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The Role of Plant Growth-
Promoting Bacteria in the Growth
of Cereals under Abiotic Stresses
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and Ute Roessner

Abstract

Plant growth-promoting rhizobacteria (PGPR) are known to improve plant per-
formance by multiple mechanisms, such as the production of beneficial hormones,
the enhancement of plant nutritional status, and the reduction of the stress-related
damage. The interaction between plants and PGPR becomes of particular interest
in environments that are characterized by suboptimal growing conditions, e.g.,
high or low temperatures, drought, soil salinity, and nutrient scarcity. The positive
role of PGPR will become even more appealing in the future, as world agriculture
is facing issues as climate change and soil degradation. This chapter aims to discuss
the main mechanisms of the interaction between PGPR and plants and will focus of
how PGPR can decrease abiotic stress damage in cereals, which are critical crops for
human diet.

Keywords: PGPR bacteria, global warming, abiotic stresses, cereals,
growth-promoting mechanisms

1. Introduction

Global agriculture is facing the difficult challenge of increasing the productivity
and output required to feed a growing population. Additionally, fertile land areas
available for agriculture are gradually decreasing due to climate change, soil deg-
radation, and pressure from urban developments. These concerns are particularly
relevant as they negatively affect yields of cereal crops, which are a fundamental
diet component in global society [1].

To help overcome this problem, researchers have turned their attention to
understanding interactions between plants and soil microorganisms. Plant roots
interact with the soil microbiota, which have various effects on plant growth and
development, ranging from beneficial to pathogenic [2]. Plant growth-promoting
rhizobacteria (PGPR) play important, but still poorly understood, roles in plant
growth promotion, especially under environmental stress such as drought, tem-
perature, and salinity [2-4].

There are various mechanisms through which PGPR improve plant perfor-
mance, often in a synergic manner; some examples include the production of
plant growth-promoting hormones, improvement of plant nutritional status, and
decreased stress damage [2]. Interactions between plants and PGPR can result in
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improvement of plant performance and enhanced resistance to biotic and abiotic
stresses which are important traits for cultivated crops [5].

2. Importance of cereals in global nutrition

Cereals are annual plants belonging to the monocotyledonous Poaceae family
and are a vital food source for humans as they provide almost one half of the calo-
ries that are consumed daily in the world [6]. Furthermore, cereals are also exten-
sively used as animal feed, mainly for livestock and poultry, and as raw materials for
many industrial processes, primarily the production of alcoholic beverages [1].

In the last 50 years, the increase of cereal production (+240% in the time window
1961-2017 shown in Figure 1) is the result of increased yields per hectare (+201%)
rather than the expansion of land allocated to cereal production (+12%) (Figure1).
However, this trend has recently decreased. The average production rate of cereals
was 3.6% per year between 1961 and 2007, and it decreased to an average of 2.7%
between 2007 and 2017 [7]. This is likely to be linked to multiple factors, including
climate change, soil degradation, use of soil for non-alimentary purposes, restrictions
on water, nutrients and land for agriculture, and limitations of traditional breeding.

Cereals and World Population 1961-2017

1961 1971 1981 1991 2001 201

Harvested Area (10°ha) Yield (ton/ha) Production (10° ton) World Population (10°)

Figure 1.
Cereal cultivation records and world population data since 1961. Cereals cultivated land, soil productivity as
yield, world grain production, and world population are displayed [7].

3. Abiotic stress effects on agriculture

Most cultivated soils in the world are characterized as being suboptimal. Any
deviation from optimal growth conditions causes several interconnected reactions
in plants that can be described as an attempt to adapt to new environmental condi-
tions in an effort to maintain homeostasis. If the stress endures too long or is too
severe, it can permanently damage plant physiology or result in death. While many
plants are able to adapt to stress, the process requires energy that is diverted from
active growth, resulting in smaller acclimated plants [8]. Abiotic stresses, that is,
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stresses caused by nonliving factors, are thought to be the main cause of global
crop loss with decreased productivity of more than 50% annually [9]. Drought and
salinity stress are potent environmental hazards for agriculture, particularly in arid
and semiarid regions which are already approaching the limits of crop productivity,
and due to global warming and degradation of agricultural soils, these regions may
no longer support crop plants in the future [10, 11].

3.1 Climate change

Food security is positively correlated with social and economic stability; given
climate change is threatening food production, there are extended and complex
implications. Since the mid-nineteenth century, average temperatures have
increased by 0.8°C, and by the end of this century, temperatures are predicted to
increase between 1.8 and 4°C compared to the end of the last century [12]. This
change is causally related with human activities by the production of greenhouse
gases such as carbon dioxide, the concentration of which rose from ~284 ppm in
1832 to 397 ppm in 2013 [13].

While CO; is generally accepted as a greenhouse gas, there is now increased
interest in the role of nitrous oxide (N,0). This compound can originate from the
denitrification of N fertilizers, which are commonly used in modern agriculture.
In 2014-2015, more than half of all N fertilizer was applied to cereal crops alone
[14]. The reintroduction of N in N-depleted soil is an essential agricultural practice
that has led to increased yields over the last few decades. However, the application
of N fertilizer is inefficient, and it is estimated that only one third of the applied
N is absorbed by plants, with the excess being lost in surface runoff, leaching in
groundwater, or volatilization into the atmosphere [15]. Atmospheric N,O, while
less abundant than CO,, is 300 times more potent as a greenhouse gas [16].

Climate change caused by greenhouse gas emissions is predicted to directly
impact the productivity of agricultural systems in almost every part of the planet.
While many agricultural sites in cold-continental areas will benefit from the
increased temperatures, regions characterized by temperate, tropical arid, or
subarid climates are likely to face decreasing yields [17]. By modeling the effects of
climate change on the yields of various cereals in different areas of the world, it was
predicted that by the end of the century, heat stress events will increase in areas of
Central and Eastern Asia, Southern Australia, Central North America, and Southeast
Brazil (rice); Northern India, the Sahel region, Southeast Africa, and Central South
America (maize); and Central Asia (wheat) [18]. Kompas et al. [10] estimated that
if no measures are taken to reduce greenhouse gas emissions, the average world
temperature increase of 4°C by 2100 will severely decrease food production in
almost all countries in the world. This will result in economic loss of approximately
23 thousand billion US$ on average, with Southeast Asia and developing countries of
Africa predicted to face the largest losses (21 and 26% of GDP, respectively).

3.2 Agricultural soil degradation

Soil degradation is one of the main concerns impacting agricultural productiv-
ity, especially in tropical and subtropical areas [19]. Globally, one third of land is
affected by some form of deterioration [20]. Unsuitable agricultural techniques,
together with excessive crop residue removal and unbalanced use of chemical fertil-
izers, can decrease soil quality, deplete organic matter stocks, and increase erosion.
Crop removal from the production site causes the loss of elements that are essential
for plant growth, and these elements must be constantly reintroduced to avoid
productivity decreases [21].
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Using soils for agricultural purposes can cause degradation of water sources,
due to leaching of degraded fertilizers into groundwater. Many rivers in develop-
ing countries have severe water pollution and eutrophication issues. Irrigation is
an essential management strategy to obtain sufficient productivity to meet food
demands in many arid and semiarid areas, but it can lead to undesirable effects.
Improper irrigation techniques have increased saline-sodic soils that now occur in
more than 20% of irrigated lands [22].

4. Plant growth-promoting bacteria

A common misconception during the nineteenth century was that healthy plants
should be sterile, not interacting with any microorganisms. This assumption was
initially questioned by Victor Galippe [23], who proved that healthy plants could host
various microbes in their tissues. Today, we know that almost all terrestrial plants from
various environments interact with the surrounding microbiota during all stages of
plant development. The relationship between host plant and microbe can range from
parasitism, commensalism or mutualism, or neutral or beneficial for plant growth
and can vary greatly due to a multitude of factors, both biotic and abiotic. PGPR are
attracted to plants by organic exudates released through roots and colonize the root
surface and the soil directly in contact with the root. The soil matrix directly in contact
with plant roots is called the rhizosphere [24], and the extracellular surface of roots
is termed the rhizoplane [25]. Here, colonizing microorganisms can establish the
exchange of nutrients and various compounds with the plant, summarized in Figure 2.

Nutrients and organic compounds released into the rhizosphere from roots are
derived from photosynthesis, and plants release up to 30% of their photosynthates
through the roots [26]. These include a variety of compound classes such as carbohy-
drates, amino acids, organic acids, flavonoids, and lipids that can be used as energy
sources for microbes [27]. The sensing and active migration of bulk soil bacteria toward
these compounds is called chemotaxis, leading bacteria to colonize the rhizosphere
and rhizoplane [28]. By producing exudates, plants can select bacterial species that
are attracted to specific compounds, thereby directing the abundance and diversity of
microbes in the rhizosphere [29, 30]. Wild oat has been reported to modify the bacterial
population of its rhizosphere enriching mainly the Firmicutes, Actinobacteria, and
Proteobacteria [31]. The latter group in particular is commonly believed to be the main
microbial component in PGPR interactions, due to their capacity for fast growth and
diverse metabolic pathways capable of utilizing a great variety of exudate compounds
as an energy source [29]. In the model cereal plant Brachypodium, the rhizosphere
microbiome changes not only within the loosely bound rhizosphere soil and tightly
bound rhizosphere soil but also within seminal and nodal roots [32]. It is noteworthy
that plants can indirectly influence the colonization of the rhizosphere, by changing
the environment conditions. Some examples are changes in pH levels by ion uptake, the
reduction of O, and H,0 levels caused by root respiration, and water absorption [29].

Different types of root exudates can attract different PGPR. For example,
various strains of Azospirillum brasilense, a gram-negative Alphaproteobacteria,
showed different degree of attractions to various compounds released by different
host plants [33]. The composition of root exudates can vary greatly among different
plant species. Two different studies [34, 35] reported how even different genotypes
of the same plant species can host different bacterial populations in their rhizo-
sphere. Exudates vary between different parts of the roots, different developmental
stages of the plant, or as a response to different growth conditions [36]. This means
that the same plant can interact with a multitude of different soil bacterial strains
over time and space [37].
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Figure 2.

A model of intevactions between plants and PGPR. Exudates released by plant voots attract soil bacteria that
can colonize rhizosphere and/or plant tissues. Here, they provide various beneficial compounds to the plant in
exchange of nutrients, mainly photosynthates.

Nehl et al [38] use the term “rhizobacteria” to describe rhizoplane/rhizosphere
bacteria, but there are also endophytic bacteria that can reside inside plant tissues. To
date, numerous interactions between plants and rhizosphere-/rhizoplane-
colonizing bacteria have been described, but some microbes are even more special-
ized. Once they have colonized the rhizoplane, they are able to penetrate root tissues
and directly access apoplastic organic compounds, thereby avoiding competition with
other microbes in the rhizosphere [39]. Root penetration can be both active, by the
production of cell wall-degrading enzymes such as cellulase, and passive, for exam-
ple, entering via the cracks that form on the root surface during lateral root develop-
ment [40]. Colonization beyond the rhizosphere into the apoplast requires specialized
microbial morphology. Czaban et al. [41] described how the occurrence of flagellar
motility in bacterial strains isolated from the internal root tissue of wheat was five
times higher than what was observed in bacteria isolated from the rhizosphere.

Bacillus, Pseudomonas, Enterobacter, Klebsiella, Servatia, and Streptomyces are
some of the most commonly found genera of endophytic bacteria in plant tissues
[42]. By passing the endodermis, many bacterial species are able to spread from the
roots, reaching and colonizing other organs of the stems [43]. Endophytic bacteria
can also spread from plant tissue to seeds becoming the starting inoculum for the
colonization of subsequent generations of plants. The transmission of bacteria
through generations of plants is a process known as vertical transmission. Johnston-
Monje and Raizada [44] described how modern varieties of maize and their wild
ancestors share common endophytic bacteria communities hosted in their seeds,
and a following study conducted on wheat demonstrated how these communities
play a positive role in plant growth [45].

4.1 Plant growth promotion driven by rhizobacteria
Galippe’s intuition that plants interact with microbes throughout their life led to

a significant increase in the comprehension of the beneficial role that bacteria can
have on plant growth. PGPR interactions can result in higher plant biomass, higher
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nutritional value, better survival rates, and generally require lower agricultural
inputs. Focusing on cereals, PGPR can significantly improve plant performance

in several environments, particularly those characterized by suboptimal growth
conditions. Some of the main benefits that plants obtain are increased root develop-
ment which imparts improved resistance to temperature and osmotic stress, soil
pollutants, pests, and pathogens [46].

It is well established that plant responses to biotic and abiotic stresses require
complex adaptations to structure and metabolism. When biotic and abiotic stresses
are applied simultaneously, plants respond much differently compared to stresses
applied separately [9]. It is therefore reasonable to assume if a plant is exposed to
both biotic and abiotic stresses that PGPR may directly mitigate the effect of biotic
stresses by improving plant resistance to abiotic stresses.

4.1.1 Hormone-related mechanisms

The most well-described mechanism by which PGPR can improve cereal pro-
ductivity is the productions of various plant growth-promoting hormones that
usually co-affect the performance of the plant in a highly integrated manner [47].
Auxins are a class of hormones typically synthesized by apical buds, and from there
they are transported to other parts of the plant. In this class of hormones, the most
characterized is indole-3-acetic acid (IAA), which enhances cell elongation and
differentiation and, in roots, stimulates lateral root development [42, 48]. Various
reports have shown how the production of auxins from PGPR is one of the most
important mechanisms for plant growth promotion. Barbieri and Galli [49] inocu-
lated wheat with two strains of Azospirillum brasilense, of which one was a mutant
with impaired IAA production. They observed how only the wild-type strain
promoted lateral root development, a result that suggests a primary role of IAA
in improving plant root development. IAA can indirectly improve the nutritional
status of the plant by increasing root development (specifically lateral roots), hence
allowing the plant to explore a higher portion of soil substrate, an important trait
particular for the acquisition of low-mobility nutrients such as phosphorus [50].

Gibberellins (GAs) can be produced by PGPR [51] and are believed to play an
important role in promoting plant growth. These diterpene hormones are naturally
present in plants, regulating key processes such as seed germination, stem elonga-
tion, leaf expansion, root growth, and root hair abundance [52, 53]. One of the best
known GAs is GA3;, commonly known as gibberellic acid, which plays a key role in
determining plant source-sink relations. The role of gibberellins in the response of
cereals to stresses varies depending on the stress type [54], but in general, plants
tend to reduce GAs levels when growing in suboptimal conditions. The exogenous
application of gibberellins has been reported to improve wheat and rice perfor-
mance undergoing saline stress [55, 56] and to reduce heavy metal stress symptoms
in rice [57].

Many PGPR are able to degrade 1-aminocyclopropane-1-carboxylic acid (ACC)
through the enzyme ACC deaminase and use the degradation products as a nitrogen
source [42]. ACC is the biosynthetic precursor of ethylene, a hormone naturally
present in plants, and its abundance is often increased in response to stresses.
While at optimal levels, ethylene is involved in essential processes such as tissue
differentiation, root development, flowering, grain development, and natural tissue
senescence and abscission; when overproduced it can decrease plant performance
[58]. In abiotically stressed plants, the increase of ethylene can trigger chlorosis and
early maturation and senescence of organs, seeds in particular [59, 60], and have an
inhibitory effect on root growth [42]. By impairing the ethylene signaling pathway,
the interaction with PGPR can decrease the stress-related damage in the plant [2].
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Similar to ethylene, abscisic acid (ABA) is a hormone commonly produced
by plants in response to various types of stress, particularly osmotic stress [61].
Naturally involved in seeds and buds dormancy, ABA shares the first biosynthetic
steps with cytokinins, a phytohormone class that often plays an antagonistic role to
ABA. In dry or saline soils, reactive oxygen species (ROS) increase the biosynthesis
of ABA, which is then transported to leaves, where it causes stomatal closure to
reduce transpiration and water loss [62]. As a consequence, the diffusion of CO, into
leaves is decreased, lowering photosynthetic rates [63, 64]. PGPR have been reported
to increase the resistance of plants to salinity, hence decreasing the stress-related
ABA accumulation in plants and preserving photosynthetic efficiency [65, 66].

5. Plant-bacterial interactions enhance abiotic stress responses

Bacteria can have various effects on their host plant. PGPR can affect plant
growth both directly, such as by fixing atmospheric N, into biologically available
N compounds or by producing growth-promoting hormones [52], and indirectly,
by preventing the growth of plant pathogens or increasing plant resistance to them
[43]. A necessary condition for bacteria to be beneficial to a plant is rhizosphere
competence as the competition and conditions in the rhizosphere are vastly differ-
ent to that of bulk soil. The rhizosphere contains a higher abundance of bacteria
than bulk soil, but the diversity is much lower. The colonization of the root system
of plants is not homogenous; the density of specific bacteria varies in different parts
of the root system and is likely to be related to different root exudates released by
different parts of the roots [37]. Another mechanism likely to regulate the coloni-
zation of the rhizosphere is bacterial quorum sensing, which is the regulation of
gene expression driven by bacterial population density and can occur both within
bacteria of the same species and among different species [67]. Quorum sensing can
influence the bacterial competitiveness, therefore affecting the roots colonization
patterns [37].

5.1 Thermic stress adaptation

Temperature stress causes a shift in hormone production, particularly ethylene,
which can often impair plant growth [58]. High-temperature stress causes dena-
turation and aggregation of cellular proteins that, if left unchecked, leads to cell
necrosis. Imbalance between ABA and cytokinins derived from prolonged heat
stress during the reproductive stage can lead to grain abortion [68]. Heat responses
include inhibition of normal transcription and translation and increased expression
of genes coding for heat shock proteins and thermotolerance induction [69]. Low-
temperature stress, conversely, damages metabolic processes, changes membrane
properties, causes structural changes in proteins, and inhibits enzymatic reactions
[70]. If it occurs during spore formation, cold can cause sterility of flowers by
interfering with meiosis [71].

The literature on PGPR interactions with cereals at suboptimal temperatures is
relatively scarce, and the mechanisms by which cereals adapt are not well defined.
It is suggested that the geographical origin of the bacteria determines the optimal
growth range at which they interact beneficially with plants. In a study on wheat,
bacteria isolated from cold climates have been reported to efficiently colonize the
plant rhizosphere and improve their resistance to low-temperature stress, and
the same trend was observed when wheat plants were inoculated with bacteria
isolated from warm environments and subjected to high-temperature stress [72].
It is possible that the bacteria isolated from different temperatures can outcompete
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the indigenous microbial population by tolerating either cold or warm conditions
giving rise to a higher abundance and colonization of the rhizosphere.

Inoculation with a Pseudomonas aeruginosa strain isolated from a hot semiarid
environment improved survival rate, development, and biochemical parameters of
sorghum seedlings when the plants were exposed to heat treatment, while the bio-
mass production was not affected at optimal temperatures [73]. In another study,
various cold-tolerating Pseudomonas spp. were inoculated onto wheat grown at low
temperatures, giving analogous results. The authors suggest the beneficial effect
was linked to a better root development in inoculated strains that improved nutrient
uptake and, in general, caused a better adaptation to cold [74].

As global warming threatens to change significantly the temperature of most
cultivated lands [17], the development of cereals with enhanced adaptation capacity
to heat or cold stress is an essential task in order to sustain profitability and produc-
tion at suboptimal temperature conditions. While further research is necessary to
better understand the mechanisms that regulate PGPR-plant interactions in such
conditions, the studies done so far suggest how PGPR can be a valuable source of
temperature-stress resistance, especially when they evolved in areas characterized
by warm or cold climates, depending on the case.

5.2 Osmotic stress adaptation

Both dry and saline soils can cause osmotic stress in plants, which results in cell
dehydration due to lack of water (drought) or unavailability of water (salinity).
These two stresses are often agronomically significant, as high salinity in soil is
mainly caused by irrigation, a necessary practice for increasing yields in many areas
of the world characterized by insufficient rainfalls. When water supply is insuffi-
cient to remove ions from superficial soil layer, they accumulate causing an increase
of salinity [75].

Salinity is also the result of land clearing, as deep subsurface roots no longer are
able to keep the water table below ground level. As the water table rises, it brings
with it saline water that can render hundreds of square kilometers of agricultural
land uncultivable [76]. Plants growing on such soils often suffer from osmotic stress
that reduces water absorption and increases ionic concentration in tissues to toxic
levels [77]. PGPR can decrease these stress symptoms through various mechanisms,
such as production of Na*-binding exopolysaccharides [78], improvement of ion
homeostasis [79], decrease of ethylene levels in plants through ACC deaminase
[80], and synthesis of IAA [81]. Wheat seeds inoculated with a species from the
genus Pseudomonas showed increased germination rates in a saline environment;
Egamberdiyeva [82] ascribed this to the production of plant growth regulators by
the bacteria.

Drought is considered as the major cause of yield loss [83], negatively affecting
most physiological processes in plants. Plant cells respond to water loss by increas-
ing the production of abscisic acid (ABA) in roots that increases water uptake and
causes leaf stomatal closure and reduces leaf expansion to reduce dehydration [84].
Smaller leaves cause impaired photosynthesis, consequently decreasing dry mat-
ter accumulation and grain yield [85]. Under water deficiency, both cell division
and enlargement are lowered due to damaged enzyme activities, leading to overall
smaller plant organs. Grain production is also reduced in cereals due to flower
abortion [86, 87].

Plants often react to drought by increasing the amount of osmolytes in their
tissues and consequently increase their osmotic potential [88]. Drought can also
cause an increase of ROS in plant tissues. Proline, an amino acid whose abundance
is increased under water deficiency, can both work as an osmolyte and scavenger
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for ROS under stress [89]. In general, PGPR can improve the performance of plants
in dry environments by exudating osmolytes that increase the osmotic potential of
plants [42, 90, 91].

Another mechanism for improving resistance to drought is the synthesis of
beneficial hormones (IAA) and enzymes (ACC deaminases) and the decrease of
stress-related hormones such as ethylene and ABA in the plant. Naveed et al. [92]
reported that two maize cultivars exposed to drought showed reduced damage
when inoculated with two different PGPR, probably due to hormones produced
by the bacteria and stress-reducing enzymes synthesized by both the plants and
the bacteria during the interaction. Wheat plants inoculated with various PGPR
showed an improved resistance to salt and drought treatments, linked to decreased
ABA and ACC levels in plant tissues [65]. In a similar study [66], rice plants showed
decreased endogenous ABA levels and increased biomass when inoculated with
Bacillus amyloliquefaciens; the authors hypothesize that inoculation increased salt
tolerance in plants through an ABA-independent pathway, and this prevented the
stress-dependent ABA accumulation and the resulting growth impairment [63].

Sarig et al. [93] report that sorghum plants subjected to osmotic stress after their
emergence showed decreased damage when colonized by Azospirillum brasilense.

It is unclear, however, if the observations were a drought-specific response or an
indirect effect of inoculated plants showing a better root development and higher
hydraulic conductivity at the time of the stress. In two successive studies [94, 95]
conducted on various Azospirillum spp., inoculated wheat plants subjected to
drought had decreased grain loss, better water status, and higher K and Ca content,
with the latter in particular suggested to be involved in the adaptation of the plants
to environmental stress. Bacterial nitrate reductase was also suggested to play an
important role in nitrate assimilation of plants under drought [95].

As previously mentioned, drought and saline stress are related, since salinity
is often the result of irrigation practices to avoid plant desiccation from drought
stress. This concern may become more relevant in future years, as higher tempera-
tures caused by global warming will result in higher evapotranspiration, hence
requiring increased irrigation. By the year 2050, 50% of all arable lands might
be affected by serious salinization [96]. Improving the resistance of plants to dry
environments would decrease the necessity of irrigation, indirectly decreasing the
ongoing salinization process in agricultural land.

5.3 Improvement of the plant nutritional status

In natural environments, plants die and decompose where they grew, and the
subsequent detritus reintroduces soils with most of the nutrients they absorbed
during their growth. In cultivated lands, those nutrients are removed at harvest
and must be constantly replaced to avoid productivity decrease. Among the mac-
ronutrients, nitrogen, phosphorus, and potassium are the most important for plant
growth, and they are typically reintroduced using synthetic fertilizers. Unbalanced
use of fertilizers can decrease soil quality, consume organic matter stocks, and
increase erosion risk. Soil bacteria can improve the nutritional status of plants
directly by increasing nutrient bioavailability and/or indirectly by improving plant
root development, hence allowing them to explore higher areas of soil [97].

5.3.1 N, fixation and absorption
Several bacterial species are classified as diazotrophs, which are microorganisms

that are able to utilize the nitrogenase enzyme to fix atmospheric N,. Diazotrophic
bacteria can fix N, in either a free-living form or in association with a host as an
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endosymbiont. The most well-described interaction between plants and diazo-
trophic bacteria is the rhizobia-legume symbiosis. Rhizobia are a group of various
Proteobacteria that can colonize plant roots and fix atmospheric nitrogen, which

is then partly provided to the plant in exchange of photosynthates [98]. While this
association has been observed mainly in legumes, some species of rhizobia can also
colonize cereals. Gutierrez-Zamora and Martinez-Romero [99] showed how maize
and bean plants cultivated in association shared the same Rhizobium etli strains,
with the bean plants probably constituting the source of inoculum for maize. The
interaction with the rhizobia increased the biomass of both crops, but in maize this
outcome might have been linked to mechanisms other than N; fixation, such as hor-
mone production. Rice inoculated with an Azoarcus sp. showed improved growth
regardless of colonization by the wild-type strain or with a mutant strain deficient
in the nitrogenase genes [3]. When spring wheat and maize were inoculated with
two different rhizobia and grown at various soil N levels, the two strains were effec-
tive in enhancing plant growth only at low and intermediate levels of soil N. The
authors suggest that plant growth-promoting hormones released by the bacteria
caused a better root development in inoculated plants that were able to absorb more
nutrients from the soil [100].

In general, diazotrophic bacteria associated with cereal roots often carry the
nitrogenase genes necessary for the fixation of atmospheric nitrogen, but the relative
enzymes are not always synthesized inside plant tissues. Furthermore, the amount
of fixed N provided to the plant is often negligible, due to low presence of diazotroph
bacteria or because bacteria use fixed nitrogen for their own growth [101]. The
nitrogenase enzyme cannot function in the presence of O,, so it may be desirable
to engineer free-living diazotrophic bacteria that are able to colonize plant tissues.
Other possible ways might be to increase the fixing bacteria population by engineer-
ing plants capable of exudating diazotroph favorable compounds or engineering
bacteria capable of providing the plant with higher levels of nitrogen [102].

Fox et al. [103] modified a Pseudomonas sp. genome by adding a gene cluster
with nitrogenase activity that improved the performance of wheat and maize by
fixing N,. This is an example of some of the approaches toward nitrogen-fixing
cereals, that is, plants capable of sourcing the N necessary for their growth from the
atmosphere via endosymbionts [104].

Farmers have benefited from the rhizobia-legume symbiosis for centuries, and
extending this characteristic to cereals would be a decisive benefit for modern agri-
culture, providing a continuous, ecologically, and economically sustainable source
of N to the most important crops.

5.3.2 Improvement of soil nutrient uptake

Despite the benefits PGPR impart on plant nutrient content, it is often unclear
if this improvement is related to an enhanced mineral uptake or if it is the result of
improved root system development in inoculated plants due to bacterial hormones
and/or enzymes [48].

Various bacterial strains are known to increase bioavailability of phosphorus in
soil, due to the mineralization of organic phosphate and solubilization of inorganic
phosphate. Some of the bacterial compounds linked to these two processes are
acid phosphatases and organic acids, respectively [105]. Phosphate-solubilizing
bacteria have been reported to improve the growth of maize [106], rice [107], and
wheat [108].

PGPR can also synthesize siderophores that are low-molecular-weight com-
pounds with high iron-binding affinity [109] that can complex with Fe (pre-
dominantly Fe**) in soil. The iron-siderophore complex is then assimilated by the
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bacterium using a complex-specific receptor [110]. This has various effects, it
depletes the soil iron supply, thereby preventing the growth of other potentially
pathogenic microbes, and, if the iron is then provided to the plant, it can directly
improve plant growth [48]. Furthermore, the bacterial nitrogenase activity and nif
gene expression are iron dependent [111, 112]; hence, the absorption of iron from
the soil enables diazotroph bacteria to convert atmospheric N; to a form that is
bioavailable for the plant.

PGPR can indirectly improve plant performance neutralizing the stress-related
hormones produced by the plant in poor soils. Wheat plants grown at various
levels of N, P, and K, showed increased grain yield and biomass production when
colonized by Pseudomonas spp., with the bacterial growth promotion being nega-
tively correlated with the amount of provided nutrients [97]. The authors ascribe
this outcome to bacterial production of ACC deaminase that decreased ethylene
levels produced by plants as a response to low nutrients levels, which impaired root
development in uninoculated plants.

Overall, plant growth promotion is ascribed to a combination of multiple
mechanisms. Egamberdiyeva [113] inoculated maize seeds with PGPR with nitro-
genase and/or IAA activity and grew them on two soil types with different nutrient
availabilities. Inoculated plants generally developed a higher root and shoot biomass
and had higher N, P, and K contents, the improvement being more pronounced in
plants grown on nutrient-poor soils. However, this study did not consider the pos-
sible interactions of inoculated strains with the native microbial populations that
may have affected the results.

In 2014-2015, out of 182 million metric tons (Mt) of consumed fertilizer, one
half was applied to cereals [14]. Cereals consumed more than one half of N fertil-
izers and more than one third of P and K fertilizers. As previously mentioned, these
amendments have both a high economical and environmental cost, as they can
cause soil degradation, pollution of water, and eutrophication. While developing
N-fixing PGPR is a task yet to be achieved in cereal agriculture, it is well docu-
mented how PGPR can improve the efficiency of nutrient uptake in crops. This can
occur by either increasing the bioavailability of nutrients in the soil or as a conse-
quence of better root development, resulting in better soil exploration.

6. Issues and perspectives

Cereal-PGPR interactions have been widely studied over the last few decades,
and the positive influence that they can have on plant growth is still being estab-
lished. However, the lack of consistency among different studies is still a concern,
highlighting that when multiple biological actors are involved, no generalizations
can be made. The same bacterial strain can be beneficial to a plant species and dam-
age another [114] or have no effects or even be detrimental for plant performance
when the growing conditions are optimal but become beneficial when growing
conditions worsen [2-4]. In two studies on maize and rice subjected to water defi-
ciency [90, 115], the beneficial effects of various bacterial isolates on plant growth
increased with the severity of the stress. Studying the interaction between PGPR
and gum rockrose (Cistus ladanifer), Solano et al. [116] hypothesized that a possible
explanation for this is that poor environments may impair the growth of indigenous
microbial communities, this way decreasing the competition for those microbes
that establish advantageous relationships with plants. Another possible explanation
is that when the main bacterial mechanism of plant growth promotion is providing
them with nutrients, the benefit might be limited in nutrient-rich soil, while it can
be significant in the case of limiting nutrients [117].
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The observed outcomes change particularly from laboratory and climate cham-
ber trials to more open setups such as greenhouses and field, in which bacteria
often fail to improve plant growth [37]. Most of the studies conducted so far on
the interaction between cereals and PGPR were performed in controlled environ-
ments, usually applying only one single stress at a time. While this is a necessary
compromise when starting to study this interplay, it often entails a significant
bias from realistic field environment [2], in which plants frequently face more
variable growing conditions and face multiple stresses at the same time, trigger-
ing unique responses in plants that are different from the sum of plant response
to stress applied individually [118]. So far, very few experiments have studied the
interaction between bacteria and crops under multiple stresses, but replicating as
accurately as possible real field conditions is an essential step for understanding and
exploiting the role of PGPR in agriculture. In addition to the more unstable growing
environment, another important variable added in field experiments is the interac-
tion with the native microbiota. Often inoculated bacteria in the field show lower
rhizosphere or root colonization than laboratory, climate chamber, and greenhouse
trials [119], in which the growth medium is usually sterilized at the beginning of the
experiment.

One of the hypotheses that can be drawn from the current literature is that the
origin of the inoculated bacteria is often a decisive factor for the interaction to
improve plant growth. Bacteria isolated from the same plant species used in trials
are more likely to play a beneficial role, probably due to the plant-specific exudates
that have a key role in the early phases of the interaction [100]. Similarly, bacteria
isolated from environments characterized as suboptimal (temperature in particular)
that are similar to the conditions and stress applied in plant trials may be more
beneficial than bacteria isolated from optimal conditions, delivering more benefits
to the plant, due to adaptations that allow the bacteria to be more competitive than
the native microbiota [72]. Unfortunately, inoculum used in trials may become less
effective due to continual cultivation in laboratory environments, and when plan-
ning a plant trial, this should be taken into consideration.

One of the problems facing commercialization of PGPR on markets is the
inoculation delivery method on plants. In the laboratory, a common method is dip
inoculation where seedling roots are immersed in bacterial culture and then trans-
planted into the growth substrate, but this approach is not feasible for annual cere-
als on the field scale. The on-field application of bacterial solutions after seedling
germination, while less laborious, still requires considerable equipment and techni-
cal knowledge. The most feasible way to apply PGPR on field is probably the use of
pre-inoculated seeds (this is already used for rhizobia-legume inoculation) allow-
ing farmers to bulk sow, relieving them from the inoculation step. When the seed
bacterial treatment is done immediately before germination, the required strength
of bacterial inoculum is typically smaller than in seedling treatments, but ideally
inoculants should survive long enough on seed coats to be present during germina-
tion; however, prolonged survival of microbial treatment on seeds is still a challenge
[120]. Moreover, inconsistencies between performances of seed inoculants are
often observed in different trials, and further research is required to address this
issue [121]. Utilizing vertical transfer of microbial endosymbionts in seeds may also
present a possible inoculation technology that has not been explored extensively
and may provide economic benefits to farmers [120] and could potentially mitigate
the problem of inoculum viability in seed coats. Recently, studies on bacterial
strains vertically transmitted in cereal seeds have shown promising plant growth-
promoting effects, likely linked to their ability to solubilize phosphorus, produce
hormones, siderophores, and ACC deaminase [122]. By exploiting the existing
interactions between plants and known seed endophytic bacteria or isolating new
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bacterial strains capable of inhabiting seeds for vertical transmission by crops, new
technologies may emerge that have large-scale economical applications.

During the last decades, selection of crops has been driven by increased pro-
ductivity in nutrient-rich environments, with scarce focus on the positive effects of
PGPR, and this trend might have led to the loss of plant traits associated with the
microbial interaction [5]. The identification and reintroduction of the genes associ-
ated with those traits might enhance the positive effects of PGPR, especially in poor
environments, and selecting plants that have superior interaction with rhizosphere
microbiota should be considered in plant breeding programs. Additionally, a more
immediate way to alleviate temperature stress could be to inoculate plants with
bacteria originated from hot-climate regions that as a consequence are more likely
to help their host to perform better in a warming environment [29, 72].

The interaction with microbes will gain more attention in the future, consider-
ing the effects of climate change, due to the microbial genetic plasticity compared
to plants. PGPR may evolve rapidly, developing efficient adaptation strategies to the
benefit of the plant host as well.

Author details

Martino Schillaci*, Sneha Gupta, Robert Walker and Ute Roessner
School of BioSciences, University of Melbourne, Parkville, VIC, Australia

*Address all correspondence to: mschillaci@student.unimelb.edu.au

IntechOpen

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited.

13



Root Biology - Growth, Physiology, and Functions

References

[1] Sarwar MH, Sarwar MF, Sarwar M,
Qadri NA, Moghal S. The importance of
cereals (Poaceae: Gramineae) nutrition

in human health: A review. Journal of
Cereals and Oilseeds. 2013;4(3):32-35

[2] Hardoim PR, Van Overbeek LS, Berg
G, Pirttild AM, Compant S, Campisano
A, et al. The hidden world within
plants: Ecological and evolutionary
considerations for defining functioning
of microbial endophytes. Microbiology
and Molecular Biology Reviews.
2015;79(3):293-320

[3] Hurek T, Reinhold-Hurek B, Van
Montagu M, Kellenberger E. Root
colonization and systemic spreading
of Azoarcus sp. strain BH72 in
grasses. Journal of Bacteriology.

1994;176(7):1913-1923

[4] Lynch JM, de Leij F. Rhizosphere. e
LS; 2001

[5] Germida J, Siciliano S. Taxonomic
diversity of bacteria associated with the
roots of modern, recent and ancient
wheat cultivars. Biology and Fertility of
Soils. 2001;33(5):410-415

[6] FAO. World Food and Agriculture—
Statistical Pocketbook 20182018. p. 254

[7]1 FAO. FAOSTAT Database [Internet].
2019. Available from: http://www.fao.
org/faostat/en/#data/QC [Accessed:
February 25, 2019]

[8] Kosova K, Vitamvas P, Prasil IT,
Renaut J. Plant proteome changes
under abiotic stress—Contribution of
proteomics studies to understanding

plant stress response. Journal of
Proteomics. 2011;74(8):1301-1322

[9] Atkinson NJ, Urwin PE. The
interaction of plant biotic and abiotic
stresses: From genes to the field.

Journal of Experimental Botany.
2012;63(10):3523-3543

14

[10] Kompas T, Pham VH, Che TN. The
effects of climate change on GDP

by country and the global economic
gains from complying with the

Paris climate accord. Earth’s Future.

2018;6(8):1153-1173

[11] Tuteja N. Abscisic acid and abiotic
stress signaling. Plant Signaling &
Behavior. 2007;2(3):135-138

[12] Solomon S, Qin D, Manning M,
Averyt K, Marquis M. Climate Change
2007: The Physical Science Basis:
Working Group I Contribution to

the Fourth Assessment Report of the
IPCC. Cambridge University Press; 2007

[13] Tans P, Keeling R. Trends in
Atmospheric Carbon Dioxide: Daily
Mean Concentration of Carbon
Dioxide for Mauna Loa, Hawaii.
National Oceanic and Atmospheric
Administration, Earth System Research
Laboratory (NOAA/ESRL); 2013

[14] Heffer PGA, Roberts T. Assessment
of Fertilizer Use by Crop at the Global
Level. Paris: International Fertilizer
Industry Association; 2017

[15] Garnett T, Conn V, Kaiser BN. Root
based approaches to improving nitrogen
use efficiency in plants. Plant, Cell &
Environment. 2009;32(9):1272-1283

[16] Ward M, Jones R, Brender J, de Kok
T, Weyer P, Nolan B, et al. Drinking
water nitrate and human health: An
updated review. International Journal

of Environmental Research and Public
Health. 2018;15(7):1557

[17] Wheeler T, Von Braun J. Climate
change impacts on global food security.
Science. 2013;341(6145):508-513

[18] Teixeira EI, Fischer G, Van
Velthuizen H, Walter C, Ewert F.

Global hot-spots of heat stress on
agricultural crops due to climate change.



The Role of Plant Growth-Promoting Bacteria in the Growth of Cereals under Abiotic Stresses

DOI: http://dx.doi.org/10.5772/intechopen.87083

Agricultural and Forest Meteorology.
2013;170:206-215

[19] Lamb D, Erskine PD, Parrotta JA.
Restoration of degraded tropical

forest landscapes. Science.
2005;310(5754):1628-1632

[20] Bini C. Soil: A Precious Natural
Resource. In: Kudrow NJ, editor.
Environmental Science and Engineering
Technology. Hauppauge, NY: Nova
Science Publishers; 2009. p. 1-48

[21] Amundson R, Berhe AA, Hopmans

JW, Olson C, Sztein AE, Sparks DL. Soil
and human security in the 21st century.

Science. 2015;348(6235):1261071

[22] Qadir M, Oster J. Crop and
irrigation management strategies for
saline-sodic soils and waters aimed at
environmentally sustainable agriculture.
The Science of the Total Environment.

2004;323(1-3):1-19

[23] Galippe V. Note sur la présence

de micro-organismes dans les tissus
végétaux. Comptes Rendus des Séances
de la Société de Biologie et de ses Filiales.
1887;39:410-416

[24] Smalla K, Sessitsch A, Hartmann A.
The Rhizosphere: ‘Soil Compartment
Influenced by the Root’ Oxford, UK:
Blackwell Publishing Ltd; 2006

[25] Foster R. The ultrastructure

of the rhizoplane and rhizosphere.
Annual Review of Phytopathology.
1986;24(1):211-234

[26] Lynch J, Whipps J. Substrate flow
in the rhizosphere. Plant and Soil.
1990;129(1):1-10

[27] Walker TS, Bais HP, Grotewold
E, Vivanco JM. Root exudation and

rhizosphere biology. Plant Physiology.
2003;132(1):44-51

[28] Lugtenberg BJ, Dekkers LC. What
makes pseudomonas bacteria

15

rhizosphere competent? Environmental
Microbiology. 1999;1(1):9-13

[29] Philippot L, Raaijmakers JM,
Lemanceau P, Van Der Putten WH. Going
back to the roots: The microbial ecology

of the rhizosphere. Nature Reviews.
Microbiology. 2013;11(11):789

[30] Huang AC, Jiang T, Liu Y-X, Bai
Y-C, Reed ], Qu B, et al. A specialized
metabolic network selectively modulates

Arabidopsis root microbiota. Science.
2019;364(6440):eaau6389

[31] DeAngelis KM, Brodie EL,
DeSantis TZ, Andersen GL, Lindow SE,
Firestone MK. Selective progressive
response of soil microbial community
to wild oat roots. The ISME Journal.
2009;3(2):168

[32] Kawasaki A, Donn S, Ryan PR,
Mathesius U, Devilla R, Jones A, et al.
Microbiome and exudates of the root
and rhizosphere of Brachypodium
distachyon, a model for wheat. PLoS
One. 2016;11(10):e0164533

[33] Reinhold B, Hurek T, Fendrik
I. Strain-specific chemotaxis

of Azospirillum spp. Journal of
Bacteriology. 1985;162(1):190-195

[34] Bouffaud ML, Kyselkova M,
Gouesnard B, Grundmann G, Muller
D, Moénne-Loccoz Y. Is diversification
history of maize influencing selection

of soil bacteria by roots? Molecular
Ecology. 2012;21(1):195-206

[35] Peiffer JA, Spor A, Koren O, Jin Z,
Tringe SG, Dangl JL, et al. Diversity and
heritability of the maize rhizosphere
microbiome under field conditions.

Proceedings of the National Academy of
Sciences. 2013;110(16):6548-6553

[36] el Zahar Haichar F, Marol C, Berge O,
Rangel-Castro JI, Prosser J1, Balesdent JM,
et al. Plant host habitat and root exudates

shape soil bacterial community structure.
The ISME Journal. 2008;2(12):1221



Root Biology - Growth, Physiology, and Functions

[37] Compant S, Clément C, Sessitsch A.
Plant growth-promoting bacteria in the
rhizo- and endosphere of plants: Their
role, colonization, mechanisms involved
and prospects for utilization. Soil Biology
and Biochemistry. 2010;42(5):669-678

[38] Nehl D, Allen S, Brown J.
Deleterious rhizosphere bacteria: An
integrating perspective. Applied Soil
Ecology. 1997;5(1):1-20

[39] Hallmann J, Quadt-Hallmann A,
Mahaffee W, Kloepper J. Bacterial
endophytes in agricultural crops.
Canadian Journal of Microbiology.

1997;43(10):895-914

[40] Hardoim PR, van Overbeek LS,
van Elsas JD. Properties of bacterial
endophytes and their proposed role in
plant growth. Trends in Microbiology.
2008;16(10):463-471

[41] Czaban ], Gajda A, Wréblewska B.
The motility of bacteria from
rhizosphere and different zones of

winter wheat roots. Polish Journal of
Environmental Studies. 2007;16(2):301

[42] Dimkpa C, Weinand T, Asch F.
Plant-rhizobacteria interactions
alleviate abiotic stress conditions.

Plant, Cell & Environment.
2009;32(12):1682-1694

[43] Compant S, Duffy B, Nowak J,
Clément C, Barka EA. Use of plant
growth-promoting bacteria for
biocontrol of plant diseases: Principles,
mechanisms of action, and future
prospects. Applied and Environmental
Microbiology. 2005;71(9):4951-4959

[44] Johnston-Monje D, Raizada MN.
Conservation and diversity of

seed associated endophytes in Zea
across boundaries of evolution,
ethnography and ecology. PLoS One.
2011;6(6):€20396

[45] Herrera SD, Grossi C, Zawoznik M,
Groppa MD. Wheat seeds harbour

16

bacterial endophytes with potential as
plant growth promoters and biocontrol
agents of Fusarium graminearum.
Microbiological Research. 2016;186:37-43

[46] Lugtenberg B, Kamilova F. Plant-
growth-promoting rhizobacteria.

Annual Review of Microbiology.
2009;63:541-556

[47] Trewavas A. Signal perception and
transduction. In: Buchannan B GW,
Jones R, editor. Biochemistry and
Molecular Biology of Plants. USA. 2000.
pp- 930-987

[48] Glick BR. The enhancement of
plant growth by free-living bacteria.

Canadian Journal of Microbiology.
1995;41(2):109-117

[49] Barbieri P, Galli E. Effect on wheat
root development of inoculation with
an Azospirillum-brasilense mutant
with altered indole-3-acetic-acid
production. Research in Microbiology.

1993;144(1):69-75

[50] Wittenmayer L, Merbach W.
Plant responses to drought and
phosphorus deficiency: Contribution
of phytohormones in root-related
processes. Journal of Plant Nutrition
and Soil Science. 2005;168(4):531-540

[51] Bastian F, Cohen A, Piccoli P, Luna
V, Baraldi R, Bottini R. Production of
indole-3-acetic acid and gibberellins
a(1) and a(3) by acetobacter
diazotrophicus and herbaspirillum
seropedicae in chemically-defined
culture media. Plant Growth
Regulation. 1998;24(1):7-11

[52] Bottini R, Cassan F, Piccoli P.
Gibberellin production by bacteria
and its involvement in plant growth
promotion and yield increase. Applied
Microbiology and Biotechnology.
2004;65(5):497-503

[53] Yamaguchi S. Gibberellin
metabolism and its regulation.



The Role of Plant Growth-Promoting Bacteria in the Growth of Cereals under Abiotic Stresses

DOI: http://dx.doi.org/10.5772/intechopen.87083

Annual Review of Plant Biology.
2008;59:225-251

[54] Igbal N, Nazar R, Khan MIR,
Masood A, Khan NA. Role of
gibberellins in regulation of source-sink
relations under optimal and limiting

environmental conditions. Current
Science. 2011;100(7):998-1007

[55] Kumar B, Singh B. Effect of plant
hormones on growth and yield of wheat

irrigated with saline water. Annals of
Agricultural Research. 1996;17:209-212

[56] Prakash L, Prathapasenan G. NaCl-
and gibberellic acid-induced changes in
the content of auxin and the activities

of cellulase and pectin lyase during leaf

growth in rice (Oryza sativa). Annals of
Botany. 1990;65(3):251-257

[57] Moya ], Ros R, Picazo I. Heavy
metal-hormone interactions in

rice plants: Effects on growth, net
photosynthesis, and carbohydrate
distribution. Journal of Plant Growth
Regulation. 1995;14(2):61

[58] Saleem M, Arshad M, Hussain S,
Bhatti AS. Perspective of plant growth
promoting rhizobacteria (PGPR)
containing ACC deaminase in stress
agriculture. Journal of Industrial
Microbiology & Biotechnology.
2007;34(10):635-648

[59] Glick BR, editor. Promotion of plant
growth by soil bacteria that regulate
plant ethylene levels. In: Proceedings
33rd PGRSA Annual Meeting. 2007

[60] Hays DB, Do JH, Mason RE,
Morgan G, Finlayson SA. Heat stress
induced ethylene production in
developing wheat grains induces kernel
abortion and increased maturation in

a susceptible cultivar. Plant Science.
2007;172(6):1113-1123

[61] Fahad S, Hussain S, Bano A, Saud S,

Hassan S, Shan D, et al. Potential
role of phytohormones and plant

17

growth-promoting rhizobacteria in
abiotic stresses: Consequences for
changing environment. Environmental
Science and Pollution Research.
2015;22(7):4907-4921

[62] Xing H, Tan L, An L, Zhao Z,
Wang S, Zhang C. Evidence for the
involvement of nitric oxide and
reactive oxygen species in osmotic
stress tolerance of wheat seedlings:
Inverse correlation between leaf
abscisic acid accumulation and leaf
water loss. Plant Growth Regulation.
2004;42(1):61-68

[63] Flexas ], Bota ], Loreto F, Cornic

G, Sharkey T. Diffusive and metabolic
limitations to photosynthesis under
drought and salinity in C3 plants. Plant
Biology. 2004;6(03):269-279

[64] Yang ], Kloepper JW, Ryu C-M.
Rhizosphere bacteria help plants tolerate

abiotic stress. Trends in Plant Science.
2009;14(1):1-4

[65] Barnawal D, Bharti N, Pandey SS,
Pandey A, Chanotiya CS, Kalra A. Plant
growth-promoting rhizobacteria
enhance wheat salt and drought stress
tolerance by altering endogenous
phytohormone levels and TaCTR1/
TaDREB2 expression. Physiologia
Plantarum. 2017;161(4):502-514

[66] Shahzad R, Khan AL, Bilal S, Waqas
M, Kang S-M, Lee I-]. Inoculation

of abscisic acid-producing

endophytic bacteria enhances salinity
stress tolerance in Oryza sativa.

Environmental and Experimental
Botany. 2017;136:68-77

[67] Miller MB, Bassler BL. Quorum
sensing in bacteria. Annual Review of
Microbiology. 2001;55(1):165-199

[68] Cheikh N, Jones RJ. Disruption of
maize kernel growth and development
by heat stress (role of cytokinin/
abscisic acid balance). Plant Physiology.
1994;106(1):45-51



Root Biology - Growth, Physiology, and Functions

[69] Krishna P. Plant responses to heat
stress. In: Plant Responses to Abiotic
Stress. Berlin: Springer; 2003. pp. 73-101

[70] Heino P, Palva ET. Signal
transduction in plant cold acclimation.
In: Plant Responses to Abiotic Stress.
Berlin: Springer; 2003. pp. 151-186

[71] Dolferus R, Ji X, Richards RA.
Abiotic stress and control of grain

number in cereals. Plant Science.
2011;181(4):331-341

[72] Egamberdiyeva D, Hoflich G.
Influence of growth-promoting
bacteria on the growth of wheat in
different soils and temperatures.
Soil Biology and Biochemistry.
2003;35(7):973-978

[73] Ali SZ, Sandhya V, Grover M,
Kishore N, Rao LV, Venkateswarlu
B. Pseudomonas sp strain AKM-P6
enhances tolerance of sorghum
seedlings to elevated temperatures.
Biology and Fertility of Soils.
2009;46(1):45-55

[74] Mishra PK, Bisht SC, Ruwari P,
Selvakumar G, Joshi GK, Bisht JK,

et al. Alleviation of cold stress in
inoculated wheat (Triticum aestivum
L.) seedlings with psychrotolerant
pseudomonads from NW Himalayas.
Archives of Microbiology.
2011;193(7):497-513

[75] Blaylock AD. Soil Salinity, Salt
Tolerance, and Growth Potential of
Horticultural and Landscape Plants.
University of Wyoming, Cooperative
Extension Service, Department of
Plant, Soil, and Insect Sciences; 1994

[76] Lambers H. Introduction, dryland
salinity: A key environmental issue
in southern Australia. Plant and Soil.

2003;257(2):5-7
[77] Munns R, James RA, Lauchli A.

Approaches to increasing the salt
tolerance of wheat and other cereals.

18

Journal of Experimental Botany.
2006;57(5):1025-1043

(78] Ashraf M, Hasnain S, Berge O,
Mahmood T. Inoculating wheat
seedlings with exopolysaccharide-
producing bacteria restricts sodium
uptake and stimulates plant growth
under salt stress. Biology and Fertility of
Soils. 2004;40(3):157-162

[79] Hamdia MAE-S, Shaddad M, Doaa
MM. Mechanisms of salt tolerance

and interactive effects of Azospirillum
brasilense inoculation on maize cultivars

grown under salt stress conditions. Plant
Growth Regulation. 2004;44(2):165-174

[80] Nadeem SM, Zahir ZA, Naveed M,
Arshad M. Rhizobacteria containing
ACC-deaminase confer salt tolerance
in maize grown on salt-affected fields.

Canadian Journal of Microbiology.
2009;55(11):1302-1309

[81] Chang P, Gerhardt KE, Huang
X-D, Yu X-M, Glick BR, Gerwing
PD, et al. Plant growth-promoting
bacteria facilitate the growth of
barley and oats in salt-impacted soil:
Implications for phytoremediation
of saline soils. International

Journal of Phytoremediation.
2014;16(11):1133-1147

[82] Egamberdieva D. Alleviation of
salt stress by plant growth regulators
and IAA producing bacteria in
wheat. Acta Physiologiae Plantarum.
2009;31(4):861-864

[83] Lambers H, Chapin III FS, Pons TL.
Plant Physiological Ecology. New York:

Springer Science & Business Media;
2008

[84] Barnabas B, Jager K, Feher A. The
effect of drought and heat stress on
reproductive processes in cereals. Plant,
Cell & Environment. 2008;31(1):11-38

[85] Farooq M, Hussain M, Wahid A,
Siddique K. Drought stress in plants:



The Role of Plant Growth-Promoting Bacteria in the Growth of Cereals under Abiotic Stresses

DOI: http://dx.doi.org/10.5772/intechopen.87083

An overview. In: Plant Responses to
Drought Stress. Berlin: Springer; 2012.
pp- 1-33

[86] Schussler ], Westgate M. Assimilate
flux determines kernel set at low water

potential in maize. Crop Science.
1995;35(4):1074-1080

[87] Yadav RS, Hash C, Bidinger F,
Devos K, Howarth CJ. Genomic regions
associated with grain yield and aspects
of post-flowering drought tolerance in
pearl millet across stress environments

and tester background. Euphytica.
2004;136(3):265-277

[88] Ashraf M. Inducing drought
tolerance in plants: Recent

advances. Biotechnology Advances.
2010;28(1):169-183

[89] Hayat S, Hayat Q, Alyemeni MN,
Wani AS, Pichtel J, Ahmad A. Role of
proline under changing environments:
A review. Plant Signaling & Behavior.
2012;7(11):1456-1466

[90] Casanovas EM, Barassi CA, Sueldo
R]. Azospirillum inoculation mitigates
water stress effects in maize seedlings.
Cereal Research Communications.

2002;30:343-350

[91] Vurukonda SSKP, Vardharajula S,
Shrivastava M, SkZ A. Enhancement
of drought stress tolerance in

crops by plant growth promoting

rhizobacteria. Microbiological Research.
2016;184:13-24

[92] Naveed M, Mitter B, Reichenauer
TG, Wieczorek K, Sessitsch A. Increased
drought stress resilience of maize
through endophytic colonization by
Burkholderia phytofirmans PsJN and
Enterobacter sp. FD17. Environmental
and Experimental Botany.
2014;97:30-39

[93] Sarig S, Okon Y, Blum A. Effect

of Azospirillum brasilense inoculation
on growth dynamics and hydraulic

19

conductivity of Sorghum bicolor
roots. Journal of Plant Nutrition.
1992;15(6-7):805-819

[94] Creus CM, Sueldo R]J, Barassi

CA. Water relations and yield in
Agzospirillum-inoculated wheat exposed
to drought in the field. Canadian Journal
of Botany. 2004;82(2):273-281

[95] El-Komy H, Hamdia M, El-Baki
GA. Nitrate reductase in wheat
plants grown under water stress
and inoculated with Azospirillum

spp. Biologia Plantarum.
2003;46(2):281-287

[96] Wang W, Vinocur B, Altman A.
Plant responses to drought, salinity and
extreme temperatures: Towards genetic

engineering for stress tolerance. Planta.
2003;218(1):1-14

[97] Shaharoona B, Naveed M, Arshad M,
Zahir ZA. Fertilizer-dependent
efficiency of pseudomonads for
improving growth, yield, and nutrient
use efficiency of wheat (Triticum
aestivum L.). Applied Microbiology and
Biotechnology. 2008;79(1):147-155

[98] Long SR. Rhizobium-legume
nodulation: Life together in the
underground. Cell. 1989;56(2):203-214

[99] Gutiérrez-Zamora M, Martinez-
Romero E. Natural endophytic
association between rhizobium etli
and maize (Zea mays L.). Journal of
Biotechnology. 2001;91(2-3):117-126

[100] Dobbelaere S, Croonenborghs A,
Thys A, Ptacek D, OkonY, Vanderleyden
J. Effect of inoculation with wild type
Azospirillum brasilense and A. ivakense
strains on development and nitrogen
uptake of spring wheat and grain

maize. Biology and Fertility of Soils.
2002;36(4):284-297

[101] Rosenblueth M, Ormefio-Orrillo
E, Lépez-Lépez A, Rogel MA, Reyes-
Hernandez BJ, Martinez-Romero JC, et al.



Root Biology - Growth, Physiology, and Functions

Nitrogen fixation in cereals. Frontiers in
Microbiology. 2018;9:1794-1800

[102] Van Dommelen A, Croonenborghs
A, Spaepen S, Vanderleyden J. Wheat
growth promotion through inoculation
with an ammonium-excreting mutant
of Azospirillum brasilense. Biology and
Fertility of Soils. 2009;45(5):549-553

[103] Fox AR, Soto G, Valverde C,

Russo D, Lagares A Jr, Zorreguieta A,
et al. Major cereal crops benefit from
biological nitrogen fixation when
inoculated with the nitrogen-fixing
bacterium pseudomonas protegens Pf-5
X940. Environmental Microbiology.
2016;18(10):3522-3534

[104] Beatty PH, Good AG. Future
prospects for cereals that fix nitrogen.
Science. 2011;333(6041):416-417

[105] Rodriguez H, Fraga R. Phosphate
solubilizing bacteria and their role in
plant growth promotion. Biotechnology

Advances. 1999;17(4-5):319-339

[106] Chabot R, Antoun H, Cescas
MP. Growth promotion of maize and
lettuce by phosphate-solubilizing
rhizobium leguminosarum

biovar. phaseoli. Plant and Soil.
1996;184(2):311-321

[107] Murty M, Ladha J. Influence of
Agzospirillum inoculation on the mineral
uptake and growth of rice under

hydroponic conditions. Plant and Soil.
1988;108(2):281-285

[108] Singh S, Kapoor K. Inoculation
with phosphate-solubilizing
microorganisms and a vesicular-
arbuscular mycorrhizal fungus improves
dry matter yield and nutrient uptake by
wheat grown in a sandy soil. Biology and
Fertility of Soils. 1999;28(2):139-144

[109] Castignetti D, Smarrelli J.
Siderophores, the iron nutrition of
plants, and nitrate reductase. FEBS
Letters. 1986;209(2):147-151

20

[110] O’sullivan DJ, O’Gara F. Traits of
fluorescent Pseudomonas spp. involved
in suppression of plant root pathogens.
Microbiology and Molecular Biology
Reviews. 1992;56(4):662-676

[111] Rees DC, Howard ]B. Nitrogenase:
Standing at the crossroads. Current
Opinion in Chemical Biology.
2000;4(5):559-566

[112] Rosconi F, Davyt D, Martinez

V, Martinez M, Abin-Carriquiry

JA, Zane H, et al. Identification

and structural characterization of
serobactins, a suite of lipopeptide
siderophores produced by the grass
endophyte Herbaspirillum seropedicae.
Environmental Microbiology.
2013;15(3):916-927

[113] Egamberdiyeva D. The effect of
plant growth promoting bacteria on
growth and nutrient uptake of maize in
two different soils. Applied Soil Ecology.
2007;36(2-3):184-189

[114] Coombs JT, Franco CM. Isolation
and identification of actinobacteria
from surface-sterilized wheat

roots. Applied and Environmental

Microbiology. 2003;69(9):5603-5608

[115] Yuwono T, Handayani D,
Soedarsono J. The role of osmotolerant
rhizobacteria in rice growth under
different drought conditions. Australian
Journal of Agricultural Research.
2005;56(7):715-721

[116] Solano BR, de la Iglesia MP,
Probanza A, Garcia JL, Megias M,
Maiiero FG, editors. Screening for
PGPR to improve growth of Cistus
ladanifer seedlings for reforestation of
degraded mediterranean ecosystems. In:
First International Meeting on Microbial
Phosphate Solubilization. Springer;
2007

[117] Kim Y-C, Glick BR, Bashan Y, Ryu
C-M. Enhancement of plant drought
tolerance by microbes. In: Plant



The Role of Plant Growth-Promoting Bacteria in the Growth of Cereals under Abiotic Stresses
DOI: http://dx.doi.org/10.5772/intechopen.87083

Responses to Drought Stress. Berlin:
Springer; 2012. pp. 383-413

[118] Suzuki N, Rivero RM, ShulaevV,
Blumwald E, Mittler R. Abiotic and
biotic stress combinations. The New
Phytologist. 2014;203(1):32-43

[119] Lugtenberg BJ, Dekkers L,
Bloemberg GV. Molecular determinants
of rhizosphere colonization by

pseudomonas. Annual Review of
Phytopathology. 2001;39(1):461-490

[120] O’Callaghan M. Microbial
inoculation of seed for improved crop
performance: Issues and opportunities.
Applied Microbiology and
Biotechnology. 2016;100(13):5729-5746

[121] Nelson EB. Microbial dynamics
and interactions in the spermosphere.
Annual Review of Phytopathology.
2004;42:271-309

[122] Truyens S, Weyens N, Cuypers
A, Vangronsveld J. Bacterial seed
endophytes: Genera, vertical
transmission and interaction with
plants. Environmental Microbiology
Reports. 2015;7(1):40-50

21



