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ABSTRACT

Considering the more frequent and longer drought events due to climate change, improving plant
drought tolerance became a priority. The search for plant growth promoting rhizobacteria (PGPR)
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able to improve plant drought tolerance has been long addressed, but with inconsistent results.

Here, we summarize the PGPR mechanisms that improve plant drought tolerance, identify the
pitfalls in current PGPR isolation and selection routines, and discuss the key points to define new
strategies to get optimal PGPR for plant drought tolerance. Drought and host genotype impact
rhizo-communities, and host-mediated selection strategies may be used to obtain a drought-
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adapted rhizomicrobiome that can be a source for PGPR isolation. Alternatively, an integrated
omics-level analysis can improve our knowledge on the mechanisms of rhizomicrobiome
construction, and a targeted approach can be designed, which will be focused on key PGP traits.
New strategies to build PGPR consortia for improvement of plant drought tolerance are also

suggested.

1. Why the urgent need for ‘new’ fertilization
strategies?

Currently, drought affects 64% of the global land area, and is
estimated to increase to about 80% by 2050, presenting a
serious threat to food security worldwide (Kasim et al.
2013; Meena et al. 2017). Drought reduces nutrient avail-
ability to plants because nutrient diffusion and mass flow
of water-soluble nutrients decreases under soil water deficit
(Vurukonda et al. 2016). This results in a multidimensional
stress with negative effects on plant metabolism and growth,
especially during grain filling of cereal crops and the repro-
ductive phase of field grown crops (Shrivastava and Kumar
2015). Under drought conditions, several changes on plant
morphology and physiology occur; morphological traits
such as root length, leaf morphology and number, fruit num-
ber and size, number of seeds, are affected by drought stress
(Jaleel et al. 2009). Drought accentuates the biosynthesis of
ethylene, a phytohormone, whose accumulation has negative
impacts on plant growth (Vurukonda et al. 2016). Drought
weakens the photosynthesis process (Chaves et al. 2009)
and leads to the accumulation of free radicals and reactive
oxygen species (ROS) such as superoxide radicals, hydrogen
peroxide and hydroxyl radicals, therefore inducing oxidative
stress. A high ROS level causes lipid peroxidation, membrane
deterioration, and degradation of proteins and nucleic acids,
leading to cell death (Tiwari et al. 2016).

Before the negative impacts of increased drought on agri-
culture became so widespread around the world, the ability
to synthesize ammonium from air (i.e. the Haber-Bosch pro-
cess) since the beginning of the twentieth century increased
the availability and use of synthetic fertilizers, which

increased crop yields and enabled a dramatic increase in
the world population (Rouwenhorst et al. 2021). However,
the massive use of synthetic fertilizers, also called chemical
or inorganic fertilizers, containing nitrogen and other nutri-
ents, has severe negative environmental impacts, as nutrients
such as nitrogen and phosphorus are lost from the agrosys-
tems due to run-oft and leaching, impacting streams and riv-
ers and causing eutrophication and destruction of aquatic life
(Dubeux and Sollenberger 2020). These fertilizers stimulate
soil microbes, which feast on organic matter, reducing soil
organic matter and soil’s ability to store organic nitrogen
(Mulvaney et al. 2009), and increasing nitrogen leaching
and N,O (a potent greenhouse gas) emissions. The loss of
soil organic matter negatively affects soil’s carbon sequestra-
tion and soil fertility, as soil organic matter: (i) acts as a nutri-
ent storage, gradually providing essential elements; (ii)
buffers plants against sudden environmental changes; (iii)
preserves moisture during drought periods; (iv) keeps soil
physical conditions compatible for seedling growth; and (v)
supports a greater biodiversity (Mahmoudi et al. 2021).
Thus, the loss of soil organic matter turns soils less resilient
to climate changes, more vulnerable to erosion and more
dependent on irrigation; as water becomes scarcer due to cli-
mate change and increased water demand, maintaining the
current widespread use of chemical fertilizers is turning agri-
culture more and more unsustainable.

Therefore, the twentieth century agricultural innovations
no longer meet the twenty-first century agricultural chal-
lenges and the trend is to reduce chemical fertilizer appli-
cation rates (and therefore its negative impacts) without
hampering food security. Within the ongoing climate crisis,
ensuring food security, sustainable crop production and
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environmental protection, demands for an integrated work-
plan, which includes ‘new’ options. One of these ‘new’
options is Precision Agriculture (PA), which is emerging as
a sustainable solution for the management of farm input
resources (e.g. fertilizers, water, seeds, pesticides). It aims
at applying the right input, in the right amount, at the
right place and right time using advanced sensing, modelling
and control technologies. Several studies have shown that
variable rate applications of farming input resources accord-
ing to crop needs result in increased crop yield and profit-
ability at minimized input cost and environmental
footprint for chemical fertilization, manure application and
seeding (e.g. Searcy 1997; Guerrero et al. 2021; Zhang et al.
2021; Munnaf et al. 2021). As water is becoming an increas-
ingly critical factor for farming in many areas of the world,
the use of monitoring plant water status as part of PA
implementation is increasing to support farmers in making
the decision on variable rate irrigation and irrigation
scheduling.

Other very important, non-exclusive options to decrease
the input of chemical fertilizers include the use of alternative,
‘new’ fertilization strategies such as organic amendments
(e.g. organic fractions of agricultural and municipal solid
wastes, compost) (Kochakinezhad et al. 2012; Ribas-Agusti
et al. 2017; Ulm et al. 2019), and crop rotations, which take
advantage of niche complementarity, enabling the optimiz-
ation of nutrient use (Dias et al. 2015); recent meta-analyses
reported increases in soil microbial diversity and richness
from 3% to 27% when cover cropping or crop rotations
were carried out relative to monoculture or soils with less
crop diversity (Kim et al. 2020). Finally, the use of environ-
mentally friendly plant growth promoting rhizobacteria
(PGRR) and mycorrhizal fungi as biofertilizers is another
strategy to minimize the application of chemical fertilizers,
as various examples are reported showing similar crop yields
when they partially replace the later (section 3). Defined as
microbial inoculant preparations formed by live or latent
cells from specific microbes applied to seed, plant surfaces,
or soil to significantly increase growth and yield of crop pro-
duction (Mitter et al. 2021), biofertilizers are now inserted in
the broader definition of biostimulants provided in the Regu-
lation (EU) n°2019/1009; this defines a biostimulant as ‘a
product stimulating plant nutrition processes independently
of the product’s nutrient content with the sole aim of
improving one or more of the following characteristics of
the plant or the plant rhizosphere: (a) nutrient use efficiency
(b) tolerance to abiotic stress (c) quality traits, (d) availability
of confined nutrients in soil or rhizosphere.” In the next sec-
tions 3. and 4.1, we summarize PGPR mechanisms leading to
these outputs, namely those leading to plant drought toler-
ance, of utmost significance in a context of increased deser-
tification due to climate change.

2. Many unanswered questions

PGPR-based biofertilizers global market is certainly gaining
momentum worldwide and it is expected to reach USD 4.5
billion by 2026 (Global Biofertilizers Market report 2021,
ID: 5334050) due to its advantages in promoting soil health
and in reducing the pollution caused using agro-chemicals
(synthetic fertilizers, pesticides), and due to the recent sig-
nificant rises in synthetic fertilizers’ prices (https://asmith.
ucdavis.edu/news/story-rising-fertilizer-prices). Despite

their great potential, the use of biofertilizers by farmers is
still limited due to: (i) inconsistent results over different
soils, crops and environmental conditions; (ii) practical
aspects related to mass production, e.g. definition and con-
trol of manufacturing parameters such as the physiological
state of the microorganisms when harvested, and the dehy-
dration process (Herrmann and Lesueur 2013); (iii) short
shelf-life, which compromises microbial viability; and (iv)
appropriate recommendations and ease of use for farmers
(Mitter et al. 2021; Basilio et al. 2022).

Here, we will focus on the aspects related with inconsist-
ent results over different soil-crop systems and in response to
a specific environmental stress (drought). Since we consider
that PGPR isolation and selection procedures are crucial
initial processes to develop optimal PGPR-based biofertili-
zers for field application, we will discuss key questions on
how to choose the appropriate methods to find optimal
PGPR. For that, we used the available literature to evaluate
the parameters considered in sample collection and PGPR
isolation and selection, highlighting current pitfalls in these
procedures (section 4.1); methods for isolating and screening
of PGPR are mostly random, i.e. do not target a specific stress
factor or plant-soil system, which certainly hinders finding
optimal PGPR. To propose new methods, we must consider
the present knowledge (and acquire further) on plant-bac-
teria interactions (section 4.2), namely on the plant recruit-
ment of soil bacteria, done primarily by root exudates, and
on the necessary factors for efficient rhizosphere bacterial
colonization, which will depend on the bacteria and host
traits and the environmental conditions. What could be the
primordial factor for recruitment under drought? These
are vast research fields, presently at their infancy, which
require a deeper comparative study of the rhizomicrobiome
(here defined as the root-associated microbiome, comprising
the rhizosphere and root endosphere microbial commu-
nities) composition and functionality. The rhizomicrobiome
assembly is controlled by both host genotype and drought
(section 5.1), and the rhizomicrobiome manipulation
through host-mediated selection of microbial communities
adapted to drought can be considered for PGPR selection
(section 5.2). However, several issues can be pointed out
regarding such manipulation, namely if the selected PGPR
are effective under the spatial and temporal variation of
soil chemistry and climate. Furthermore, PGPR persistence
in the rhizosphere and their impact on the native commu-
nities at short and long-term (section 5.2) must be con-
sidered. Our reflection led to the proposal of an integrated
omics approach to design a PGPR screening based on target
indicators and to the construction of PGPR consortia with
unfamiliar rhizo- and soil bacteria with relevant properties
(section 6).

Despite the above questions, many PGPR already com-
mercialized as biofertilizers can improve plant drought toler-
ance, as exemplified below.

3. First steps towards developing drought-
specific biofertilizers

Many different bacterial genera have been incorporated in
commercialized PGPR-based biofertilizers or biocontrol for-
mulations (Jiao et al. 2021). PGPR may synthesize phytohor-
mones (e.g. auxins which stimulate root proliferation) and/
or increase nutrient availability to the plant through
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atmospheric nitrogen (N) fixation, phosphate solubilization
and synthesis of siderophores for iron and other metals
sequestration from the soil (Backer et al. 2018; Schalk et al.
2011). Thus, PGPR improve nutrient acquisition efficiency,
whereas only a fraction of the applied nutrients in the
form of chemical fertilizers (50% for N and 30% for P) are
taken up by plants. PGPR may also enhance nutrient use
efficiency [described as yield (biomass) per unit input (ferti-
lizer, nutrient content)] (e.g. Pacheco et al. 2021; Basilio et al.
2022). Could the effects of PGPR become larger than those
reported until now, reducing even further our dependence
on chemical fertilizers and reducing irrigation water use?
This is an important question particularly regarding drought
stress.

There are several studies on the PGPR benefits to the host
plant under drought conditions (Table 1). Many of these
PGPR are Bacillus strains, such as B. licheniformis used in
the study by Akhtar et al. (2020). B. licheniformis (and
other Bacillus) spores have long stability, do not germinate
in tap water, are easy to apply, and are not affected by con-
ventional pesticides. The spores remain dormant until the
presence of root exudates trigger their germination and
switch to vegetative metabolically active cells (Akhtar et al.
2020). These attributes allow Bacillus to be formulated
together with most of the chemical additives normally
employed in agriculture, as seed coating agents or in liquid
media for in-furrow applications. Being a facultative anaero-
bic organism capable of anaerobic respiration and fermenta-
tive growth (Clements et al. 2002), B. licheniformis it suited
to life in the rhizosphere, where oxygen level fluctuates,
from high (drought) to very low (flooding conditions).
B. licheniformis, and probably other Gram-positive versatile
spore-forming bacteria, could thus be used for enhancing
water use efficiency (WUE) under normal and drought con-
ditions (see Table 1), so these microorganisms can be impor-
tant farming tools under the ongoing climate changes. Also
noteworthy, many PGPR that improve plant drought toler-
ance have been selected based on the presence of 1-aminocy-
clopropane-1-carboxylate (ACC) deaminase activity (e.g.
Niu et al. 2018; Duan et al. 2021). The ACC, the ethylene pre-
cursor, and a plant signalling molecule (Li et al. 2022), can be
exuded by plant roots, sequestered, and hydrolyzed into
ammonia and a-ketobutyrate by ACC deaminase-producing
PGPR for nitrogen and energy supply. By removing ACC,
these PGPR can lower ethylene levels, thus reducing the
negative effects of ethylene accumulation, improving plant
stress tolerance, and promoting plant growth despite the
stressful conditions (Glick 2014). As an example, Gowtham
et al. (2020) showed that a PGPR containing ACC deaminase
(Bacillus subtilis Rhizo SF 48) enhanced plant growth and
relative water content in tomato plants even under severe
drought conditions and proposed this strain as a useful
bio-inoculant for sustainable tomato production in arid
and semi-arid regions.

4, Are we selecting optimal PGPR?

4.1. Considering PGP traits - the current strategy for
PGPR selection

The distinct PGPR-based biofertilizers performance between
greenhouse and field-tested conditions, and their short shelf
life when compared to inorganic fertilizers, are main aspects
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in PGPR research and development (Adedeji et al. 2020).
However, ahead steps, i.e. the current PGPR isolation and
selection procedures should also be evaluated. Thus, the
question presented earlier in section 3, regarding a further
reduction of our dependence on chemical fertilizers, can be
reformulated: Can an optimal PGPR be found, leading to
the production of biofertilizers that could be applied with
reduced dependence on mineral fertilizers or irrigation?
This might be possible if considering microbial ecology
when selecting PGPR isolates.

Although there is consensus that in the search for PGPR
many biotic and abiotic variables (e.g. soil types, soil phy-
sico-chemical characteristics, plant species, seasons, and status
of the host plant) and their interaction should be considered to
ensure the successful isolation of putative beneficial rhizobac-
teria, a search among the literature shows that it is rarely the
case. For example, the rhizosphere of wild populations of
plants is proposed as an optimal source to isolate PGPR, as
a plant in its habitat exerts a high selective pressure in the rhi-
zozone, where it selects for beneficial bacteria (Barriuso et al.
2005). However, the isolated PGPR might not be responsive to
the rhizo-environment of a targeted crop. The broader habitat
for sample collection is also of importance, but many times
disregarded. If plant drought tolerance is intended, the ben-
eficial bacteria must themselves be tolerant to drought con-
ditions. As so, the isolation and screening for putative PGPR
from soils from chronically dry regions, described in several
publications (section 5.2), or even from extreme conditions
(section 6) may recover a high number of PGPR, able of with-
standing severe drought conditions.

Rhizobacteria extraction (Figure 1) starts with sampling
of the rhizosphere soil fraction (considered to be the soil
volume at 1-3 mm from the root and the soil adhering to
the root) by shaking vigorously the root, with the soil still
adherent being collected as the rhizosphere. Then, the rhizo-
spheric soil sample is suspended in water, in saline solution
or in phosphate buffer. Bacterial extraction is performed fol-
lowing soil disaggregation and sample dispersion to reduce
the association between the soil and the bacterial cells,
which occurs, for instance, through adherence by extracellu-
lar polymers to the soil particles (Barriuso et al. 2008).
Chemical extraction methods may be combined with phys-
ical methods, such as homogenizing or grinding, and ultra-
sonics. Each of those methods has advantages and
disadvantages and may result in a selective extraction
where less resistant bacteria could be damaged (Barriuso
et al. 2008). The extraction step is thus of great importance.

Bacterial isolation from soil-extracted microbial suspen-
sions follows classical microbiological procedures, and
screening of putative PGPR is performed using two different
strategies: 1) specific culture media and growth conditions
are used for the isolation of intended specific plant beneficial
bacteria, or 2) after isolation of the maximum number of
bacteria to avoid the loss of variability, different in vitro
tests are carried out to inspect for biochemical activities
that correspond to known PGP traits (Barriuso et al. 2008)
(Figure 1). Those tests, being usual procedures in PGPR
screening, are meant to select beneficial bacteria to act in
different contexts (for instance, distinct abiotic stresses)
and the most common are (i) production of plant growth
regulators (e.g. auxins, and cytokinins); (ii) synthesis of
ACC deaminase (iii) phosphate solubilization (iv) sidero-
phore production (v) nitrogen-fixation and (vi) production



Table 1. Examples of the effects of PGPR and PGPR-based biofertilizers on different crops under non-stress and abiotic stress. The quantification of the effect of inoculation on a given parameter was based on the comparison between inoculation
and non-inoculation.

Treatment PGPR inocula Crop Effects Observations Reference
Non- 75% of the recommended fertilizer rate Mixture of Bacillus Tomato Plant growth, yield, and nutrient (N and P) uptake equivalent to the  Greenhouse pot experiment Adesemoye
stress with inoculants amyloliquefaciens IN937a and full fertilizer rate without inoculants et al. (2009)
Bacillus pumilus T4
Salt stress  Inoculation with each of several pre- Arthrobacter sp. Pseudomonas sp.  Tomato Biofertilization outperformed chemical fertilization, significantly Growth chamber pot experiment; Chemical ~ Cordero et al.
selected strains (biofertilization) or 0.6 g reducing the negative effects on growth parameters, plant water fertilization clearly exceeded the positive (2018)
L' of NPK solution 20:20:20 (chemical loss and K* depletion effects of PGPR inoculation under non-
fertilization) stressed conditions
Drought Inoculation with the spore forming Bacillus  B. licheniformis FMCHO01 Maize Increased root and shoot dry weight, water use efficiency (WUE) (up ~ Greenhouse pot experiment Akhtar et al.
stress licheniformis FMCHOO1 to 46%), and root catalase activity (CAT) under both well-watered (2020)
and drought conditions
Inoculation with the commercial Pseudomonas putida, Azotobacter Tomato Increased total aboveground biomass, marketable yield, and WUE Field experiment; PGPR effects observed Le et al. (2018)
biofertilizer (Phylazonit MC®) chroococcum, Bacillus circulans, under water deficit irrigation, but not
and B. megaterium under rain-fed regime
Inoculation with each of two PGPR Bacillus amyloliquefaciens GB03 Peppermint  Increased activity of antioxidant enzymes (peroxidase — PX; and Growth chamber pot experiment Chiappero
Pseudomonas fluorescens superoxide dismutase — SOD); Mitigation of the negative effects of et al. (2019)
WCS417r drought on plant growth (e.g. increased root dry weight and
number of leaves)
Inoculation of a PGPR suspension with Bacillus subtilis Rhizo SF 48 Tomato Enhancement of plant growth parameters (e.g. plant height, shoot ~ Greenhouse pot experiment Gowtham et al.
carboxymethyl cellulose fresh and dry weight), relative water content, and osmoprotectant (2020)
(proline) content under well-watered and stress conditions (even
under severe drought); Increase activity of antioxidant enzymes
(SOD and ascorbate peroxidase — APX)
Inoculation with suspensions of each of Pseudomonas corrugata Grapevine Enhancement of the RAS/RT (root-adhering soil/root tissue) ratios Greenhouse pot experiment Duan et al.
two PGPR and of a 1:1 volume mixture of Enterobacter soli and soil aggregate stability; Increased nitrogen and phosphorus (2021)
the PGPR levels in the soil and plant leaves. Increased biomass of shoot and
root, relative water contents, and net photosynthetic rate of leaves
Inoculation with peat incubated with a Bacillus subtilis HAS31 Potato Higher dry matter production, leaf area, number of tubers, and tuber  Pot experiment Batool et al.
PGPR culture weight; Higher photosynthetic process, contents of chlorophyll, (2020)

and enzymatic activities of CAT, PX and SOD
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Figure 1. Classical procedures for isolation and screening of PGPR.

of enzymes that can degrade pathogenic fungi cell walls (i.e.
chitinase or p-1,3-glucanase) (Barriuso et al. 2008).

Several problems are inherent to this PGPR isolation, for
example:

@

(ii)

the use of nonselective media, generally of nutrient-rich
media, to avoid the loss of bacterial variability, will in
fact bias the selection to easily cultivable and fast-grow-
ing abundant soil bacteria.

It does not account for the isolation of low-abundant
bacteria, which are difficult to culture but can be meta-
bolically very active; these bacteria can synthesize high
amounts of proteins, use different substrates (Jousset
et al. 2017) and play fundamental processes in soils.
As an example, dilution-to-extinction experiments for
different soils revealed that low-abundance plant-
associated bacteria are involved in the production of
antagonistic volatile compounds that protect the host
plant against pathogens (Hol et al. 2015). Soil micro-
structure (Totsche et al. 2018) might be a major factor
affecting the detection of low-abundant microorgan-
isms, as many microbes thrive under tight association
to specific properties of soil structure, exploiting highly
specific microenvironments on or within soil particles
(Or et al. 2007; Datta et al. 2017). Therefore, albeit
more laborious, extraction procedures that separate
the soil particles according to their size will result in
an extended list of putative beneficial isolates. Indeed,
Hemkemeyer et al. (2018) revealed bacterial prefer-
ences for specific soil particle size fractions by amplicon
sequence analysis of microbial communities within
each fraction. For instance, Actinobacteria and Nitro-
sospira members preferred fine silt. The authors used
gentle ultrasonication, wet-sieving and centrifugation
to isolate particle size fractions (clay <2 pm; fine silt
2-20 um; coarse silt 20-63 pum; sand 63-2000pm)
with attached cells. A similar protocol could be adapted

(iif)

of diazotrophic
bacteria

A\

4
" 4
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‘ ‘:‘/ \\ production, nitrogen-

\\\\ ) fixing ability
& 8 —

Isolation of the
maximum number
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bacterial variability

into a hierarchical nested strategy for microbial extrac-
tion, starting with soil fractionation, bacterial isolation
with choice of specific or several different media, and
subsequent testing of the isolates from each fraction
for chosen traits (see point iii). An intermediate step,
before isolation, could be choosing the fraction for
the isolation, after tracking a target microbial activity,
for instance the presence of diazotrophic activity
through measurement of nitrogenase activity in situ
(Pérez et al. 2022). Such hierarchical nested strategy
for microbial extraction from soils would be more suit-
able for the isolation of low-abundant bacteria.

It does not account for inducible microbial traits.
Regarding the standard biochemical tests, some of the
traits shown in vitro are inducible, i.e. they are only
expressed in certain conditions, so that a PGP trait
could be expressed in the laboratory but not in the rhi-
zosphere and vice versa. For example, phosphate solu-
bilization and siderophore production may not be
expressed in phosphorus-rich and iron-rich soils,
respectively (Barriuso et al. 2008). Within this context,
the choice of culture conditions for the identification of
PGP biochemical traits must be carefully considered,
ideally meeting the conditions of the target environ-
ment for PGPR application. For example, very low
phosphate solubilization was detected for Rhizobium
sp. strains in a broth containing yeast extract and man-
nitol. However, replacement of yeast extract with
NH,SO, as a nitrogen source led to a huge increase
in the solubilization of phosphate by the strains,
which was also affected by the carbon source present
in the medium with NH,SO, (Amaya-Gémez et al.
2020).

Thus, although it can be argued that several post-inocu-
lation factors (e.g. soil chemistry, competitive rhizospheric
interactions with indigenous microbes, climate fluctuations,
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and variation across plant genotypes) (Sessitsch et al. 2019)
can reduce PGPR efficiency in the field compared to the
greenhouse, obtaining optimal PGPR may be largely depen-
dent on a correct planning of the isolation and screening
procedures that anticipate those post-inoculation factors.
Indeed, a major explanation for the inconsistent results at
the field-scale is variation in the capacity of bacterial coloni-
zation and survival within the rhizosphere, i.e. in the rhizo-
sphere competence, which will depend on the bacterial traits,
the host plant and the environmental abiotic and biotic con-
ditions. Therefore, all these factors should be considered in
PGPR isolation and selection.

Several molecular approaches (e.g. gene disruption and
gene activation) showed that bacterial functions such as
motility, attachment, growth, stress resistance and pro-
duction of secondary metabolites are linked to rhizosphere
competence (in Barret et al. 2011). But the major traits and
corresponding genes relevant in rhizosphere competence
under drought are largely unknown, and so unknown
which PGP biochemical traits may be crucial for selecting
PGPR that improve plant drought tolerance in each plant-
soil system.

Reports show that the presence of commonly tested PGP
traits improve plant drought tolerance (e.g. Vurukonda et al.
2016 and ref. therein). These traits include the synthesis of phy-
tohormones, the nutrient acquisition from soil minerals and
organic complexes (e.g. by solubilization of inorganic phos-
phate and mineralization of organic phosphate), and the inhi-
bition of plant ethylene synthesis (Figure 2). For instance,
auxin/IAA (indole-3-acetic acid)-producing bacteria increase
plant root growth and/or enhance the formation of lateral
roots and roots hairs, thereby increasing water and nutrient
uptake, and thus improve plant drought tolerance (in Vuru-
konda et al. 2016). Bacterial biosynthesis of the phytohormone
abscisic acid (ABA), which is involved in signal transduction
pathways that regulate stress defense mechanisms, including
the regulation of water loss by controlling stomatal closure
(Yamaguchi-Shinozaki and Shinozaki 1994), contributes to
the alleviation of drought stress in maize (Cohen et al. 2009).
Since drought results in a multidimensional stress, it is easily
understood that the presence of those, commonly tested, mul-
tiple traits in single PGPR or in a consortium of several PGPR
translate into multiple modes of action capable of benefiting
crops. Although the selection of multiple traits is important,
some modes of action might be more relevant than others
for a particular crop/soil/stress setting.

Other PGP traits can be tested by less standardized pro-
cedures, or indirectly by biochemical analysis of the plant
host. For instance, PGPR may alter the activity of plants’
antioxidant enzymes SOD, CAT, APX and glutathione
reductase (GR) (Chiappero et al. 2019; Akhtar et al. 2020),
which scavenge ROS and therefore alleviate the oxidative
damage (Kaushal and Wani 2016) (Figure 2). The plant-bac-
teria interaction mechanism(s) responsible for such output is
still unclear and might involve bacterial-produced phytohor-
mones (Clarke et al. 2002; Khan et al. 2020). Some PGPR
strains release volatile organic compounds (VOCs) that med-
iate increases in plant biomass, disease resistance, and abiotic
stress tolerance (Liu and Zhang 2015). Bacterial VOC 2,3-
butanediol promotes plant growth and induces disease
resistance (Ryu et al. 2003, 2004). Arabidopsis plants exposed
to 2,3-butanediol showed increased drought tolerance as a
result of stomatal closure and consequently reduced water

loss (Cho et al. 2008). The application of 2,3-butanediol to
plant lines defective in various hormone signalling pathways
indicated that the induced drought tolerance is regulated by
phytohormones salicylic acid (SA), jasmonic acid (JA), and
ethylene, with SA playing a primary role, as free SA levels sig-
nificantly increased in plants treated with 2,3-butanediol
(Cho et al. 2008). PGPR VOCS can improve iron and sulfur
nutrition in plants (Liu and Zhang 2015). Plants largely
acquire S through root uptake of SO3~ from soil (Santana
et al. 2021), but they can also assimilate S from S-containing
compounds in the air, including VOCs emitted by soil
microbes (Meldau et al. 2013). Emission of dimethyl dis-
ulfide (DMDS), an S-containing VOC commonly produced
by many soil bacteria and fungi (Kanchiswamy et al. 2015),
from Bacillus sp. strain B55 rescued Nicotiana attenuata
growth retardation caused by S deprivation (Meldau et al.
2013). Noteworthy, sulfur plays a significant role in drought
stress responses (Abuelsoud et al. 2016), which will be dis-
cussed below (section 6).

Although produced in response to several biotic and abio-
tic stress factors, exopolysaccharides (EPS) biosynthesis
(Morcillo and Manzanera 2021) and osmolyte accumulation
(Signorelli et al. 2021), have been described most extensively
for their role under water depletion. EPS are hydrated com-
pounds with 97% water in a polymer matrix that confers pro-
tection against desiccation (Bhaskar and Bhosle 2005). EPS
increase aggregate stability and RAS/RT (root-adhering
soil/root tissue) ratio, leading to increased uptake of water
and nutrients from the rhizosphere (Kaushal and Wani
2016). Therefore, EPS-producing PGPR strains contribute
to the maintenance of soil moisture content and improve
plant drought tolerance (Naseem and Bano 2014) (Figure
2). For example, the inoculation of sunflower plants with
an EPS-producing Rhizobium sp. strain increased the RAS/
RT ratio, as well as RAS macroporosity, which helped to
relieve the effect of drought on sunflower growth (Alami
et al. 2000). Interestingly, certain bacterial VOCs, such as
acetic acid, can induce the formation of biofilms, which
have EPS as major constituents (Chen et al. 2015). It is
then possible that certain PGPR VOCs may indirectly
increase plant drought tolerance by mediating EPS synthesis
(Liu and Zhang 2015). VOCs released by a Bacillus strain
stimulated Arabidopsis synthesis of glycine betaine and its
precursor chloline under osmotic stress (Zhang et al
2010), both compounds are osmolytes involved in maintain-
ing cell turgor under dehydrating conditions (Rhodes and
Hanson 1993); the conferred osmo-protection could explain
the enhanced tolerance to dehydration in plants treated with
the PGPR VOCs or directly inoculated with the strain
(Zhang et al. 2010). The accumulation of osmolytes, such
as betaines, polyols and sugars (e.g. trehalose), polyamines
and amino acids (e.g. proline) (Yancey 2001), is indeed the
most frequent adaptation response observed in plants and
bacteria under drought conditions (Sakamoto and Murata
2002; Vendruscolo et al. 2007; Rodriguez-Salazar et al.
2009). PGPR can release osmolytes accumulated in response
to drought, which act synergistically with plant-synthesized
osmolytes to stimulate plant growth (Paul and Nair 2008;
Kaushal and Wani 2016). Several studies describe the modu-
lation of plant osmolyte production by PGPR, which have
been previously characterized or not in terms of osmolyte
accumulation (Ghosh et al. 2017; Khan and Bano 2019).
For example, the rise of leaf proline levels in maize under
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drought, increased even further with the inoculation of Pseu-
domonas fluorescens (Ansary et al. 2012).

Despite the previous examples, and as aforementioned, it
is still largely unknow which are the major traits of the PGPR
recruited by a given plant that intrinsically relate to the
plant’s drought tolerance in each soil environment. da
Costa et al. (2014) suggested that under nutrient-rich con-
ditions, plants will favour the recruitment of phytohormone
producers, while in nutrient-poor conditions nutrient solu-
bilizers will be favoured. Drought alters soil chemistry and
diffusion rates and influence soil microbial communities
(section 5.1), hence affecting soil mineralization and plant
nutrient uptake (He and Dijkstra 2014). Thus, it is possible
that nutrient solubilizers will be preferentially recruited
under drought to ‘labour’ in micro niches in the rhizosphere.
But if the patterns described by da Costa (2014) might be
used to direct the bioprospection of PGPR in different rhizo-
spheric soils, the selected strains should be compatible with
the recruitment mechanisms of the target plant, which can
compromise the PGPR persistence in that rhizosphere.

4.2. Integrating plant-bacteria interactions in future
PGPR selection strategies

Could there be a primordial plant signal for bacterial recruit-
ment at the onset of drought, causing a specific response of a
multiple trait PGPR strain or of a multifunctional PGPR
ensemble, which will be translated in efficient rhizospheric
colonization? If so, could specific gene(s)/molecule(s) be
screened instead of searching among general PGP traits?
Plant recruitment of beneficial microbial partners involves
a sophisticated chemical interaction, where root exudate is
the primary means for ‘microbial capture’ (Figure 3).
Using small molecules, plants and microbes communicate,
whereas microbial interspecies and intraspecies signalling
molecules are perceived by plants and elicit a response (Ven-
turi and Keel 2016); such global interaction results in the
construction of the rhizomicrobiome. Coumarins,

strigolactones and flavonoids, are secreted by plants under
iron, phosphorus, and nitrogen deficiency, respectively, to
facilitate the uptake of these nutrients, which results into
selective microbial recruitment (Abedini et al. 2021).
Research has been gradually revealing the existence of
other plant signalling molecules, such as benzoxazinoids
(BXs), whose production is affected by drought and other
abiotic stresses (Abedini et al. 2021). The presence of the
BX  2,4-dihydroxy-7-methoxy-2H-1,4-benzoxazin-3(4H)-
one (DIMBOA) in maize root exudate resulted in the recruit-
ment of the beneficial rhizobacteria Pseudomonas putida
KT2440 (Neal et al. 2012). By releasing these toxic com-
pounds, e.g. flavonoids and indoles, in the rhizosphere,
plant roots exert a selective pressure and trigger a stress
response in certain bacteria (Miche et al. 2003), affecting rhi-
zobacterial communities. Therefore, potential PGPR must
overcome such selective pressure to colonize the roots, i.e.
they must therein express rhizosphere competence.
Expression profile analysis of several bacterial strains has
shown that numerous genes coding for stress response and
detoxification proteins were induced in response to exudates
(Miche et al. 2003; Cheng et al. 2009) or in the rhizosphere,
with (Barret et al. 2009) or without (Barr et al. 2008; Barret
etal. 2011) competing organisms. For example, genes encod-
ing multidrug resistance (MDR) pumps, responsible for the
efflux of toxic compounds, are frequently induced in the rhi-
zosphere and present in large number in microorganisms
found in association with plants (Konstantinidis and Tiedje
2004). Also, reported roles of proteins secreted by T1SS,
T3SS and T5SS systems in PGPR rhizocompetence can be
found (in Barret et al. 2011). For instance, T1SS substrates
include proteins that are determinant of biofilm formation
(Martinez-Gil et al. 2010) and are involved in the bacterial
attachment to seeds (Espinosa-Urgel et al. 2000) or roots
(Martinez-Gil et al. 2010), and T3SS of pseudomonads pre-
sent in the mycorrhizosphere (the soil region around and
influenced by mycorrhizal roots) has been proposed to be
involved in suppressing the root innate immune response,
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facilitating the association between PGPR and mycorrhizal
fungi/plants (in Barret et al. 2011). Both pathogenic and ben-
eficial microbes can express the immunogenic microbe-
associated molecular patterns (MAMPs), and thus may trig-
ger an innate immune response in their host plants, known
as MAMP-triggered immunity (MTI) (Teixeira et al. 2019).
Colaianni et al. (2021) proposed that plants monitor the pro-
portion of diverse types of the peptide flagellin (flg22), a
MAMP detected by plants, to identify the presence of patho-
gens; the authors found that plant-associated communities
produce different classes of flg22 variants each resulting in
a different plant response (e.g. variants that modulate sig-
nal-transduction pathways), and are enriched for immune
evading flg22 epitopes. This functional diversity is key to
plant-microbial interactions and could be inspected as a
potential basis for future PGPR screening. Thus, the plant
immune system, and defense signalling, is a driver for the
selection of microbes that take part of the rhizomicrobiome
communities, including the PGPR. For instance, synthesis of
the phytohormone SA, whose accumulation is MAMP-
induced (Wang et al. 2009), can alter the composition of
the root and rhizosphere microbial community in
A. thaliana (Lebeis et al. 2015). Microbe-microbe metabolic
interactions through quorum sensing (QS) also play an
important role in building the rhizomicrobiome. N-acyl
homoserine lactone (AHL), a QS molecule produced by
Gram-negative bacteria, acts as a signalling molecule within
and between bacterial species, and between bacteria and
plants, and has been extensively studied, but other QS mol-
ecules were recently identified, e.g. cis2-unsaturated fatty
acids, pyrones, etc. (Venturi and Keel 2016). Plants can
release QS-mimicking compounds, e.g. AHL-mimicking
molecules, which can be perceived by bacteria and thus influ-
ence rhizomicrobiome assembly (Abedini et al. 2021). In
addition, plants can produce compounds that modulate the
concentration of QS molecules, a mechanism termed
‘Quorum Quenching’(QQ) or ‘Quorum Interfering’ (Des-
saux and Faure 2018). Aside from QS molecules,

microbial-produced VOCs have also been documented for
their effect on plants (some examples were already disclosed
above) and in the interaction with other microbes (in Abe-
dini et al. 2021). In sum, convoluted complex metabolic
interactions, involving signalling molecules, occur in the rhi-
zosphere; the recognition of these molecules by the signal-
receiving species, many of these unknown, and the cell inte-
gration of such signals are still an enigma.

PGPR’s ability to respond to root exudates and to use a
large range of nutrients combined with efficient nutrient
scavenging systems (section 3), are important for improving
plant nutrient acquisition and are certainly decisive factors
for successful rhizosphere colonization. The substrate uptake
preferences of different bacteria will dictate niche differen-
tiation, competitive exclusion, and cross-feeding phenomena
and thus rhizomicrobiome composition (Jacoby and Kopriva
2019). In this context, not only specialized metabolites, but
also primary metabolites (e.g. amino acids, carbohydrates)
in plant root exudates have a role in mediating plant-
microbe interactions. Genes involved in bacterial amino
acid metabolism, for instance in histidine uptake or catabo-
lism were found to be upregulated by exudates and in the rhi-
zosphere (in Barret et al. 2011). Cole et al. (2017) screened a
transposon mutant library in Pseudomonas simiae for their
ability to colonize Arabidopsis roots; while disruption of
genes encoding carbohydrate metabolism resulted in lower
root colonization fitness, disruption of genes encoding
amino acid synthesis led to enhanced colonization fitness,
indicating that amino acid auxotrophs, which will get those
primary nutrients from the plant, have a selective advantage
in the rhizosphere.

Bacterial chemotaxis response to root exudates is initiated
by sensing specific ligands through methyl-accepting chemo-
taxis proteins (MCP) (for a review see Salah Ud-Din and
Roujeinikova 2017). Oku et al. (2012) identified and charac-
terized MCPs receptors for sensing amino acids in
P. fluorescens Pf0-1 and found these receptors were involved
in chemotaxis towards tomato root exudate and root



colonization. Despite the complexity of the chemical compo-
sition of root exudates, and the fact that the chemotaxis of
PGPR to root exudates is an integrative effect of root-
secreted chemo-attractants and chemo-repellents, the sys-
tematic identification of such compounds and the elucida-
tion of how these are sensed by PGPR MCP
chemoreceptors could contribute to the detection of novel
PGPR. Feng et al. (2018) identified 39 chemo attractants
and 5 chemorepellents among components of cucumber
root exudates, including amino acids, organic acids, and
sugars, for Bacillus amyloliquefaciens SQR9, a known
PGPR that forms biofilms on plant roots (Weng et al
2013; Liu et al. 2017). A mutant strain with all eight putative
chemoreceptors (predicted by the whole-genome sequence
of SQR9) completely deleted, lost the chemotaxis ability to
those 44 compounds. It would be interesting to perform
similar studies considering root exudate composition,
which changes under drought, to find PGPR responsive to
drought-related root secreted compounds. For instance, in
soybean (Glycine max), an increase in osmolytes concen-
tration (including proline) in root exudates was observed
by metabolomic analysis (Canarini et al. 2016). However,
metabolome analyses are largely missing, namely those to
study the root exudome formed under decreasing water
availability, an important task to find PGPR recruited at
the onset of drought stress, which could prevent extensive
plant damage with drought continuation (see section 5.2).

A better understanding of the complex plant-microbial
interactions demands for an integrated omics research,
both at metabolite and gene-level, to unravel the primordial
signals and microbial responsive genes important in the root
recruitment of beneficial microbes by a given plant-soil set.
Such research will lead to better rationales for the isolation
of optimal PGPR. An omics approach can integrate the
microbial ecology component, certainly contributing to
reduce the inconsistent effects observed when applying
PGPR in the field versus the greenhouse. Such approach
could also shed light on the following question: is plant
recruitment function-based (i.e. selection of functional traits
over taxa), with responsive microbes possessing separately or
collectively the larger set of traits involved in plant drought
tolerance?

5. PGPR as part of the rhizomicrobiome
5.1. The rhizomicrobiome under drought

Drought affects soil and root microbial communities directly
(decreasing moisture availability selects for desiccation toler-
ant taxa) and indirectly (by changing soil chemistry and
plant phenotypes). Plant recruitment of bacteria from soil
communities will be changed, as plants undergo several
physiological responses to drought, which include alterations
in root morphology and root exudate profile. Thus, the rhi-
zomicrobiome under drought is determined by how drought
formats both the host plant and the surrounding soils, with
each of these factors exerting a mutual influence; water-lim-
ited soils may be decreased in overall ion content including
potassium, phosphorus, and redox-sensitive ions (Bachar
et al. 2010; Bouskill et al. 2016). Drought-induced changes
in soil chemistry will modify soil nutrient cycling and shift
the soil microbiome, which will in turn influence plant
health, as plants depend on microbial biogeochemical
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transformations to turn soil nutrients bioavailable. On the
other hand, drought-induced changes in plant exudome
will change the composition and activity of the surrounding
soil microbiome, promoting further changes in soil geo-
chemistry. For instance, barley plants under drought had
greater proline, potassium, and phytohormone concen-
trations in root exudates, which have roles in enhancing
root growth, osmo-protection, and in stress signalling, if
not intervening in bacterial recruitment (Calvo et al. 2016).
Noteworthy, soil type, climate and anthropogenic activities
(e.g. agricultural management practices), are frequently
overlooked factors, which will affect microbial communities
(Xun et al. 2021). Intensive agricultural practices, such as
massive chemical inputs, intensification of land use and til-
lage affect microbial communities and their interactions,
and thus crop microbiome structure and function, with a
potential shift of the abundance of beneficial microbes that
impact plant health. Three major negative effects to crop-
associated microbial communities have been observed: i)
reduced microbial diversity or overall microbial biomass,
ii) altered microbiome functioning, and iii) disruption of
beneficial relationships between the host plant and symbiotic
microbes (in French et al. 2021). In brief, anthropogenic
activities will change the soil physico-chemical properties,
which are of major importance in shaping microbial com-
munities (Xun et al. 2021) and vice versa. Therefore, identi-
cal drought conditions applied to chemically distinct soils
will result in different responses of the microbial commu-
nities therein. As an example, Chodak et al. (2015) found
that factors as pH, total nitrogen, organic carbon content
and heavy metals influenced the response of different bac-
terial phyla to drought and rewetting. The overall complexity
described here renders the understanding of the effect of
drought on the root-associated microbiome extremely
difficult to achieve.

Microbiome studies have revealed higher diversity in bulk
soil than in rhizosphere soil (Uroz et al. 2010; Lundberg et al.
2012). A great diversity is considered beneficial for soils, as a
high species richness translates into many metabolic activi-
ties to facilitate an efficient decomposition of organic matter
and nutrient mineralization (Nautiyal and Dion 2008). This
bacterial diverse bulk soil is the primary repository from
which roots recruit their microbiomes. Thus the root micro-
biome under drought will depend on the response of soil
bacterial communities to moisture limitation. Overall, it
has been reported that drought has little impact on bacterial
phylogenetic diversity of soil communities (Bachar et al.
2010; Acosta-Martinez et al. 2014; Armstrong et al. 2016),
but this tendency may depend on drought context, as, for
instance, first exposure to drought reduced phylogenetic
alpha-diversity in tropical forest soil plots, but no change
was observed in pre-exposed plots (Bouskill et al. 2013). In
contrast, bacterial community composition is significantly
impacted by drought, with shifts in relative abundance,
rather than fully disappearance of drought-susceptible taxa
and appearance of tolerant ones, which helps explain the lit-
tle effect in alpha-diversity. Often these relative abundance
shifts are driven by few groups (Barnard et al. 2013). The
increase in the ratio of Gram-positive to Gram-negative bac-
teria under drought is frequently observed, and commonly
relative abundance changes include decreases in phyla Pro-
teobacteria, Verrucomicrobia, and Bacteroidetes (Barnard
et al. 2013; Bouskill et al. 2013; Acosta-Martinez et al.
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2014) and increases in Firmicutes and Actinobacteria (Bous-
kill et al. 2013; Hartmann et al. 2017). Differences in meta-
bolic capacities between Gram-positive and -negative
bacteria may explain this phenomenon. Dry environments
are ‘oligotrophic, i.e. poor in nutrients but abundant in oxy-
gen. Oligotroph microbes, albeit slow-growers, can thrive
under poor conditions, being substrate specialists with a
narrow substrate utilization profile (Kurm et al. 2017), in
opposition to substrate generalist copiotrophs that thrive
under nutrient- and water-rich environments (Pascault
et al. 2013; Hartmann et al. 2017). A greater abundance of
bacterial genes involved in the degradation of complex
plant polysaccharides was found in dry soils (Bouskill et al.
2016), indicating the proliferation of oligotrophic bacteria.
The oligotrophic-copiotrophic dichotomy overlaps with the
distinction of Gram-positive and Gram-negative bacteria.
For example, Gram-positive bacteria can utilize inorganic
nitrogen to support the cost production of extracellular
enzymes necessary for the degradation of complex organic
compounds present in dry soils, whereas Gram-negative pre-
fer labile carbon compounds and organic nitrogen (Treseder
et al. 2011). Additionally, other mechanisms that allow bac-
terial tolerance to drought, as sporulation and synthesis of
thick cell walls, are attributes of Gram-positive phyla
(Tocheva et al. 2016). Differences in the production and
accumulation of osmolytes may also contribute to the
enrichment of Gram-positive in dry soils. Gram-negative
bacteria produce osmolytes as a drought-inducible response,
whereas Gram-positive bacteria can produce osmolytes on a
constitutive basis (Schimel et al. 2007). Either as an output of
microbial recruiting from drought-affected soil commu-
nities, or/and due to endophytic communities with similar
behaviors to those in the bulk soil, changes in the relative
abundance in the root-associated microbiome have been
shown to be largely similar to those seen in soil; the same
taxa trends may be observed between soil and rhizomicro-
biome communities when exposed to drought (Figure 4),
although the degree of enrichment and the specific taxa
may differ (in Naylor and Coleman-Derr 2018).

Host genetics should also be considered in the study of
root-associated microbiome changes under drought, as it is
an important driver of plant microbiome composition
(Figure 4). A variation in microbial community composition,
and responsiveness to introduced microbes has been shown
for several crop plants, with plant cultivar contributing to 5-
20% of overall microbiome variation (French et al. 2021).
However, such variation has been mostly studied across a
small number of genotypes and growing conditions, and
large-scale field studies are necessary to understand the her-
itability (i.e. plant genotype-sensitive microbial colonization)
of the root-associated microbiome, having been performed
only for maize (Walters et al. 2018) and rice (Zhang et al.
2019b). Importantly, until now, it is largely unknow if and
how heritable variation in the microbiome correlates with
beneficial traits and, despite several studies that have ident-
ified natural variation for beneficial bacteria root recruitment
(Wintermans et al. 2016; French et al. 2020), few loci related
to host-microbiome interactions and to beneficial micro-
biome traits have been isolated. Advances in this research
area will be of major importance for crop breeding for ben-
eficial plant-microbe interactions and cultivar selection.
Recently, Deng et al. (2021) performed a genome-wide
association study to analyze the host genetic control on the

microbiome composition of the sorghum rhizosphere. The
authors identified ‘heritable’ taxa, and they were able to cor-
relate the abundance of specific heritable bacterial lineages
within the rhizosphere microbiome to specific host genetic
loci, namely with allelic variation at a locus located on
chromosome 4. The methodology allowed the detection of
several lineages with high heritability, where prior evidence
of plant-microbe interactions was lacking, including Verru-
comicrobiales and Planctomycetales.

Host plants may have unusually high influence on rhizo-
bacterial selection in ecosystems with limited microbial diver-
sity. Recently, a study examining the rhizobacterial
communities of date palms grown in heterogeneous soils
across a broad geographic range of the Sahara Desert found
similar trends in bacterial community composition across
sites indicating the plant as major responsible for microbial
assembly due to the decreased microbial complexity of the
desert soils (Mosqueira et al. 2019). Host species had been pre-
viously shown to influence the beta-diversity in both watered
and dry rhizosphere and root endosphere communities
(Bouasria et al. 2012; Naylor et al. 2017). Naylor et al
(2017) showed a correlation between host phylogenetic dis-
tances and microbiome dissimilarity for a broad range of
grass plants. However, drought weakened that correlation by
inducing conserved shifts in the rhizosphere and root micro-
biome across different grass hosts. A ‘core root microbiome’ of
drought-enriched taxa was indeed found in several studies
(Desgarennes et al. 2014; Coleman-Derr et al. 2016; Naylor
et al. 2017). The presence in the enriched taxa of outlying
lineages to those more commonly drought-associated might
result from an active recruitment by the root based on the
presence of specific PGP traits, even if those lineages possess
a degree of drought sensitivity. In this context, it should be
mentioned that the activity of many enzymes is higher in rhi-
zosphere than in bulk soil (Marschner et al. 2005; Li et al.
2014) and these environments also show differences in their
‘functional gene structure’: the rhizosphere is a hotspot of
genes conferring increased functional diversity (Li et al
2014), indicating that more than inspecting for drought-
responsive taxa one must study the functional rhizomicro-
biome traits under drought. For example, the analysis of
maize rhizospheres under drought showed higher protease,
CAT, alkaline phosphatase, and invertase activities during
most growth stages in a drought-tolerant cultivar compared
with a drought-susceptible cultivar, a difference the authors
postulated to be caused by differences in root exudates and
microbial community composition (Song et al. 2012). Accord-
ing to Yan et al. (2017), who studied the structure and func-
tional diversity of the Jacobaea vulgaris rhizosphere and soil
bacterial communities, functional traits are a key to the assem-
bly of bacterial rhizosphere communities. However, the selec-
tion of such traits will be species-specific, i.e. the rhizosphere
will select specific species based on functional traits. Xun et al.
(2021) proposed that a functional compensatory principle
underlies the rhizosphere microbiome assembly, which is gov-
erned by abiotic factors, plant genotype and immunity and
biotic interactions. In other words, the rhizosphere micro-
biome is assembled to compensate for functional require-
ments for the host plant fitness under given soil conditions,
with gathering of the rhizosphere community involving both
outside-in recruitment of the soil microbiome and inside-
out release of the endosphere microbiome. It is thus valid to
consider a positive answer to our last question in section
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4.2, that plant-bacterial interactions under drought will pro-
mote the establishment of a rhizomicrobiome formed by
those microbes that collectively contribute with the larger
set of traits needed to cope with drought, and it is therefore
of major importance to target community transcriptional
and enzymatic activity in rhizosphere research. Additionally,
genomic and metagenomic studies should be directed to the
functionality of communities through the analysis of the
sequences by a process-centric approach using Clusters of
Orthologous Groups of proteins (COGs) as functional cat-
egories (Barret et al. 2011; Tringe et al. 2005). With such an
approach, COGS overrepresented in one environmental
sample are expected to be the result of selection by the local
environment and thus related to specific functions of that eco-
logical niche. As an example, changes in functional categories
of the microbial gene pool of Populus rhizosphere were found
under drought stress; in drought-treated samples, a significant
increase in genes associated with signal transduction, mem-
brane transport, and transport and catabolism was observed,
whereas the abundance of genes associated with the hydrolysis
and/or rearrangement of glycosidic bonds was significantly
lower than in control samples. A high-resolution EggNOG
(Evolutionary Genealogy of Genes: Non-supervised Ortholo-
gous Groups) analysis of the functional categories influenced
by drought in the rhizosphere showed that sub-functions of a
large number of genes were related to phosphonate ABC
transport and sulfate ABC transport (Xie et al. 2021).
Genomic sequences can also be used to predict growth
rates based on codon-usage bias, and data in wild oat showed
that both fast-growing and slow-growing strains were
enriched in the rhizosphere (Zhalnina et al. 2018), an evi-
dence against the long established assumption that successful
rhizosphere colonizers are fast-growing generalists using

labile carbon substrates. Instead, the rhizosphere might con-
fer temporal and spatial niches for metabolic specialists, able
to take up more recalcitrant substrates (Figure 4), such par-
titioning is consistent with the aforementioned enrichment
of oligotrophs in bulk and rhizosphere communities under
drought. Noteworthy, Nuccio et al. (2016) proposed that
‘roots select less abundant or possibly rare populations in
the soil microbial community’, which appear to consist of
those bacteria that ‘have made a physiological tradeoff for
rhizosphere competence at the expense of their competitive-
ness in non-rhizosphere soil’. Dawson et al. (2017) showed
that a small number of bacteria belonging to the rare bio-
sphere dominated plant species-specific responses in rhizo-
sphere colonization, indicating growth and metabolic
activity for low-abundance populations in the rhizosphere.
Hence, rhizospheric soils are potential hotspots for the survi-
val of bulk soil low-abundant microbial members (see also
section 6), whose selection may be mostly driven by ‘useful
rhizospheric traits’, and their metabolic activity therein of
importance for plant health. Such selection might explain
the presence of unexpected taxa when analyzing vegetated
soils. For instance, Firmicutes closely related to Parageobacil-
lus thermoglucosidasius and Geobacillus thermocatenulatus,
known thermophiles with an average temperature growth
range of ca. 40°C-69°C (Nazina et al. 2001), were found
associated with the shrub Zygophyllum dumosum (Kaplan
et al. 2013).

5.2. Rhizomicrobiome-centered approaches for PGPR
isolation

Due to the combined influence of plant host genotype and
drought, host-mediated selection strategies to acquire a
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drought-adapted rhizomicrobiome may be envisaged. For
example, the rhizomicrobiome can be selected in a specific
host-genotype background and chosen from plants with
improved phenotype(s), or changes in the microbiome can
parallel selection on the host. The drought-adapted rhizomi-
crobiome may be used as inoculum for the next sowing (and
similar selection) and/or PGPR isolation. This consists in a
host-mediated engineering of the microbiome, an example
of a ‘steered’ manipulation of the rhizosphere microbiome
towards a specific outcome, which has been another global
sustainable strategy under focus in recent years, meant to
respond to the growing need to increase crop yields while
reducing agrochemicals input. An alternative rhizomicro-
biome-centered approach for PGPR isolation and selection
would be one based on a deeper characterization at an
omics-level of plant-rhizobacteria interactions and associ-
ated metabolic outputs. The integrated knowledge would
be used to design a targeted procedure (Figure 5). Examples
of fundaments and prospects of both approaches follow.
Lau and Lennon (2012) demonstrated that plant fitness
under drought was highest when plants were grown in pre-
viously dry soils, as the plant will have no choice but to
recruit a beneficial drought-tolerant microbiome which has
developed through soils exposure to drought. On the other
hand, plant recruitment of a drought-specific microbiome
can be the result of generations of repeated drought events,
that have led to the evolution of stable and beneficial
plant-microbe interactions. For example, Brassica rapa
plants that had been exposed to generations of drought
tended to support higher bacterial abundance and diversity
surrounding roots under dry environments (TerHorst et al.
2014). As so, screening for putative PGPR from plants rhizo-
sphere (and from bulk soil) subjected to drought is a valid
strategy and, in fact, roots and soils from chronically dry
regions were found to frequently possess bacteria with PGP
traits able to promote drought tolerance (Kaplan et al.
2013; Mayak et al. 2004; Timmusk et al. 2014). The isolation
and use of putative PGPR, that coevolved with plant roots in
harsh environments has been done for a variety of plant
species (Mayak et al. 2004; Marasco et al. 2012; Timmusk
et al. 2014; Wang et al. 2014; Cherif et al. 2015), suggesting
that plants change the structure of the rhizomicrobiome
towards the selection of drought-adapted assemblages,
thereby improving their drought tolerance. Those PGPR
may increase drought tolerance in plants different from
those plants they were originally isolated from, and in certain
cases plant growth is only promoted under drought con-
ditions (Wang et al. 2014). These observations suggest that
drought’s influence in shaping the rhizomicrobiome may
be stronger than that of plant species. Jochum et al. (2019)
drew a screening procedure to specifically select PGPR that
could rapidly colonize the rhizosphere and benefit multiple
grass hosts when inoculated at the onset of drought con-
ditions, so that the selected strains may be added as needed,
as compared to current seed coating formulations. The orig-
inal source for PGPR isolation were the rhizospheres of per-
ennial grasses collected from a semi-arid environment,
where those vigorously growing plants were likely to have
a microbiome capable of conferring plant drought tolerance.
A pre-screening process in a controlled setting focused on
the desired host phenotype, which was the delayed onset of
drought stress symptoms, instead of analyzing bacterial phe-
notypes. Rhizosphere samples of plants for which drought

symptoms were most delayed under moderate and severe
drought conditions were used for the bacterial isolation.
Two PGPR strains, identified as Bacillus sp. (12D6) and
Enterobacter sp. (161), producers of IAA and SA in relatively
high amounts compared with other profiled phytohormones,
caused delays in the onset of drought symptoms when inocu-
lated into the rhizospheres of wheat and maize seedlings.
These strains led to alterations in root architecture; both
strains increased root branching in wheat, and increased
root length, surface area and root tips number in maize,
which are phenotypic traits that correlate with better plant
productivity under drought (Comas et al. 2013).

Using the co-selection for an enhanced crop phenotype
with desired traits and associated beneficial microbiome in
iterative rounds of plant phenotyping and microbiome trans-
fer for the selection of PGPR and development of consortia
thereof, has been already the subject of patents (e.g. Wigley
et al. 2017). Nevertheless, this microbiome engineering
methodology through host-mediated artificial selection,
with the microbiome then used as a source for PGPR iso-
lation, may have several drawbacks regarding the finding
of optimal PGPR. The procedure should involve selected cul-
tivars of agricultural importance, but the ability of modern
crops to interact with PGPR may have become compromised
during domestication (Valente et al. 2020). Other questions
regarding the host-mediated selection of PGPR are: (i) the
strength of selection to impose on the target microbial com-
munity; (ii) the fact that host-engineering experiments are
performed under highly controlled conditions-requiring
future work to determine if the selected PGPR are effective
under the spatial and temporal variation of soil chemistry,
native microbial communities, and climate found in field
conditions-; and (iii) the choice of the host trait (French
et al. 2021).

A major benefit of host-mediated engineering is that it
does not rely on a specific mechanism associated with the
target microbiome; by contrast, by selecting a host trait
associated with a particular microbial community, an
increasingly stable plant-associated microbiome, adapted to
the host environment, may evolve over time (Mueller and
Sachs 2015; Morella et al. 2020), and might provide an
enrichment in native beneficial bacteria. Such bacteria are
expected to be efficient in terms of rhizosphere competence
and to have a positive impact on rhizosphere ecology. On
the other hand, the potential for undesirable effects, namely
in an iterative procedure of propagation of a selected host
and its adapting microbiome, on host fitness and microbial
community dynamics could be significant. Experiments
were conducted involving selection of Brassica rapa plants,
with repeated seed propagation, in the background of soil
microbial communities experiencing the same selection his-
tory as the associated B. rapa plants (wet or dry soil con-
ditions) (Lau and Lennon 2012; TerHorst et al. 2014).
Reciprocal transplants were performed, where offspring
from plant populations that had experienced wet or dry
environments for three generations (‘plant evolutionary his-
tory’) where grown with microbial communities that had
experienced either wet or dry environments (‘microbe his-
tory’) under either wet or dry contemporary environmental
conditions. Data showed that microbial history and plant
evolutionary history affected soil microbial communities
and plant fitness and that interactions between ‘history’
and ecological context affected the direction and magnitude
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of the observed effects. For example, ‘plants were most fit
when their contemporary environmental conditions (wet
vs. dry soil) matched the historical environmental conditions
of their associated microbial community’ (Lau and Lennon
2012). In other words, an eco-evolutionary perspective is
required to fully assess plant-microbe interactions. The
abovementioned experiments suggest that although field
inoculation with PGPR or a community ensemble obtained
following microbiome engineering could lead in a relatively
short-term period to drought tolerant crops associated with
drought-responsive rhizo-communities, that ensemble
might not be suited to deal with a different newly imposed
stress. If so, we might be forced to include such PGPR within
an agricultural management practice to promote soil
microbial diversity, such as crop rotation.

Altogether, it becomes clear that a strategy for isolating
optimal PGPR for plant drought tolerance is missing, a strat-
egy that does not require a successive, long-term, micro-
biome engineering. Any long used or recent management
agricultural practice, including biofertilizer addition, will
cause shifts in a crop rhizosphere microbiome (Mahmud
et al. 2021) (section 5.1). French et al. (2021) named host-
mediated engineering of microbiomes, crop breeding
(including gene-editing strategies) and the use of synthetic
communities (section 6) as second-generation microbiome
manipulations, while PGPR inoculation was designated as
first-generation microbiome manipulation. Therefore,
although efforts to optimize microbial inoculants (e.g. sec-
tion 6), may improve their efficiency, failure to account for
complex host-microbiome and microbial community inter-
actions in PGPR selection (section 4.2 and below), and
after PGPR application has limited their success. Further
research is needed to understand how environmental factors
(e.g. native microbial communities, soil type, nutrient levels,
and management history) influence the establishment of
microbial inoculants and benefits the host under complex
field conditions, as exemplified from comparative meta-

chosen probes, build

based on differential

expression data from
RNA-Seq

analysis of collected data (Veresoglou and Menexes 2010);
in particular, understanding the interactions between native
microbial communities and introduced microbes will result
in important insights into better, ecology-guided, manage-
ment practices integrating PGPR inoculation. However,
such interactions have been disregarded, because the
majority of the (few) studies has shown only transient estab-
lishment or low abundance of microbial inoculants during
plant growth (Schreiter et al. 2014; Eltlbany et al. 2019),
which led to the assumption that microbial inoculations
would have negligible effects on the resident soil microbial
communities. Despite a decreased abundance of inoculants
following the inoculation, sometimes below the detection
limit, microbial community composition can still be
impacted (Cordier and Alabouvette 2009; Mallon et al
2018). Whereas in some cases, when inoculant’s survival
became low, the impact on soil communities was transient
(Baudoin et al. 2009; Yin et al. 2013), in others, community
composition changes persisted (Mallon et al. 2018; Renoud
et al. 2022). Thus, quick disappearance of a bacterial inocu-
lum in the soil does not necessarily mean a lack of a legacy on
the resident community therein. Also, the magnitude of the
impact, either transient or long-lasting, might not relate to
the fate of the inoculant populations. In a recent review by
Berg et al. 2021 several types of microbiome modulation
have been described for microbial inoculants, including tran-
sient microbiome shifts, stabilization or increase of plant
microbiome diversity and evenness- attributes of a healthy
microbiome, and targeted shifts towards potential beneficial
members of native microbiota. For instance, PGPR inocu-
lation was shown to result in a significant change in pepper
rhizosphere microbial community structure and compo-
sition, with higher relative abundance of genera commonly
associated with crop yield enhancement (Zhang et al
2019a). The mechanisms that underly the alteration in the
resident microbial abundance, structure, and activities fol-
lowing introduction of a microbial inoculant were discussed
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by Mawarda et al. (2020), who highlighted resource compe-
tition, antagonistic and synergistic interactions, and changes
in root exudation rate and exudate composition. Interest-
ingly, no study so far described an overall negative impact
due to inoculant application, whereas many studies
described an enrichment of well-known plant beneficial bac-
teria (in Berg et al. 2021). On the other hand, the lack of
studies, together with the inconsistency of inoculant appli-
cation strategies, time of sampling and technical approaches
for community analysis, which differ in sensitivity (in
Mawarda et al. 2020), are factors that impede to fully assess
if the microbiome retains function and structure regardless
the amount of inoculum (resistance); self-organizes after dis-
turbance, returning to its original state (resilience); or adapts
by reaching an alternative stable state. Importantly, many of
the community analyses were performed by DNA based
methods, where relic DNA obscures microbial diversity
analysis, and the impact of microbial inoculation has been
assessed mostly from a compositional perspective. Therefore,
adding a functional perspective is fundamental to determine
if the microbiome retains its functioning despite inoculant-
induced changes in its composition, a key perspective con-
sidering a functional compensatory principle in rhizomicro-
biome assembly (section 5.1). The lack of studies is notorious
regarding the joint effect of abiotic stress and inoculant as we
found only one report by Armada et al. (2018): the authors
showed that one year after the inoculation of autochthonous
shrubs of semiarid Mediterranean zones with a native Bacil-
lus thuringiensis strain, nearly no effect on rhizosphere
microbial activity and on the rhizosphere microbiome was
observed under drought, indicating a resilient community
despite measurable contributions to plant growth and nutri-
ent uptake. Like in most studies, the persistence of the inocu-
lum throughout the experiment was not assessed, clouding
the weight of direct and indirect contributions of the inocu-
lant on the measured changes. Persisting inoculants may
have longer impact not only on plants, but also on native
communities compared to short-lived inoculants. Proposed
strategies for overcoming environmental-persistence issues
include repeated applications, PGPR strain selection based
primarily in planta screening instead of in vitro testing,
and the use of regionally microbial strains better adapted
to local environmental stress conditions (in French et al.
2021 and afore discussed in this section). Still, short-term
versus long-term effects of reshaping microbiomes, through
PGPR establishment (and agricultural practices in general)
are largely unknown and underexplored; a short-lived
PGPR that will cause high but transient effects on microbial
communities, which may recover from disturbance, may be
an advantageous choice over an iterative microbiome
manipulation, when the latter may lead to non-labile com-
munities, unresponsive to new environmental conditions.
New procedures for PGPR isolation based on rhizosphere
knowledge and encompassing the application of moderate or
severe drought must be envisaged. The selection of PGPR
from plant beneficial microbes recruited at the onset of
drought will be of particular interest, since these might be
applied as needed, and prevent extensive plant damage
with drought continuity, by delaying plant drought symp-
toms. If abiotic, e.g. drought, and biotic factors intervene
in rhizomicrobiome assembly under a functional compensa-
tory principle (section 5.1), the evaluation of rhizomicro-
biome diversity and composition must be an integrative

process based on rhizosphere ‘functional gene structure’
and activity, to exploit the microbial functions needed for a
sustainable agriculture in dry areas. For instance, the charac-
terization of rhizosphere metabolite composition by metabo-
lomics techniques for sample profiling under non-stress and
stress conditions and its correlation with next generation
sequence (NGS) data on rhizosphere microbial structure
and metabolic traits (i.e. amplicon sequencing, RNA-based
metatranscriptomics (Turner et al. 2013), and metage-
nomics) and gene expression (i.e. metatranscriptomics) is
fundamental to the comprehension of the relation between
the plant/microbial driven rhizosphere metabolites actioned
by drought and microbiome structure, composition, and
dynamics. By inferring the metabolic pathways and corre-
sponding taxa associated to the plant root recruitment
under drought, PGPR selection will target key indicators,
as these will correspond to the repertoire of those essential
genes expressed for effective PGPR response to plant signals,
colonization and survival within the rhizosphere and a suc-
cessful plant-microbial interaction. Although a herculean
task, it may be fragmented targeting specific molecular sub-
sets, for instance a correlation study can be done relating
amino acid profiling with gene expression analysis of
amino acid transport and metabolism. Combining micro-
biome omics analysis with high-throughput screening of
rhizo-isolates and plant bioassays will enable the identifi-
cation of relevant microbial traits important to plant health
(Gu et al. 2020). Application of high-throughput methods
to directly measure the rhizomicrobial consumption of
identified root metabolites (such as amino acids) will provide
additional information on rhizospheric interactions to be
used for PGPR screening. For instance, using exometabolo-
mics (a sub-field of metabolomics regarding the footprinting
of extracellular metabolites) to profile a defined growth med-
ium before and after inoculation with a rhizobacterial
ensemble or rhizo-isolates can reveal which metabolites are
consumed as growth substrates and which are released for
microbial cross-feeding (Jacoby and Kopriva 2019).

The results of such studies could become part of an inte-
grative database organized for a crop/reference cultivar(s)-
soil system, being this system defined under a set of criteria
such as soil geochemistry and agriculture management his-
tory. The interacting effects of common agricultural practices
(e.g. crop rotations, organic amendments, and environ-
mental factors) on the rhizomicrobiome structure and func-
tion are understudied, thus the definition of criteria for each
plant-rhizomicrobial crosstalk is important and will contrib-
ute to identify when an agricultural practice will be opposite
to beneficial plant-microbe relationships. A research consor-
tium bringing together different research centers with dis-
tinct but complementary skills could be created to
standardize the different analyses to be performed and to
build the database.

The above acquired data might be used to draw new
PGPR screening procedures. For instance, metabolite profil-
ing of the rhizosphere of stressed plants may reveal distinct
carbon compounds at the onset of drought, which might
be important for microbial recruitment, thus, isolation
media containing those compounds as carbon sources can
be conceived. Knowledge of the composition of the active
microbial fraction may allow inference of the major taxa
recruited under stress, an information that may be used for
media elaboration to select putative PGPR. In situ



hybridization might be used to detect colonies expressing
genes identified by RNA-Seq, found to be up-regulated
under drought stress. A protocol can be defined that will
streamline media conception and probe construction, with
the latter based on differential expression data from mRNA
sequencing. RNA-Seq data might be useful as part of a
data set of drought stress related genes, which could be
used to design a molecular toolbox based on probe con-
ception for detection of homologue genes and similar puta-
tive PGPR in several plant-rhizomicrobiome systems; Kaplan
et al. (2020) showed that soil microbial communities are
compositionally more similar between close plant relatives,
suggesting that PGPR detected with a such molecular tool-
box could be used for phylogenetic similar plants under simi-
lar settings. The putative PGPR may be tested for drought
stress relief in consortia with other microbes, for instance
STB (soil thermophilic bacteria) (section 6), not classified
as PGPR, but important in biogeochemical cycling, and
thus in soil fertilization.

6. Planning consortia with unfamiliar rhizo- and
soil bacteria for improving plant drought
tolerance

An approach to optimize the impact of PGPR involves the
development of formulations with multiple microbial strains
with different functions, hypothesized to act additively to
improve plant performance. Adding multiple culturable
strains to build synthetic communities as a simplified
proxy of a microbiome in structure and function has been
done to study community assembly dynamics and functional
interactions, revealing keystone strains in the assembly of
beneficial communities (Niu et al. 2017; Carlstrom et al.
2019). Predicting higher-order community dynamics has
proven difficult (in French et al. 2021), but advances in
high-throughput screening technologies, as the availability
of a recent droplets-based platform for massively parallel
construction and screening of synthetic microbial commu-
nities, will enable a rapid identification and improved design
of beneficial consortia (Kehe et al. 2019). The development of
reproducible fabricated microbial ecosystems, termed Eco-
FABs (Zengler et al. 2019), with standardized system com-
ponents and workflows will enable a precise manipulation
of communities and analysis of microbial localization,
activity and interactions across temporal and spatial scales
and future elaboration of ecological theories and predictive
models. The use of these emerging technologies will ulti-
mately result in the design of microbial products (e.g. con-
sortia to optimize beneficial plant-microbial partnerships)
avoiding the mixed results (in French et al. 2021) from con-
sortia that are built simply based on the hypothesis of addi-
tive effects of diverse, within compatible PGPR on plant
health. Noteworthy, increasing diversity in microbial com-
munities can reduce community functioning and plant
health as a result of increased antagonistic interactions
(Becker et al. 2012), i.e. lower diversity is not always indica-
tive of less healthy microbial communities (Shade 2017).
This fact reinforces our preference in the search and appli-
cation of PGPR strains and minimal consortia over the use
of rhizomicrobiome manipulations, the latter might be
associated with a higher number of undesirable antagonistic
interactions, above all in low resource-environments, such as
in dry soils.
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Despite the multiple beneficial characteristics of
described PGPR and consortia, it is largely unknown if
these can improve plant fitness under high levels of abiotic
stresses such as high salt, temperature, and drought con-
ditions found in local agricultural fields. With the expan-
sion of drylands (semi-arid, arid, and hyper-arid areas),
often also experiencing high saline conditions, alternative,
unfamiliar bacteria have been searched, hoping they can
perform as PGPR under challenging soil conditions. As
an example, Mishra et al. (2017) searched for bacteria in
volcano soils, expecting for a high probability that soil bac-
terial isolates from such extreme conditions may present
both multiple PGP and relevant abiotic stress tolerance
traits. They isolated bacteria capable of withstanding high
temperature, salinity and drought, presenting multiple
PGP traits such as EPS and auxin production, and phos-
phate solubilization. The in vivo seed treatment of maize
plants with individual selected isolates resulted in biomass
enhancement, which was most evident for a bacterial iso-
late identified as an Ochrobactrum sp.

However, there is no need to look for thermophilic
bacteria in extreme environments. Soil thermophilic bac-
teria of the Firmicutes Phylum (genera Geobacillus, Para-
geobacillus, Ureibacillus, Brevibacillus, Bacillus), herein
named STB, were shown to be ubiquitous (Marchant
et al. 2002a, 2002b) in upper soils worldwide, where
they were found in high numbers (Marchant et al
2002a; Portillo et al. 2012). The maintenance of these
thermophiles in cool temperate soils could be the result
of a balance between near-zero growth and negligible
death rates (Marchant et al. 2008). At medium and low
latitudes, where high temperature events on surface soil
layers are frequent, STB have therein temporal opportu-
nities for activity and growth (Portillo et al. 2012; Santana
and Gonzalez 2015) and may play an important role in S-
cycle, as well as in N and C cycles, being able to release
significant quantities of both sulfate (and ammonium)
from the consumption of proteinaceous compounds, as
a product of a dissimilative organic S-oxidizing process
(Portillo et al. 2012; Santana et al. 2013).

STB sulfate-release activity has been related to seedling
growth enhancement (Santana et al. 2013). Moreover, STB
have been isolated from rhizospheric soils (Pawar and Borkar
2018). Although not characterized in terms of phylogeny,
thermophilic bacteria were also isolated from the bulk soil
and the rhizosphere of the grass Aristida adscensionis L. in a
caatinga of the semi-arid Brazilian Northeast (Gorlach-Lira
and Coutinho 2007). The rhizospheric effect of
A. adscensionis on the number of bacterial isolates was more
pronounced in case of thermophiles than mesophiles.
Among the thermophilic bacteria isolates, five were thermo-
philes sensu stricto with Tmax >55°C and Tmin>30°C
while other strains were thermotolerant. More recently, it
was shown that wheat root exudate increased the survival of
an STB (Ureibacillus sp. 18UE/10) at low temperature and
that this strain affected wheat physiology under rhizospheric
conditions (Santana et al. 2020). Because STB are motile,
one can hypothesize their migration between a deeper rhizo-
spheric, subsurface layer and upper soil. At upper soil layers,
STB will proliferate and mineralize organic S; the inorganic
S formed at the upper soil layers may be easily transported
down to deeper soil layers (Edwards 1998; Conant et al.
2011), representing an S source for plants and microbes.
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STB could thus profit from the high organic content existing
at upper soil layers (top 5 cm) (Lopez-Bellido et al. 2010) and
the rhizosphere. Notably, although STB represent a minority
among soil microbial communities, their extracellular
enzymes, which were shown to have optimal activity at high
temperature and low water activity (Gomez et al. 2020a;
2021), persist longer in soils than enzymes of mesophiles,
suggesting soils could be a reservoir of these enzymes allowing
a fast response by STB to changing conditions (Gomez et al.
2020b). Since soil’s upper layers frequently get dry and with
high temperatures, and as the activity of microbial extracellu-
lar enzymes is a key step for soil organic matter mineraliz-
ation, STB are of increasingly importance in biogeochemical
soil cycles under the ongoing climate change.

The potential importance of STB is particularly relevant
when considering the increasing demand for sulfate during
plant metabolic adaptation reactions during drought stress,
which reflects specific roles of sulfur-containing com-
pounds, for example, the role of cysteine as an S donor
for the sulfuration of molybdenum cofactor (Moco) acting
in ABA biosynthesis, or the role of sulfated compounds of
the secondary metabolism as osmoprotectants (Abuelsoud
et al. 2016). The ubiquity of STB and proliferation under
high temperature events, their maintenance at low temp-
eratures and their potential role in plant S nutrition (San-
tana et al. 2021) make them candidates to include in
consortia with PGPR for improving plant drought toler-
ance. Nonetheless, implementation of such consortia
should consider the evaluation of post-inoculation effects
on several soil physicochemical parameters, namely on
soil organic content, and on soil microbial diversity and
abundance. A raw prediction of the effect of STB on soil
biodiversity may be presented based on their small pro-
portion among soil microbial communities and on the
absence or seasonal STB active proliferation in temperate
soils; although soil microbial diversity and relative abun-
dance might change following STB inoculation, these fac-
tors might contribute to soil biodiversity resilience at
mid- or long-term. Overall, besides considering the typical
rhizobacteria populations in the search of PGPR, bacteria
from other habitats, or low-abundant soil members can
be important PGPR or adjuvants in soil fertility under
local high stress events, and thus contribute for establish-
ing a network of integrated functionality.

7. Conclusions-summarizing key points and
research gaps

The search for PGPR to improve plant drought tolerance is a
key strategy in the context of increasing desertification and
ongoing climate changes. Current procedures for PGPR iso-
lation are limited in the search of optimal PGPR, since
important parameters as different soil type and (micro)struc-
ture, plant species and seasonality, are frequently neglected
in sample collection. Also, those procedures bias the selec-
tion towards easily cultivable abundant soil bacteria, which
may not be the best to improve plant drought tolerance.
Moreover, PGPR screening has been mainly based in the
identification of general biochemical PGP traits in isolates,
which are then tested for PGP activity in the greenhouse.
Overall, this ‘physiological shotgun procedure’ misses more
fitted PGPR candidates with enhanced ‘drought-solving’
ability, those that are efficiently recruited by the targeted

plant-rhizosphere system. Potential PGPR must efficiently
colonize the rhizosphere under drought, but the major traits
relevant for rhizosphere competence and for plant drought
tolerance under a given crop-soil system are largely
unknown. For identifying such primordial trait(s), we need
a deeper knowledge of the convoluted interactions in the rhi-
zosphere involving plants and microbes, which implies the
comparative study of the rhizomicrobiome. Drought and
host genotype contribute to modulate the plant’s rhizomi-
crobiome, whose assembly is ruled by a functional compen-
satory principle. Such principle might explain the presence of
unexpected taxa in the rhizosphere, namely of bulk-soil low-
abundant microbial members, whose selection may be
mostly driven by ‘useful rhizospheric traits’, important for
plant health. Plant-microbiota-abiotic interactions under
drought will thus be directed to the establishment of a rhizo-
microbiome formed by microbial assemblages adapted to
drought. A drought-specific rhizomicrobiome can be
achieved after generations of repeated drought events lead-
ing to the evolution of stable and beneficial plant-microbe
interactions. Hence, a host-mediated selection of a micro-
biome adapted to drought, to be used as a source for
PGPR able to improve plant drought tolerance, is a valid
strategy. However, the strategy could have drawbacks,
namely if in an iterative procedure of propagation of selected
host and associated microbiome, on host fitness and
microbial community (including PGPR within) response
after the imposition of a different newly stress. Alternatively,
we propose an omics-level (metabolomics and metatran-
scriptomics) comparative analysis to improve our knowledge
on the mechanisms of rhizomicrobiome construction under
drought, so to design a strategy for selection of PGPR, whose
inoculation may lead to a shift to a beneficial rhizosphere
microbiome, as revealed by few studies. An integrated
meta-evaluation of the rhizomicrobiome composition and
of the associated rhizo-metabolites is fundamental to infer
the taxa and metabolic pathways associated to the root
recruitment under drought and to design a PGPR screening
based on target indicators. Selected putative PGPR can then
be tested and used either alone or in consortia to take advan-
tage of the additional benefits conferred by multiple PGP
traits, and also from the indirect growth promotion given
by unfamiliar rhizo-microbes, not classified as PGPR, but
important for soil health. For example, STB may be part of
such consortia, as they have been shown to have a role in
organic S-mineralization and sulfate production, which are
important for plant drought tolerance.
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