L, Kurdish I (2020) Accumula-
tion of phytohormones by soil bacteria Azotobacter vinelandii
and Bacillus subtilis under the influence of nanomaterials. J
Microbiol Biotechnol Food Sci 9:271-274. https://doi.org/10.
15414/jmbfs.2017/18.7.3.271-274

de Jensen CE, Percich JA, Graham PH (2002) Integrated management
strategies of bean root rot with Bacillus subtilis and Rhizobium
in Minnesota. Field Crops Res 74:107—-115. https://doi.org/10.
1016/S0378-4290(01)00200-3

do Prado DZ, Okino-Delgado CH, Zanutto-Elgui MR, da Silva RBG,
Pereira MS, Jahn L, Ludwig-Miillerc J, Ribeiro da Silva M,
DominguesVelini E, Francisco Fleuria L (2019) Screening of
Aspergillus, Bacillus and Trichoderma strains and influence of
substrates on auxin and phytases production through solid-state
fermentation. Biocatal. Agric. Biotechnol. 19:101165.https://doi.
org/10.1016/j.bcab.2019.101165

Dodd IC, Zinovkina NY, Safronova VI, Belimov AA (2010) Rhizo-
bacterial mediation of plant hormone status. Ann Appl Biol
15:361-379. https://doi.org/10.1111/j.1744-7348.2010.00439.x

Du Jardin P (2015) Plant biostimulants: definition, concept, main cat-
egories and regulation. Sci Hortic 196:3-14. https://doi.org/10.
1016/j.scienta.2015.09.021

Engelbrecht G, Horak I, Jansen van Rensburg PJ, Claassens S (2018)
Bacillus-based bionematicides: development, modes of action
and commercialisation. Biocontrol Sci Technol 28:629-653.
https://doi.org/10.1080/09583157.2018.1469000

European Council (2019) Regulation (EU) 2019/1009 of the Euro-
pean Parliament and of the Council of 5 June 2019 Laying Down
Rules on the Making Available on the Market of EU Fertilising


https://doi.org/10.1016/j.plaphy.2021.05.039
https://doi.org/10.3390/molecules26061569
https://doi.org/10.3390/molecules26061569
https://doi.org/10.1039/d1mo00039j
https://doi.org/10.1016/j.ecoenv.2020.111769
https://doi.org/10.1016/j.ecoenv.2020.111769
https://doi.org/10.1007/s11274-008-9918-9
https://doi.org/10.1007/s11274-005-3621-x
https://doi.org/10.1007/s11274-005-3621-x
https://doi.org/10.1007/s11104-004-5047-x
https://doi.org/10.1007/s11104-004-5047-x
https://doi.org/10.1007/s11104-007-9233-5
https://doi.org/10.1007/s11104-007-9233-5
https://doi.org/10.1007/s00425-016-2580-9
https://doi.org/10.1007/s00425-016-2580-9
https://doi.org/10.1080/03650340.2013.856003
https://doi.org/10.4067/S0718-95162015005000021
https://doi.org/10.4067/S0718-95162015005000021
https://doi.org/10.15414/jmbfs.2017/18.7.3.271-274
https://doi.org/10.15414/jmbfs.2017/18.7.3.271-274
https://doi.org/10.1016/S0378-4290(01)00200-3
https://doi.org/10.1016/S0378-4290(01)00200-3
https://doi.org/10.1016/j.bcab.2019.101165
https://doi.org/10.1016/j.bcab.2019.101165
https://doi.org/10.1111/j.1744-7348.2010.00439.x
https://doi.org/10.1016/j.scienta.2015.09.021
https://doi.org/10.1016/j.scienta.2015.09.021
https://doi.org/10.1080/09583157.2018.1469000

Applied Microbiology and Biotechnology (2021) 105:8629-8645

8643

Products and Amending Regulations (EC) no 1069/2009 and
(EC) no 1107/2009 and Repealing Regulation (EC) no 2003/2003

Fahad S, Nie L, Chen Y, Wu C, Xiong D, Saud S, Hongyan L, Cui K,
Huang J (2015) Crop plant hormones and environmental stress.
In: Lichtfouse E (ed) Sustainable Agriculture Reviews. Springer,
Cham, pp 371-400

Forchetti G, Masciarelli O, Alemano S, Alvarez D, Abdala G (2007)
Endophytic bacteria in sunflower (Helianthus annuus L.): isola-
tion, characterization, and production of jasmonates and abscisic
acid in culture medium. Appl Microbiol Biotechnol 76:1145—
1152. https://doi.org/10.1007/s00253-007-1077-7

Forchetti G, Masciarelli O, Izaguirre MJ, Alemano S, Alvarez D,
Abdala G (2010) Endophytic bacteria improve seedling growth
of sunflower under water stress, produce salicylic acid, and
inhibit growth of pathogenic fungi. Curr Microbiol 61:485-493.
https://doi.org/10.1007/s00284-010-9642-1

Gerayeli N, Baghaee-Ravari S, Tarighi S (2018) Evaluation of the
antagonistic potential of Bacillus strains against Pectobacterium
carotovorum subsp. carotovorum and their role in the induc-
tion of resistance to potato soft rot infection. Eur J Plant Pathol
150:1049-1063. https://doi.org/10.1007/s10658-017-1344-0

Gowtham HG, Duraivadivel P, Ayusman S, Sayani D, Gholap SL,
Niranjana SR, Hariprasad, P (2021) ABA analogue produced
by Bacillus marisflavi modulates the physiological response
of Brassica juncea L. under drought stress. Appl Soil Ecol.
159:103845. https://doi.org/10.1016/j.aps0il.2020.103845

Guo HB, He SW, Wang X, Thin KK, Wei HL, Zhang XX (2020) Bacil-
lus telluris sp. nov. isolated from greenhouse soil in Beijing,
China. Microorganisms. 8:702. https://doi.org/10.3390/micro
organisms8050702

Gutiérrez-Maiiero FJ, Ramos-Solano B, Probanza AN, Mehouachi JR,
Tadeo FR, Talon M (2001) The plant-growth-promoting rhizo-
bacteria Bacillus pumilus and Bacillus licheniformis produce
high amounts of physiologically active gibberellins. Physiol
Plant 111:206-211. https://doi.org/10.1034/j.1399-3054.2001.
1110211.x

Hussain A, Hasnain S (2009) Cytokinin production by some bacteria:
its impact on cell division in cucumber cotyledons. Afr J Micro-
biol Res 3:704-712. https://doi.org/10.5897/AJMR.900021 1

Hussain A, Hasnain S (2011) Interactions of bacterial cytokinins and
TAA in the rhizosphere may alter phytostimulatory efficiency of
rhizobacteria. World J Microbiol Biotechnol 27:2645. https://doi.
org/10.1007/s11274-011-0738-y

Idris EE, Iglesias DJ, Talon M, Borriss R (2007) Tryptophan-depend-
ent production of indole-3-acetic acid (IAA) affects level of
plant growth promotion by Bacillus amyloliquefaciens FZB42.
Mol Plant-Microbe in 20:619-626. https://doi.org/10.1094/
MPMI-20-6-0619

Ilidcei¢ RM, Pivié¢ RN, Dinié ZS, Latkovié DS, Vlaji¢ SA, I¢ DLJ
(2017) The enhancement of soybean growth and yield in a field
trial through introduction of mixtures of Bradyrhizobium japoni-
cum, Bacillus sp. and Pseudomonas chlororaphis. Not Sci Biol
9:274-279. https://doi.org/10.15835/nsb921008 1

Islam MT, Rahman M, Pandey P, Jha CK, Aeron A (2016) Bacilli and
Agrobiotechnology. Springer

Janker J, Mann S, Rist S (2018) What is sustainable agriculture? Criti-
cal analysis of the international political discourse. Sustainability
10:4707. https://doi.org/10.3390/su10124707

Ji C, Tian H, Wang X, Hao L, Wang C, Zhou Y, Xu R, Song X, Liu
Y, Du J, Liu X (2020) Bacillus subtilis HG-15, a halotolerant
rhizoplane bacterium, promotes growth and salinity tolerance in
wheat (Triticum aestivum). Research Square. https://doi.org/10.
21203/rs.3.rs-19695/v1

Joo GJ, Kim YM, Lee 1J, Song KS, Rhee IK (2004) Growth promotion
of red pepper plug seedlings and the production of gibberellins
by Bacillus cereus, Bacillus macroides and Bacillus pumilus.

Biotechnol Lett 26:487-491. https://doi.org/10.1023/B:BILE.
0000019555.87121.34

Joo GJ, Kim YM, Kim JT, Rhee IK, Kim JH, Lee 1J (2005) Gibber-
ellins-producing rhizobacteria increase endogenous gibberel-
lins content and promote growth of red peppers. J Microbiol
43:510-515

Kang SM, Hamayun M, Khan MA, Igbal A, Lee 1J (2019a) Bacillus
subtilis W1 enhances plant growth and nutrient uptake of Chi-
nese cabbage through gibberellins secretion. J Appl Bot Food
Qual 92:172-178. https://doi.org/10.5073/JABFQ.2019.092.023

Kang SM, Khan AL, Waqas M, Asaf S, Lee KE, Park YG, Kim AY,
Khan MA, You YH, Lee 1J (2019b) Integrated phytohormone
production by the plant growth-promoting rhizobacterium Bacil-
lus tequilensis SSBO7 induced thermotolerance in soybean. J
Plant Interact 14:416-423. https://doi.org/10.1080/17429145.
2019.1640294

Karadeniz A, Topcuoglu SF, Inan S (2006) Auxin, gibberellin, cyto-
kinin and abscisic acid production in some bacteria. World J
Microbiol Biotechnol 22:1061-1064. https://doi.org/10.1007/
s11274-005-4561-1

Kashyap BK, Solanki MK, Pandey AK, Prabha S, Kumar P, Kumari
B (2019) Bacillus as plant growth promoting rhizobacteria
(PGPR): a promising green agriculture technology. In: Ansari
RA, Mahmood I (eds) Plant Health Under Biotic Stress. Springer,
Singapore, pp 219-236

Keswani C, Prakash O, Bharti N, Vilchez JI, Sansinenea E, Lally RD,
Borrissh R, Singh SP, Gupta VK, Fraceto LF, de Lima R, Singh
HB (2019) Re-addressing the biosafety issues of plant growth
promoting rhizobacteria. Sci Total Environ 690:841-852. https://
doi.org/10.1016/j.scitotenv.2019.07.046

Khan N, Bano A, Ali S, Babar MA (2020) Crosstalk amongst phy-
tohormones from planta and PGPR under biotic and abiotic
stresses. Plant Growth Regul 90:189-203. https://doi.org/10.
1007/s10725-020-00571-x

Kim MJ, Radhakrishnan R, Kang SM, You YH, Jeong EJ, Kim JG, Lee
1J (2017) Plant growth promoting effect of Bacillus amylolique-
faciens H-2-5 on crop plants and influence on physiological
changes in soybean under soil salinity. Physiol Mol Biol Plants
23:571-580. https://doi.org/10.1007/s12298-017-0449-4

Kudoyarova GR, Melentiev Al, Martynenko EV, Timergalina LN,
Arkhipova TN, Shendel GV, Kuz’mina LY, Dodd IC, Veselovc
SY (2014) Cytokinin producing bacteria stimulate amino acid
deposition by wheat roots. Plant Physiol Biochem 83:285-291.
https://doi.org/10.1016/j.plaphy.2014.08.015

Lee S, Ka JO, Song HG (2012) Growth promotion of Xanthium itali-
cum by application of rhizobacterial isolates of Bacillus aryab-
hattai in microcosm soil. J Microbiol 50:45-49. https://doi.org/
10.1007/s12275-012-1415-z

Lim JH, Kim SD (2009) Synergistic plant growth promotion by the
indigenous auxins-producing PGPR Bacillus subtilis AH18
and Bacillus licheniforims K11.J Korean Soc Appl Biol Chem
52:531-538. https://doi.org/10.3839/jksabc.2009.090

Liu F, Xing S, Ma H, Du Z, Ma B (2013) Cytokinin-producing,
plant growth-promoting rhizobacteria that confer resistance to
drought stress in Platycladus orientalis container seedlings. Appl
Microbiol Biotechnol 97:9155-9164. https://doi.org/10.1007/
500253-013-5193-2

Liu Y, Chen L, Zhang N, Li Z, Zhang G, Xu Y, Shen Q, Zhang R
(2016) Plant-microbe communication enhances auxin biosyn-
thesis by a root-associated bacterium, Bacillus amyloliquefaciens
SQR9. Mol Plant-Microbe in 29:324-330. https://doi.org/10.
1094/MPMI-10-15-0239-R

Lopes R, Tsui S, Gongalves PJ, de Queiroz MV (2018) A look into
a multifunctional toolbox: endophytic Bacillus species provide
broad and underexploited benefits for plants. World J Microbiol
Biotechnol 34:94. https://doi.org/10.1007/s11274-018-2479-7

@ Springer


https://doi.org/10.1007/s00253-007-1077-7
https://doi.org/10.1007/s00284-010-9642-1
https://doi.org/10.1007/s10658-017-1344-0
https://doi.org/10.1016/j.apsoil.2020.103845
https://doi.org/10.3390/microorganisms8050702
https://doi.org/10.3390/microorganisms8050702
https://doi.org/10.1034/j.1399-3054.2001.1110211.x
https://doi.org/10.1034/j.1399-3054.2001.1110211.x
https://doi.org/10.5897/AJMR.9000211
https://doi.org/10.1007/s11274-011-0738-y
https://doi.org/10.1007/s11274-011-0738-y
https://doi.org/10.1094/MPMI-20-6-0619
https://doi.org/10.1094/MPMI-20-6-0619
https://doi.org/10.15835/nsb9210081
https://doi.org/10.3390/su10124707
https://doi.org/10.21203/rs.3.rs-19695/v1
https://doi.org/10.21203/rs.3.rs-19695/v1
https://doi.org/10.1023/B:BILE.0000019555.87121.34
https://doi.org/10.1023/B:BILE.0000019555.87121.34
https://doi.org/10.5073/JABFQ.2019.092.023
https://doi.org/10.1080/17429145.2019.1640294
https://doi.org/10.1080/17429145.2019.1640294
https://doi.org/10.1007/s11274-005-4561-1
https://doi.org/10.1007/s11274-005-4561-1
https://doi.org/10.1016/j.scitotenv.2019.07.046
https://doi.org/10.1016/j.scitotenv.2019.07.046
https://doi.org/10.1007/s10725-020-00571-x
https://doi.org/10.1007/s10725-020-00571-x
https://doi.org/10.1007/s12298-017-0449-4
https://doi.org/10.1016/j.plaphy.2014.08.015
https://doi.org/10.1007/s12275-012-1415-z
https://doi.org/10.1007/s12275-012-1415-z
https://doi.org/10.3839/jksabc.2009.090
https://doi.org/10.1007/s00253-013-5193-2
https://doi.org/10.1007/s00253-013-5193-2
https://doi.org/10.1094/MPMI-10-15-0239-R
https://doi.org/10.1094/MPMI-10-15-0239-R
https://doi.org/10.1007/s11274-018-2479-7

8644

Applied Microbiology and Biotechnology (2021) 105:8629-8645

Mahanty T, Bhattacharjee S, Goswami M, Bhattacharyya P, Das B,
Ghosh A, Tribedi P (2017) Biofertilizers: a potential approach
for sustainable agriculture development. Environ Sci Pollut
Res 24:3315-3335. https://doi.org/10.1007/s11356-016-8104-0

Maheshwari DK, Dubey RC, Agarwal M, Dheeman S, Aeron A,
Bajpai VK (2015) Carrier based formulations of biocoenotic
consortia of disease suppressive Pseudomonas aeruginosa
KRP1 and Bacillus licheniformis KRB1. Ecol Eng 81:272-277.
https://doi.org/10.1016/j.ecoleng.2015.04.066

Malfanova N, Kamilova F, Validov S, Shcherbakov A, Chebotar V,
Tikhonovich I, Lugtenberg B (2011) Characterization of Bacil-
lus subtilis HC8, a novel plant-beneficial endophytic strain
from giant hogweed. Microb Biotechnol 4:523-532. https://
doi.org/10.1111/j.1751-7915.2011.00253.x

MAPA (2021) Database of fertilizer products registered in Spain.
Ministry of Agriculture, Fisheries and Food, Government of
Spain. Retrieved February 11, 2021. https://www.mapa.gob.es/
app/consultafertilizante/consultafertilizante.aspx

Meng Q, Jiang H, Hao JJ (2016) Effects of Bacillus velezensis strain
BACO3 in promoting plant growth. Biol Control 98:18-26.
https://doi.org/10.1016/j.biocontrol.2016.03.010

Murugappan RM, Begum SB, Roobia RR (2013) Symbiotic influence
of endophytic Bacillus pumilus on growth promotion and pro-
biotic potential of the medicinal plant Ocimum sanctum. Sym-
biosis 60:91-99. https://doi.org/10.1007/s13199-013-0244-0

Naik K, Mishra S, Srichandan H, Singh PK, Sarangi PK (2019)
Plant growth promoting microbes: potential link to sustain-
able agriculture and environment. Biocatal Agric Biotechnol
21:101326. https://doi.org/10.1016/j.bcab.2019.101326

Nambirajan G, Ashok G, Baskaran K, Viswanathan C (2020) Bacil-
lus and endomicrobiome: Biodiversity and potential applica-
tions in agriculture. In: Yadav AN, Rastegari AA, Yadav N,
Kour D (eds) Advances in Plant Microbiome and Sustainable
Agriculture. Springer, Singapore, pp 189-205

Nazli F, Jamil M, Hussain A, Hussain T (2020) Exopolysaccharides
and indole-3-acetic acid producing Bacillus safensis strain
FN13 potential candidate for phytostabilization of heavy met-
als. Environ Monit Assess 192:1-16. https://doi.org/10.1007/
s10661-020-08715-2

Ngalimat MS, Yahaya RSR, Baharudin MMAA, Yaminudin SM,
Karim M, Ahmad SA, Sabr S (2021) A review on the bio-
technological applications of the operational group Bacillus
amyloliquefaciens. Microorganisms 9:614. https://doi.org/10.
3390/microorganisms9030614

Noghabi KA, Zahiri HS, Lotfi AS, Raheb J, Nasri S, Yoon SC (2007)
Mercury absorption by Pseudomonas fluorescens BM0O7 grown
at two different temperatures. Pol J Microbiol 56:111

Odoh CK (2017) Plant growth promoting rhizobacteria (PGPR):
A bioprotectant bioinoculant for sustainable agrobiology. A
review. Int J Adv Res Biol Sci 4:123-142. https://doi.org/10.
22192/ijarbs.2017.04.05.014

Pan W, Lu Q, Xu QR, Zhang RR, Li HY, Yang YH, Liu HJ, Du ST
(2019) Abscisic acid-generating bacteria can reduce Cd con-
centration in pakchoi grown in Cd-contaminated soil. Ecotoxi-
col Environ Saf 177:100-107. https://doi.org/10.1016/j.ecoenv.
2019.04.010

Pandya ND, Desai PV (2013) Gibberellic acid production by Bacillus
cereus isolated from the rhizosphere of sugarcane. J Pure Appl
Microbiol 7:3239-3242

Petersen DJ, Srinivasan M, Chanway CP (1996) Bacillus polymyxa
stimulates increased Rhizobium etli populations and nodulation
when co-resident in the rhizosphere of Phaseolus vulgaris.
FEMS Microbiol Lett 142:271-276. https://doi.org/10.1111/j.
1574-6968.1996.tb08442.x

@ Springer

Poveda J (2020b) Use of plant-defense hormones against pathogen-
diseases of postharvest fresh produce. Physiol Mol Plant Pathol
111:101521. https://doi.org/10.1016/j.pmpp.2020.101521

Poveda J (2021) Insect frass in the development of sustainable agricul-
ture. A Review. Agron Sustain Dev 41:1-10. https://doi.org/10.
1007/513593-020-00656-x

Poveda J, Barquero M, Gonzalez-Andrés F (2020) Insight into the
microbiological control strategies against Botrytis cinerea using
systemic plant resistance activation. Agronomy 10:1822. https://
doi.org/10.3390/agronomy 10111822

Poveda J (2020a) Cyanobacteria in plant health: biological strategy
against abiotic and biotic stresses. Crop Prot. 105450.https://doi.
org/10.1016/j.cropro.2020.105450

Radhakrishnan R, Lee 1J (2016) Gibberellins producing Bacillus meth-
ylotrophicus KE2 supports plant growth and enhances nutritional
metabolites and food values of lettuce. Plant Physiol Biochem
109:181-189. https://doi.org/10.1016/j.plaphy.2016.09.018

Radhakrishnan R, Hashem A, Abd-Allah EF (2017) Bacillus: a biologi-
cal tool for crop improvement through bio-molecular changes in
adverse environments. Front Physiol 8:667. https://doi.org/10.
3389/fphys.2017.00667

Raheem A, Shaposhnikov A, Belimov AA, Dodd IC, Ali B (2018)
Auxin production by rhizobacteria was associated with improved
yield of wheat (Triticum aestivum L.) under drought stress. Arch
Agron Soil Sci 64:574-587. https://doi.org/10.1080/03650340.
2017.1362105

Rizza A, Jones AM (2019) The makings of a gradient: spatiotemporal
distribution of gibberellins in plant development. Curr Plant Biol
47:9-15. https://doi.org/10.1016/j.pbi.2018.08.001

Rouphael Y, Colla G (2018) Synergistic biostimulatory action: Design-
ing the next generation of plant biostimulants for sustainable
agriculture. Front Plant Sci 9:1655. https://doi.org/10.3389/fpls.
2018.01655

Samreen T, Zahir ZA, Naveed M, Asghar M (2019) Boron tolerant
phosphorus solubilizing Bacillus spp. MN-54 improved canola
growth in alkaline calcareous soils. Int J Agric Biol 21:538-546.
https://doi.org/10.17957/1JAB/15.0926

Sansinenea E (2019) Applications and patents of Bacillus spp. in
agriculture. In: Singh HB, Keswani C, Singh SP (eds) Intellec-
tual Property Issues in Microbiology. Springer, Singapore, pp
133-146

Saxena AK, Kumar M, Chakdar H, Anuroopa N, Bagyaraj DJ (2020)
Bacillus species in soil as a natural resource for plant health and
nutrition. J Appl Microbiol 128:1583-1594. https://doi.org/10.
1111/jam.14506

Shahzad R, Waqas M, Khan AL, Asaf S, Khan MA, Kang SM, Yun
BW, Lee 1J (2016) Seed-borne endophytic Bacillus amylolique-
faciens RWL-1 produces gibberellins and regulates endog-
enous phytohormones of Oryza sativa. Plant Physiol Biochem
106:236-243. https://doi.org/10.1016/j.plaphy.2016.05.006

Shahzad R, Khan AL, Bilal S, Waqas M, Kang SM, Lee 1J (2017)
Inoculation of abscisic acid-producing endophytic bacteria
enhances salinity stress tolerance in Oryza sativa. Environ Exp
Bot 136:68-77. https://doi.org/10.1016/j.envexpbot.2017.01.010

Shahzad R, Khan AL, Waqas M, Ullah I, Bilal S, Kim YH, Asaf S,
Kang SM, Lee 1J (2019) Metabolic and proteomic alteration in
phytohormone-producing endophytic Bacillus amyloliquefaciens
RWL-1 during methanol utilization. Metabolomics 15:16. https://
doi.org/10.1007/s11306-018-1467-0

Shanmugam P, Narayanasamy M (2009) Optimization and production
of salicylic acid by rhizobacterial strain Bacillus licheniformis
MML2501. Int J Microbiol 6:94-98

Shao J, Li S, Zhang N, Cui X, Zhou X, Zhang G, Shen Q, Zhang R
(2015) Analysis and cloning of the synthetic pathway of the phy-
tohormone indole-3-acetic acid in the plant-beneficial Bacillus


https://doi.org/10.1007/s11356-016-8104-0
https://doi.org/10.1016/j.ecoleng.2015.04.066
https://doi.org/10.1111/j.1751-7915.2011.00253.x
https://doi.org/10.1111/j.1751-7915.2011.00253.x
https://www.mapa.gob.es/app/consultafertilizante/consultafertilizante.aspx
https://www.mapa.gob.es/app/consultafertilizante/consultafertilizante.aspx
https://doi.org/10.1016/j.biocontrol.2016.03.010
https://doi.org/10.1007/s13199-013-0244-0
https://doi.org/10.1016/j.bcab.2019.101326
https://doi.org/10.1007/s10661-020-08715-2
https://doi.org/10.1007/s10661-020-08715-2
https://doi.org/10.3390/microorganisms9030614
https://doi.org/10.3390/microorganisms9030614
https://doi.org/10.22192/ijarbs.2017.04.05.014
https://doi.org/10.22192/ijarbs.2017.04.05.014
https://doi.org/10.1016/j.ecoenv.2019.04.010
https://doi.org/10.1016/j.ecoenv.2019.04.010
https://doi.org/10.1111/j.1574-6968.1996.tb08442.x
https://doi.org/10.1111/j.1574-6968.1996.tb08442.x
https://doi.org/10.1016/j.pmpp.2020.101521
https://doi.org/10.1007/s13593-020-00656-x
https://doi.org/10.1007/s13593-020-00656-x
https://doi.org/10.3390/agronomy10111822
https://doi.org/10.3390/agronomy10111822
https://doi.org/10.1016/j.cropro.2020.105450
https://doi.org/10.1016/j.cropro.2020.105450
https://doi.org/10.1016/j.plaphy.2016.09.018
https://doi.org/10.3389/fphys.2017.00667
https://doi.org/10.3389/fphys.2017.00667
https://doi.org/10.1080/03650340.2017.1362105
https://doi.org/10.1080/03650340.2017.1362105
https://doi.org/10.1016/j.pbi.2018.08.001
https://doi.org/10.3389/fpls.2018.01655
https://doi.org/10.3389/fpls.2018.01655
https://doi.org/10.17957/IJAB/15.0926
https://doi.org/10.1111/jam.14506
https://doi.org/10.1111/jam.14506
https://doi.org/10.1016/j.plaphy.2016.05.006
https://doi.org/10.1016/j.envexpbot.2017.01.010
https://doi.org/10.1007/s11306-018-1467-0
https://doi.org/10.1007/s11306-018-1467-0

Applied Microbiology and Biotechnology (2021) 105:8629-8645

8645

amyloliquefaciens SQR9. Microb Cell Fact 14:130. https://doi.
org/10.1186/s12934-015-0323-4

Shao J, Li Y, Li Z, Xu Z, Xun W, Zhang N, Feng H, Miao Y, Shen Q,
Zhang R (2021) Participating mechanism of a major contributing
gene ysnE for auxin biosynthesis in Bacillus amyloliquefaciens
SQRO. J Basic Microbiol 61:569-575. https://doi.org/10.1002/
jobm.202100098

Shi TQ, Peng H, Zeng SY, Ji RY, Shi K, Huang H, Ji XJ (2017) Micro-
bial production of plant hormones: opportunities and challenges.
Bioengineered 8:124-128. https://doi.org/10.1080/21655979.
2016.1212138

Silpa D, Rao PB, Kumar GK, Raghu RM (2018) Studies on gibberel-
lic acid production by Bacillus licheniformis DS3 isolated from
banana field soils. Int J Sci Res Sci Technol 4:1106-1112

Singh VP, Prasad SM, Munné-Bosch S, Miiller M (2017) Phytohor-
mones and the regulation of stress tolerance in plants: current
status and future directions. Front Plant Sci 8:1871. https://doi.
org/10.3389/fpls.2017.01871

Sorokan A, Veselova S, Benkovskaya G, Maksimov I (2021) Endo-
phytic strain Bacillus subtilis 26D increases levels of phytohor-
mones and repairs growth of potato plants after Colorado potato
beetle damage. Plants 10:923. https://doi.org/10.3390/plants 1005
0923

Sun Z, Liu K, Zhang J, Zhang Y, Xu K, Yu D, Wang J, Hu L, Chen L,
Li C (2017) IAA producing Bacillus altitudinis alleviates iron
stress in Triticum aestivum L. seedling by both bioleaching of
iron and up-regulation of genes encoding ferritins. Plant Soil
419:1-11. https://doi.org/10.1007/s11104-017-3218-9

Talboys PJ, Owen DW, Healey JR, Withers PJ, Jones DL (2014)
Auxin secretion by Bacillus amyloliquefaciens FZB42 both
stimulates root exudation and limits phosphorus uptake in Triti-
cum aestivum. BMC Plant Biol 14:51. https://doi.org/10.1186/
1471-2229-14-51

Tiwari S, Prasad V, Lata C (2019) Bacillus: Plant growth promoting
bacteria for sustainable agriculture and environment. In: Singh
JS, Singh DP (eds) New and Future Developments in Microbial
Biotechnology and Bioengineering. Elsevier, Amsterdam, pp
43-55

Tripathi AD, Mishra R, Maurya KK, Singh RB, Wilson DW (2019)
Estimates for world population and global food availability for
global health. In: Singh RB, Watson RR, Takahashi T (eds) The
role of functional food security in global health. Academic Press,
Cambridge, pp 3-24

Tsavkelova EA, Klimova SY, Cherdyntseva TA, Netrusov Al (2006)
Hormones and hormone-like substances of microorganisms: a
review. Appl Biochem Microbiol 42:229-235. https://doi.org/
10.1134/S000368380603001X

Vicente-Hernandez A, Salgado-Garciglia R, Valencia-Cantero E,
Ramirez-Ordorica A, Hernandez-Garcia A, Garcia-Juarez P,
Macias-Rodriguez L (2019) Bacillus methylotrophicus M4-96
stimulates the growth of strawberry (Fragariax ananassa ‘Aro-
mas’) plants in vitro and slows Botrytis cinerea infection by two
different methods of interaction. J Plant Growth Regul 38:765—
777. https://doi.org/10.1007/s00344-018-9888-6

Wagi S, Ahmed A (2019) Bacillus spp.: potent microfactories of bacte-
rial IAA. Peer] 7:¢7258. https://doi.org/10.7717/peerj.7258

Wang X, Xie H, Ku'Y, Yang X, Chen Y, Yang N, Mei Y, Cao C (2020a)
Chemotaxis of Bacillus cereus YL6 and its colonization of Chi-
nese cabbage seedlings. Plant Soil 447:413-430. https://doi.org/
10.1007/s11104-019-04344-y

Wang J, Song L, Gong X, Xu J, Li M (2020b) Functions of jasmonic
acid in plant regulation and response to abiotic stress. Int J Mol
Sci 21:1446. https://doi.org/10.3390/ijms21041446

Yadav AN, Singh J, Rastegari AA, Yadav N (2020) Plant microbiomes
for sustainable agriculture. Springer, Berlin

Yakhin OI, Lubyanov AA, Yakhin IA, Brown PH (2017) Biostimulants
in plant science: a global perspective. Front Plant Sci 7:2049.
https://doi.org/10.3389/fpls.2016.02049

Yuan J, Ruan Y, Wang B, Zhang J, Waseem R, Huang Q, Shen Q
(2013) Plant growth-promoting rhizobacteria strain Bacillus
amyloliquefaciens NIN-6-enriched bio-organic fertilizer sup-
pressed Fusarium wilt and promoted the growth of banana plants.
J Agric Food Chem 61:3774-3780. https://doi.org/10.1021/j£400
038z

Zerrouk IZ, Rahmoune B, Auer S, Rosler S, Lin T, Baluska F, Dobrev
PI, Motyka V, Ludwig-Miiller J (2020) Growth and aluminum
tolerance of maize roots mediated by auxin-and cytokinin-pro-
ducing Bacillus toyonensis requires polar auxin transport. Envi-
ron. Exp. Bot. 104064https://doi.org/10.1016/j.envexpbot.2020.
104064

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1186/s12934-015-0323-4
https://doi.org/10.1186/s12934-015-0323-4
https://doi.org/10.1002/jobm.202100098
https://doi.org/10.1002/jobm.202100098
https://doi.org/10.1080/21655979.2016.1212138
https://doi.org/10.1080/21655979.2016.1212138
https://doi.org/10.3389/fpls.2017.01871
https://doi.org/10.3389/fpls.2017.01871
https://doi.org/10.3390/plants10050923
https://doi.org/10.3390/plants10050923
https://doi.org/10.1007/s11104-017-3218-9
https://doi.org/10.1186/1471-2229-14-51
https://doi.org/10.1186/1471-2229-14-51
https://doi.org/10.1134/S000368380603001X
https://doi.org/10.1134/S000368380603001X
https://doi.org/10.1007/s00344-018-9888-6
https://doi.org/10.7717/peerj.7258
https://doi.org/10.1007/s11104-019-04344-y
https://doi.org/10.1007/s11104-019-04344-y
https://doi.org/10.3390/ijms21041446
https://doi.org/10.3389/fpls.2016.02049
https://doi.org/10.1021/jf400038z
https://doi.org/10.1021/jf400038z
https://doi.org/10.1016/j.envexpbot.2020.104064
https://doi.org/10.1016/j.envexpbot.2020.104064

	Bacillus as a source of phytohormones for use in agriculture
	Abstract 
	Key points 
	Introduction
	Bacteria as phytohormone producers
	Bacillus in agriculture
	Phytohormones produced by Bacillus
	Growth and development phytohormones
	Stress-related phytohormones

	Conclusions
	References


