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Drought stress is a critical environmental factor affecting sugarcane yield, and the
adaptability of the sugarcane rhizosphere bacterial community is essential for
drought tolerance. This review examines the adaptive responses of sugarcane
rhizosphere bacterial communities to water stress and explores their significant
role in enhancing sugarcane drought tolerance. Under drought conditions, the
sugarcane rhizosphere bacterial community undergoes structural and functional
shifts, particularly the enrichment of beneficial bacteria, including
Streptomycetales and Rhizobiales. These bacteria enhance sugarcane
resilience to drought through various means, including nutrient acquisition and
phytohormone synthesis. Furthermore, changes in the rhizosphere bacterial
community were closely associated with the composition and levels of soil
metabolites, which significantly influenced the physiological and biochemical
processes of sugarcane during drought stress. This study deepens our
understanding of rhizosphere bacterial communities and their interactions with
sugarcane, laying a scientific foundation for developing drought-resistant
sugarcane varieties, optimizing agricultural practices, and opening new
avenues for agricultural applications.
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1 Introduction

Sugarcane (Saccharum officinarum L.) cultivation is crucial for both sugar and
bioenergy production. However, this cultivation faces significant challenges that can
severely affect growth and yield, particularly in areas where drought is prevalent
(Ferreira et al., 2017; Dlamini, 2021). Microorganisms are emerging as pivotal agents in
mitigating the adverse effects of climate change, notably through their capacity to
ameliorate the challenges posed by abiotic stressors, including water scarcity, which
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plants frequently encounter (Zhang et al.,, 2022). Fungi, including
genera such as Trichoderma and essential arbuscular mycorrhizal
fungi, along with bacteria such as Azospirillum, Bacillus, and
Pseudomonas, constitute a vital component of the Earth’s
microbial community. Their multifaceted functions in the natural
world include decomposing organic matter, mediating the nitrogen
cycle, and enhancing plant growth. These microorganisms
contribute not only to ecological balance but are also emerging as
potential mitigators of climate change (Hu et al., 2022; Qin et al,
2024). Recent scientific insights have revealed that they may also
serve as climate change adapters, with certain fungi and bacteria
capable of sequestering atmospheric carbon, thereby augmenting
soil carbon reserves and slowing the pace of global warming (Zhu
etal, 2024). Moreover, by ameliorating soil structure and increasing
soil water retention, these microbes enhance the ability of plants to
withstand extreme climatic conditions, including drought, thereby
mitigating the impacts of such environmental stresses (Ahmed
et al,, 2019). The resilience of sugarcane in the face of adversity is
closely related to the dynamics of its rhizosphere bacterial
communities (Liu et al., 2021a). These communities are gaining
increasing recognition for their indispensable roles in enhancing
plant health and productivity (Backer et al., 2018) (Table 1). These
communities are not only passive inhabitants of the soil; they also
actively interact with plant root systems, forming a network of
symbiotic relationships (Liu et al., 2021b). They significantly aid
plant adaptations to water scarcity by influencing soil nutrient
cycling and modulating stress responses (Rolli et al., 2015; Vejan
et al,, 2016; Vurukonda et al., 2016). This interplay is crucial for
plant survival and optimal performance under drought-
prone conditions.

Roots are essential for plants to absorb water from the soil. During
drought, crop roots and rhizosphere soil microorganisms are the first to
detect and respond to environmental changes. These rhizosphere
microorganisms exhibit heightened sensitivity to changes in the soil
environment and often respond more quickly than plants (Cai and
Ahmed, 2022; Cai et al., 2022). Complex interactions among
rhizosphere microorganisms are key factors in the rapid adaptation
of plants to soil-borne environmental stresses (Giehl and von Wirén,
2014; Pascale et al,, 2020). Ecological and evolutionary studies provide
compelling evidence that, in the short to medium term, the resilience
and productivity of plants in the face of global warming are likely to be
significantly influenced by the intricate dynamics within host-
associated microbiomes (Trivedi et al, 2022). In their quest to
mitigate the adverse consequences of drought on agricultural
productivity, researchers are pursuing a range of biotechnological
strategies, from refining traditional breeding techniques to applying
innovative genetic engineering to enhance sugarcane drought tolerance
(Sugiharto, 2018; Misra et al., 2022). Rhizosphere bacteria are pivotal in
the biotechnological exploration of drought tolerance in sugarcane.
These microorganisms can significantly augment the adaptive capacity
and resilience of plants under arid conditions through a spectrum of
physiological and biochemical mechanisms (Chieb and Gachomo,
2023). In sugarcane breeding, understanding how various drought-
tolerant root system architectures influence the rhizosphere microbial
community is pivotal. This analysis not only underpins the theoretical
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framework for drought-tolerant breeding but also propels the
development of new sugarcane varieties adapted to withstand arid
conditions (Liu et al., 2021a). By integrating the selection of drought-
resistant traits with an in-depth examination of rhizosphere microbial
dynamics, breeders can develop novel sugarcane cultivars with superior
adaptability to water-deficient environments. Similarly, the
introduction of drought tolerance-related genes into the sugarcane
genome can lead to the development of transgenic sugarcane varieties
with enhanced drought tolerance (Kumar et al., 2024). For example, by
expressing the betaine synthase gene in sugarcane, the accumulation of
betaine is increased, and the osmoregulatory capacity of cells is
improved, thereby enhancing the survival of sugarcane under
drought conditions (Rahman et al., 2021). Moreover, the exploration
of sugarcane drought resistance mechanisms through advanced gene
editing techniques, including RNA interference (RNAi) or CRISPR/
Cas9, targeting both transcription factors and genes with currently
obscure functions, holds promise for further enhancement of these
mechanisms (Mall et al,, 2024). In addition, genetic engineering not
only focuses on the genetic improvement of sugarcane itself but also
involves the interaction of the rhizosphere bacterial community.
Additionally, genetic engineering targets not only the enhancement
of sugarcane genetic characteristics but also the interactions within the
rhizosphere bacterial community. The alteration of the soil
environment by transgenic sugarcane under drought stress
conditions affects the composition of the rhizosphere bacterial
community, which subsequently modulates the physiological
responses of sugarcane (Zhao et al, 2020). These studies indicate
that genetic engineering can enhance the drought tolerance of
sugarcane through direct genetic intervention and concurrently
bolster its adaptive capacity to drought stress indirectly by
modulating the structure and functionality of the associated
rhizosphere bacterial community.

Variations in the diversity and abundance of sugarcane
rhizosphere bacterial communities are pivotal in modulating soil
nutrient availability and physiological responses of sugarcane to
drought (Pereira et al., 2022) (Figure 1). Under drought stress,
the structure and function of these bacterial communities undergo
significant shifts and profoundly influence soil nutrient dynamics and
plant interactions (Naylor and Coleman-Derr, 2018; Ling et al., 2022;
Bandopadhyay et al., 2024). Particularly, under drought conditions,
plants can alter the profile of soil metabolites in the rhizosphere via
root exudation, effectively promoting the proliferation of specific
bacteria capable of mitigating stress (Canarini and Dijkstra, 2015;
Song et al., 2020). As a perennial crop, sugarcane exhibits a lengthy
growth cycle and a sustained root system, establishing a long-lasting
rhizosphere and a reliable source of nutrients for its bacterial
community, which typically results in a more stable symbiotic
interaction (Tayyab et al, 2022). Plant growth-promoting bacteria
(PGPB) enhance the chemical properties of the rhizosphere soil and
enzyme activity, improve the efficiency of nitrogen utilization in
sugarcane, and facilitate water conservation by effectively regulating
stomatal closure (Pereira et al, 2019). This management of stomata
helps maintain leaf water potential and relative water content (Wei
et al,, 2013; Aguiar et al., 2016; Wang et al., 2023c) (Table 1). Current
research has predominantly focused on the drought resistance of
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TABLE 1 Mechanisms employed by rhizosphere bacteria to ameliorate drought stress in plants.

Bacteria Plants Description Reference
Bacillus amyloliquefaciens Mentha piperita L. Increased total phenol content, enhanced DPPH free radical scavenging, and reduced Chiappero
membrane lipid peroxidation et al. (2019)
Bacillus amyloliquefaciens Cicer arietinum L. Biofilm formation, produced siderophores, and reduced oxidative stress Kumar

Bacillus rugosus

Bacillus subtilis

Triticum aestivum L.

Saccharum
officinarum L.

Biofilm formation, produced siderophores, and increased nitrogen fixation capacity

Improved nutrient uptake, accumulated osmoregulatory compounds, and improved
water use efficiency

et al. (2016)

Salem
et al. (2024)

Fonseca
et al. (2022)

Streptomyces albidoflavus and
Streptomyces rochei

Streptomyces chartreusis and
Streptomyces griseorubiginosus

Streptomyces pseudovenezuelae

Avena nuda L.

Saccharum
officinarum L.

Solanum lycopersicum

Removal of excess ROS, improved root morphology, and accumulated
osmoregulatory compounds

Production of indole-3-acetic acid (IAA), regulation of root morphology, and
improvement of water use efficiency

Produced 1-aminocyclopropane-1-carboxylate (ACC) deaminase, increased total sugar
content, regulated expression of transcription factors, and increased antioxidant
enzyme activity

Qiao
et al. (2024)

Wang et al.
(2018b; 2023¢)

Abbasi
et al. (2020)

Arthrobacter arilaitensis and
Streptomyces pseudovenezuelae

Streptomyces pactum

Mesorhizobium huakuii

Zea mays L.

Triticum aestivum L.

Astragalus sinicus L.

Phytohormonal modifications, production of exopolysaccharides, and accumulation
of osmolytes

Increased osmoregulatory compounds, produced ACC deaminase, reduced membrane
damage, and increased efficiency of photosynthesis

Accumulated solutes and increased nitrogen fixation and ammonia assimilation

Chukwuneme
et al. (2020)

Yang

et al. (2024)
Liu

et al. (2022b)

Azospirillum sp.

Triticum aestivum L.

Production of plant hormones and promotion of root elongation

Moutia
et al. (2010)

Rhizobium japonicum, Azotobacter
chroococcum, and
Azospirillum brasilense

Sphingomonas sp.

Glycine max
(L.) Merr.

Zea mays L.

Reduced electrolyte leakage, increased nitrogen fixation, and ammonia assimilation

Regulated osmotic compounds and increased antioxidant enzyme activity

Abbasi
et al. (2013)

Wang
et al. (2022)

Sphingomonas sp.

Sphingomonas panaciterrae

Rhizophagus spp. and
Burkholderia seminalison

Mitsuaria sp. and Burkholderia sp.

Burkholderia sp.

Burkholderia sp.

Arabidopsis thaliana
(L.) Heynh.

Spinacia oleracea L.
Lycopersicon
esculatum and
Capsicum annuum

Zea mays L.

Cucumis sativus L.

Saccharum
officinarum L.

Promoted growth of lateral roots and root hairs, influenced levels of plant hormones,
and increased proline content

Improved nutrient uptake and increased antioxidant and vitamin C content

Increased antioxidant enzyme activity, improved root structure, improved water use
efficiency, and enhanced colonization by mycorrhizal fungi

Reduced membrane damage and increased antioxidant enzyme activity

Regulation of gene expression and increases proline synthesis

Regulation of carotenoid biosynthesis, terpenoid skeleton formation, starch and
sucrose metabolism, and phytohormone signaling

Luo
et al. (2019)

Sultana
et al. (2024)

Tallapragada
et al. (2016)

Huang
et al. (2017)

Wang
et al. (2023a)

Nong
et al. (2023)

Pseudomonas fluorescens Catharanthus roseus Promoted root system development, produced phytohormones, and increased Jaleel
(L.) G. Don alkaloid content et al. (2007)
Pseudomonas sp. Andropogon gerardii Produced ACC deaminase and regulated nitrogen transformation gene expression Sarkar

et al. (2022)

sugarcane, examining physiological and biochemical impacts,
morphological changes in the rhizosphere and leaves, transgenic
breeding, and cultivation practices (Liu et al., 2022a). Nonetheless,
a significant gap persists in systematic research that integrates the role
of root system bacterial communities in conferring drought resistance
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to sugarcane. Plants can modulate the activity of soil microorganisms
under diverse drought conditions by altering the constituents
and profiles of their root exudates (Hassan et al., 2019; Williams
and de Vries, 2020). However, much of our understanding of plant-
PGPB interactions under drought comes from noncrop species, with
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A comparison between water-deficient sugarcane without drought-resistant bacterial communities (left) and that with such communities (right). In
the absence of a drought-resistant bacterial community, sugarcane is adversely affected, with reduced nutrient acquisition due to decreased water
uptake, leading to stunted growth, an increase in reactive oxygen species (ROS), and impaired root development. Conversely, the recruitment of a
drought-resistant bacterial community in sugarcane results in the production of essential phytohormones, including cytokinins (Cyt), indole-3-acetic
acid (IAA), and abscisic acid (ABA). These phytohormones promote root growth and enhance the capacity for water and nutrient absorption by
plants under drought stress. Furthermore, these beneficial bacteria also produce 1-aminocyclopropane-1-carboxylate (ACC) deaminase and
osmoprotectants, which help to counteract the negative effects of ROS and mitigate membrane damage caused by drought conditions. Beyond
their direct influence on sugarcane, these bacterial communities also increase soil nutrient availability through biological nitrogen fixation (BNF) and
the secretion of secondary metabolites, including organic acids and iron-chelating compounds.

crop species potentially selected for traits that may inherently reduce
drought tolerance and beneficial interactions with the rhizosphere
microbiota (de Vries et al., 2020). In summary, we investigated the
adaptive capacities of sugarcane rhizosphere bacterial communities
under diverse drought stress scenarios, aiming to enhance our
understanding of the mechanisms governing sugarcane-
rhizosphere bacterial interactions during drought. We synthesized
the effects of multiomics factors, such as sugarcane root architecture,
soil metabolites, and nutrients, on rhizosphere bacterial community
structure under different levels of drought stress. This exploration
holds significant potential, offering novel pathways to enhance our
understanding of these interactions and proposing avenues to deepen
our insight into the interplay between sugarcane and rhizosphere
bacteria in response to drought.

2 Rhizosphere environmental changes
and adaptive responses of bacterial
communities in sugarcane under the
influence of drought

2.1 Rhizosphere soil nutrient changes

Significant alterations in soil nutrient levels substantially affect the
rhizosphere environment of sugarcane plants during drought stress.
Under such conditions, the total carbon, nitrogen, and phosphorus
contents in soil may diminish because of the constraints imposed on
microbial activity, which in turn decelerates the decomposition of
organic matter and the mineralization of nutrients (Siebert et al,
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2019; Gao et al., 2020; Deng et al., 2021). This reduction in nutrient
availability directly impairs the ability of sugarcane roots to assimilate
nutrients, thereby restricting plant growth and yield (Siebert et al,
2019; Deng et al,, 2021). However, the effectiveness of soil nutrients in
the sugarcane rhizosphere might not be severely compromised under
mild drought conditions. Several studies have indicated that
sugarcane initiates the recruitment of specific rhizosphere bacteria
by altering root exudates, thereby enhancing its resilience to drought
(Liu et al,, 2021a, 2021b; Dao et al,, 2023; Xing et al., 2023).

This recruitment process is a critical mechanism of adaptation
for sugarcane in drought environments and enhances soil nutrient
availability. Root exudates serve as nutrient sources for rhizosphere
bacteria, fostering their growth and metabolic activities, which
may, in turn, improve the availability of nutrients within the soil
(Zhao et al., 2021; Balyan and Pandey, 2024). A significant shift in
the rhizosphere bacterial community of sugarcane was observed
when the field water-holding capacity of the soil fell below a
critical threshold of 50%, indicating a transition from a reliance
on the effectiveness of soil nutrients to a dependence on the
rhizosphere bacterial community to enhance drought tolerance
(Dao et al, 2023). At this juncture, sugarcane increasingly relies
on microorganisms capable of thriving under drought conditions,
including Streptomycetales and Rhizobiales, which may assist in
coping with drought by producing plant growth regulators,
enhancing soil structure, and improving nutrient uptake capacity
(Ebrahimi-Zarandi et al., 2023; Nong et al., 2023; Yang et al., 2024)
(Table 1). As drought intensifies, nutrient availability in sugarcane
rhizosphere soils becomes increasingly critical. Under these
circumstances, sugarcane may need to increasingly rely on
changes in root secretions to enlist the aid of drought-tolerant
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rhizosphere bacteria, which can facilitate access to and utilization of
less-soluble nutrients in the soil. This adaptation is essential for
sustaining plant vitality and productivity during water scarcity.

Changes in soil enzyme activity are key bioindicators of soil
nutrient dynamics. The rhizosphere of sugarcane is notably
influenced by drought conditions, with changes in soil enzyme
activity significantly influencing nutrient cycling and plant growth
(Jamir et al., 2019; Bogati and Walczak, 2022). Enzymes such as acid
phosphatase, urease, and catalase facilitate the mineralization and
transformation of nutrients in the soil, thereby directly affecting the
availability of nutrients to sugarcane (Neemisha and Sharma, 2022).
In drought environments, reduced soil moisture leads to a decline in
enzyme activity, which in turn slows down the decomposition of
organic matter and reduces the nutrient supply available to
sugarcane, thereby affecting growth and productivity (Liu et al,
2021b). Moreover, soil enzymatic activity is closely linked to the
structure and function of the rhizosphere microbial community.
Changes in the rhizosphere bacterial community structure under
drought conditions can modify the composition and activity of soil
enzymes, which then influence nutrient dynamics within the
sugarcane rhizosphere (Schimel, 2018; Bogati and Walczak, 2022).
Additionally, a reduction in soil enzyme activity during drought
may affect plant drought tolerance. Certain soil enzymes participate
in the synthesis or degradation of organic substances related to
drought resistance, such as proline, which plays a protective role in
plants facing water scarcity (Deng et al., 2015). The effect of soil
enzyme activity on the rhizosphere environment of sugarcane
under drought conditions is multifaceted and encompasses soil
nutrient cycling, microbial community structure, plant nutrient
uptake, and plant drought resistance. Delving deeper into these
processes will enhance our understanding of how drought affects
sugarcane production and aid in the formulation of more effective
strategies to mitigate its effects.

In conclusion, the effect of drought stress on soil nutrients is
characterized by a complex interplay of factors, including a reduction
in nutrient content, a decline in nutrient availability, and a decrease in
soil enzyme activity. These elements, when combined, significantly
influence the growth and health of sugarcane in the rhizosphere. A
thorough understanding of these precise shifts in soil nutrient
dynamics is imperative for a more nuanced appraisal of the
alterations within the sugarcane rhizosphere under drought
conditions. Furthermore, it is crucial to understand the adaptive
mechanisms of rhizosphere bacterial communities that play a critical
role in plant resilience and the overall response to water scarcity. This
knowledge will inform the development of more precise and effective
strategies to enhance the sustainability and productivity of sugarcane
cultivation in drought environments.

2.2 Rhizosphere soil
metabolite composition

Within the sugarcane rhizosphere, the sources of soil metabolites

are multifaceted. The formation of these metabolites results not only
from secretions by the sugarcane root system but also from the
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metabolic processes of rhizosphere microorganisms (Ponomarova
et al, 2017). Marked variations characterize the composition and
content of rhizosphere soil metabolites in sugarcane subjected to
varying degrees of stress (Zhao et al., 2020). The types and contents of
soil metabolites (fatty acids, carboxylic acids, carbohydrates, and
amino acids) in sugarcane increased significantly under mild
drought conditions, while long-chain organic acids (oleic acid and
linoleic acid) increased under moderate drought conditions, and
long-chain organic acids (oleic acid, monopalmitin, and
monoolein) increased under severe drought conditions, compared
to well-watered conditions (Xing et al., 2023). These metabolic
changes are associated with the selective enrichment of specific
bacterial communities within the sugarcane rhizosphere under
drought stress. This enrichment is believed to act as an adaptive
mechanism that enhances plant drought resilience (Cesari et al., 2019;
Woo et al,, 2020). As drought severity progresses, carbon uptake by
sugarcane decreases, concurrently diminishing carbon flux in
rhizosphere exudates. This reduction restricts interactions between
sugarcane and its associated rhizosphere bacteria (Ingrisch et al.,
2018; Karlowsky et al., 2018). Since rhizosphere bacteria rely
on organic exudates from the sugarcane root system for their
carbon supply, their activities may be concurrently constrained by
carbon scarcity and water scarcity under severe drought conditions
(Dijkstra et al.,, 2013). In conclusion, although drought stress can
hinder the physiological metabolism of sugarcane, this species
exhibits resilience by adjusting its photosynthetic allocation,
metabolic pathways, and production of osmotic protectants. These
adaptive responses reflect the intrinsic physiological mechanisms of
the plant, which are further influenced by its interactions with root-
associated bacterial communities. Through their metabolic
activities and symbiotic relationships, these communities support
the strategies plant’s strategies for adapting and thriving under
drought conditions. They aid in nutrient acquisition, boost stress
tolerance, and improve water-use efficiency, thereby reinforcing the
overall response of plants to drought.

3 Changes in the rhizosphere bacterial
community of sugarcane under
drought stress

3.1 Influencing factors and adaptability of
sugarcane rhizosphere bacterial
community diversity

The diversity and composition of sugarcane rhizosphere bacterial
communities are intricately shaped by a dynamic equilibrium,
influenced by various factors. Under drought stress, soil metabolites,
soil nutrients, sugarcane genotypes, and root system traits have
emerged as pivotal determinants of rhizosphere bacterial community
structure (Zhao et al., 2020; Liu et al., 2021a, 2021b; Dao et al., 2023;
Xing et al,, 2023). Under drought conditions, a general decline in the
diversity of sugarcane rhizosphere soil bacteria has been observed.
However, the specific impacts of varying drought intensities reveal a
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complex and variable response to water stress (Liu et al, 2021a;
Xing et al, 2023). Under mild drought conditions, sugarcane and
its associated rhizosphere bacterial communities exhibit a degree
of tolerance. Adaptive alterations in root exudates, particularly
increases in organic acids, sugars, and amino acids, may lead to
increased bacterial diversity (Zhalnina et al,, 2018; Chen et al., 2022).
However, under moderate to severe drought conditions, a significant
reduction in the alpha diversity of sugarcane rhizosphere bacterial
communities has been observed, suggesting that the stress may have
surpassed the tolerance limits of certain bacterial species, resulting in
pronounced shifts in community composition (Xing et al, 2023).
Streptomycetales and Rhizobiales bacteria have been shown to play a
crucial role in the response to drought stress in the sugarcane
rhizosphere (Liu et al, 2021a; Dao et al, 2023). These bacterial
strains become more abundant under drought stress and are
positively associated with key sugarcane root characteristics,
including the number of root tips and total root length. This finding
suggests that these strains may play a vital role in promoting the
development of sugarcane roots and enhancing the efficiency of water
and nutrient uptake (Maia Junior et al, 2019; Liu et al, 2021b;
Xing et al,, 2023). In addition, soil nutrient status, particularly the
levels of available phosphorus (P) and soil acid phosphatase activity, is
correlated with the alpha diversity of sugarcane rhizosphere bacterial
communities, underscoring the regulatory role of soil nutrients in
shaping bacterial diversity (Zhao et al,, 2020; Liu et al., 2021a, 2021b).
Comparative analyses across sugarcane varieties have revealed that
drought-tolerant varieties harbor a higher abundance of drought-
associated bacteria, even under non-drought conditions, whereas
these bacterial populations only increase under stress conditions in
drought-sensitive varieties. Furthermore, significant differences in
rhizosphere soil nutrient composition and enzyme activities
have been observed among drought-tolerant varieties, highlighting
the close relationship between sugarcane drought tolerance and
the adaptive capabilities of rhizosphere bacterial communities
(Zhao et al., 2020; Liu et al,, 2021b; Dao et al.,, 2023). The diversity
of sugarcane rhizosphere bacterial communities therefore represents a
complex ecosystem influenced by multiple factors. A thorough
understanding of the interplay between these factors and the
establishment and function of rhizosphere bacterial communities is
essential to guide the development of drought-tolerant sugarcane
varieties, optimize agricultural practices, and enhance sugarcane yield
and quality. Comprehensive analyses of soil metabolites, soil nutrients,
sugarcane genotypes, and root characteristics can offer a more holistic
understanding of the adaptive mechanisms of rhizosphere bacterial
communities, thereby providing evidence to inform the sustainable
cultivation of sugarcane under drought conditions.

3.2 Effect of Streptomycetales on the
drought performance of sugarcane

Streptomycetales is the bacterial strain most responsive to drought
stress in sugarcane and the relative abundance of this bacterial strain
increases significantly under moderate and severe drought conditions
(Liuetal, 2021a; Xing et al., 2023). Xu et al. (2018) reported a significant
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correlation between the relative abundance of Streptomycetales in plant
root systems and host drought resistance. The mycelial and spore-
forming properties of Streptomycetales enable these bacteria to survive
in harsh environmental conditions compared to other PGPBs
(Vurukonda et al, 2018). Streptomycetales can also produce many
secondary metabolites and volatile metabolites (Olanrewaju and
Babalola, 2019), and these metabolites can alter the structure of the
rhizosphere bacterial community and influence crop root conformation
(Chukwuneme et al., 2020; Zhang et al., 2024) (Figure 2).

Streptomycetales is a group of Actinobacteria belonging to the
order Actinomycetales. These bacteria thrive in less hydrated soil
environments and readily metabolize recalcitrant carbon sources
typically found in such soils (Ebrahimi-Zarandi et al., 2023).
Actinomycetes have also been associated with an inhibitory effect on
soil fungal pathogen infestation, which increases with drought stress
(Varela et al,, 2016; Fallah et al,, 2023). The survival of Streptomycetales
under drought conditions can be attributed to its characteristic high
substrate affinity coupled with a relatively slow growth rate compared
to other sugarcane rhizosphere bacteria, enabling it to persist under
limited moisture conditions (Acosta-Martinez et al., 2014; Nazari et al.,
2023). Gram-positive bacteria, including Streptomycetales, are
particularly adept at harnessing a diverse range of carbon sources
more effectively than their Gram-negative counterparts. They possess
the metabolic versatility to assimilate inorganic N from nutrient-poor,
drought-aftected soils, thereby facilitating the enzymatic breakdown of
organic matter. In contrast, Gram-negative bacteria, such as Aspergillus
and Acidobacteria, are primarily reliant on the immediate availability
of carbon and N from root exudates (Reinsch et al., 2014; Martiny et al.,
2017). Studies have indicated a positive correlation between drought
severity and the presence of genes encoding carbohydrases in
actinomycetes (Zhalnina et al, 2018). This genetic predisposition
may underlie the increased carbohydrate content of soil metabolites,
potentially enhancing the attraction and colonization of
Streptomycetales in the rhizosphere of sugarcane, particularly during
periods of prolonged drought stress.

Streptomycetales are crucial in the rhizosphere of sugarcane for
maintaining plant health and enhancing drought resilience. Drought
resistance is achieved through exudation of 1-aminocyclopropane-1-
carboxylate (ACC) deaminase and secondary metabolites, such as
antibiotics and indole-3-acetic acid (IAA) (Barnawal et al., 2013;
Kour et al, 2024). The metabolites produced by Streptomycetales,
such as antibiotics, vitamins, amino acids, and extracellular hydrolases,
counter nutrient limitations arising from reduced enzymatic activity
during drought, thereby stimulating enhanced nutrient absorption by
sugarcane roots (Selim et al., 2019; Chaiharn et al,, 2020; Borah et al,,
2022). Warrad et al. (2020) observed that a cell-free extract (F2.7) of
Streptomyces sp. Ac3 significantly increased the levels of total soluble
sugars, proline, and betaine in maize, thereby improving its growth and
quality under water-scarce conditions. Streptomycetales elevates
proline levels by producing ACC deaminase, which aids in the
stabilization of subcellular structures, maintenance of cellular redox
balance, and mitigation of osmotic stress (Wang et al., 2018b; Chandra
et al, 2019; Kour et al, 2022). Streptomycetales contribute to the
stability of bacterial diversity of the rhizosphere under severe drought
conditions by solubilizing complex compounds and providing carbon
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FIGURE 2

Effects of Streptomycetales and Rhizobiales on drought tolerance of sugarcane under drought conditions. The abundance of Streptomycetales and
Rhizobiales increased in the inter-root of sugarcane under drought conditions. Streptomycetales can secrete a variety of secondary metabolites,
which can enhance the drought resistance of sugarcane by protecting against pathogens, dissolving insoluble organic matter to improve plant root
morphology, and enhancing root water and nutrient uptake, thereby improving drought tolerance. Rhizobiales, on the other hand, form a symbiotic
relationship with the sugarcane root system, fixing atmospheric nitrogen and providing an essential nitrogen source. This symbiotic relationship
enhances the growth and survival of sugarcane under drought conditions. Additionally, Rhizobiales can produce a variety of phytohormones that
regulate physiological responses in sugarcane. Streptomycetales and Rhizobiales work together through different mechanisms to enhance the

drought resistance of sugarcane under drought conditions.

and N sources for other bacteria (Viaene et al, 2016; Wang et al,
2018a). Drought affects the availability of effective P in the rhizosphere
soil by impeding the decomposition of organic P and the release of
inorganic P (Fan et al., 2021). However, Streptomycetales mobilizes soil
phosphatases to accelerate the degradation of organic P substrates and
enhance phosphate production, thereby supplying plants with essential
P (Martin and Liras, 2021). During periods of drought, an increase in
soil coverage by the crop root system is associated with more fine roots,
thereby enhancing accessibility to essential resources (Gargallo-Garriga
et al, 2018). Xing et al. (2023) reported a significant association
between the relative abundance of Streptomycetales in the
rhizosphere bacterial community and root phenotypes. This
association is linked to the ability of Streptomycetales to produce
TAA, an organic compound that fosters the proliferation of lateral roots
and root hairs. The enhanced development of the root system helps
sugarcane locate supplementary water resources in drought
environments (Yandigeri et al, 2012; Kurepa and Smalle, 2022;
Etesami and Glick, 2024). In addition, the abundance of
Streptomycetales is positively associated with the abundance of other
rhizosphere bacteria, including Streptosporangiales, Jiangellales,
Micrococcales, and Rhizobiales (Xing et al., 2023). Streptomycetales
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may, therefore, enhance the role of other rhizosphere bacteria in
promoting sugarcane growth and drought resistance by producing
metabolites that mediate interbacterial communication.

3.3 Effect of Rhizobiales on the drought
performance of sugarcane

The abundance of Rhizobiales in the sugarcane rhizosphere
decreases under mild drought conditions but increases as the
severity of drought increases (Xing et al., 2023). In addition to
their essential role in promoting plant growth, Rhizobiales can
trigger a range of physiological and biochemical stress responses in
sugarcane plants. Specifically, PGPB enhance the production of
osmoprotectants, which are crucial for maintaining cellular
integrity during drought stress. Rhizobiales activate antioxidant
enzymes that neutralize the harmful effects of reactive oxygen
species, thereby bolstering sugarcane resistance to drought stress
(Ahemad and Khan, 2012; Wang et al., 2018a).

Rhizobiales are highly abundant in the sugarcane rhizosphere.
During drought events, alterations in soil physicochemical properties
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and root exudates can create inhospitable conditions for some
members of the Rhizobiales community (Liu et al,, 2013; Dao et al,
2023). Nonetheless, certain Rhizobiales are adept at capitalizing on
sugarcane rhizosphere exudates, thereby ameliorating the rhizosphere
environment under drought stress. These adaptable rhizobiales may
even dominate the bacterial community in the sugarcane rhizosphere
(Gopalakrishnan et al., 2015; Trivedi et al., 2021; del Carmen Orozco-
Mosqueda et al., 2022). This capability is attributed to the fact that, as
part of the Alphaproteobacteria, Rhizobiales can efficiently metabolize
the carbon found in sugarcane rhizosphere exudates (Da Costa et al,,
2018). Furthermore, the abundance of Streptomyces is positively
correlated with that of Rhizobiales (Xing et al., 2023). We propose
that Rhizobiales can exploit metabolites from Streptomyces and
synergistically interact with them to ameliorate soil physicochemical
properties and regulate the physiological and biochemical responses
of sugarcane.

Under drought conditions, Rhizobiales augment the nutrient
response and enhance the drought tolerance of sugarcane through
multiple mechanisms (Figure 2). Although Rhizobiales are
recognized as plant growth-promoting bacteria and for their
contribution to stress tolerance, there is a relative scarcity of
literature on their specific impact on the drought resilience of
non-leguminous plants, such as sugarcane. These bacteria can
ameliorate the detrimental effects of drought on plants by
modulating leaf stomatal conductance, photosynthetic capacity,
and root morphology in non-leguminous species (Moutia et al.,
2010). For instance, Chen et al. (2024) demonstrated that
inoculation with Rhizobium rhizogenes led to an elevation in
endogenous abscisic acid (ABA) levels in Arabidopsis, bolstering
the sensitivity and adaptive response of the plant to drought stress.
N and P are acknowledged as significant limiting factors in
agroecosystems (Zuluaga and Sonnante, 2019; Bihari et al., 2022),
and the acquisition of these elements by plants is closely connected
with the availability of water. N must be dissolved in water to be
absorbed by plant roots (Araus et al., 2020). During periods of
drought, water accessibility is compromised, restricting the uptake
of various nutrients (Osakabe et al., 2014). Furthermore, numerous
genes involved in N transport and assimilation are suppressed at the
transcriptional level under drought stress (Ristova et al., 2016). It
has been observed that Arabidopsis thaliana employs a common set
of genes to respond to N and drought signals (Cerda and Alvarez,
2024). Although Rhizobiales are often associated with legumes,
providing N to their host plants through symbiosis, they have also
been reported to replenish soil N in a saprophytic state and function
as endophytes, thereby increasing the uptake of essential mineral
elements such as N and P in sugarcane (Li Ting et al., 2013; Fallah
etal., 2023). Conversely, the regulation of water channel proteins by
different N levels influences hydraulic conductance (Araus et al,
2020). The availability of N in the soil facilitates water entry into
cellular spaces by affecting the hydraulic properties of the cell
membrane and intracellular nitrate concentration (Zheng et al,
2018). N availability also plays a role in stomatal regulation,
affecting transpiration and water-use efficiency (Matimati et al,
2014). Rhizobiales may contribute to the demineralization of soil
organic matter by modulating the activity of extracellular enzymes
involved in soil nutrient cycling. This process increases total N and

Frontiers in Plant Science

10.3389/fpls.2024.1471044

available P contents in the rhizosphere soil, creating conditions
conducive to plant growth under drought stress (Ahluwalia et al.,
2021; Wang et al, 2023b). Elevated levels of available P can
effectively mitigate P stress caused by an imbalanced soil
nitrogen-phosphorus ratio, promoting the growth of underground
plant parts (Huang et al, 2018; Liu et al., 2021b). In addition,
Rhizobiales produce phytohormones, including TAA and abscisic
acid, which regulate root conformation in sugarcane and facilitate
nutrient exploration (Barquero et al., 2022; Lopes et al., 2023).

3.4 Effect of other rhizosphere bacteria on
drought performance of sugarcane

The rhizosphere bacterial community composition is generally
consistent across different sugarcane varieties, but it differs under
drought stress. For example, in the Zhongzhe 1 sugarcane variety, the
bacteria Streptosporangiales and Sphingomonadales were enriched
under drought conditions (Dao et al., 2023). Streptosporangiales, an
order within Actinomycetes, has been observed to increase in
abundance under drought conditions. However, there is a lack of
research substantiating their growth-promoting effects on plants,
specifically sugarcane, and their roles in enhancing drought
tolerance. Conversely, Sphingomonadales are recognized for their
superior adaptation to arid soils as oligotrophic bacteria and their
proficiency in degrading organic pollutants (Roy et al, 2012;
Kunihiro et al, 2013; Luo et al, 2019). Sphingomonas has been
identified as a PGPB that emits volatile organic compounds (VOCs),
which stimulate plant growth and mitigate the effects of plant
pathogens, thereby improving drought resistance (Farag et al,
2013; Luo et al, 2020; Poudel et al., 2021). Gluconacetobacter
diazotrophicus PALS5, an endophytic nitrogen-fixing bacterium
associated with sugarcane, enhances the drought tolerance of
sugarcane (Vargas et al., 2014). Nong et al. (2023) demonstrated
upregulation of the biosynthesis of carotenoids and the terpenoid
backbone by Burkholderia in sugarcane. The Guangxi sugarcane
variety GT42D has been shown to harbor Burkholderiaceae as its
core flora under drought stress (Liu et al,, 2021a) (Table 1). Despite
these findings, there is a scarcity of studies investigating the growth
promotion and drought resistance properties of Sphingomonas,
Burkholderia, and Gluconacetobacter in sugarcane. Further research
is required to understand the mechanisms of action and to explore
the potential applications of these bacteria in agriculture. Of note,
Bacillus species are widely distributed across dynamic agroecosystems
due to their robust tolerance to stress, which is facilitated by spore
formation (Vardharajula et al, 2011; Radhakrishnan et al., 2017;
Gowtham et al., 2020). Bacillus species have also been shown to
enhance the drought tolerance of sugarcane (Chandra et al, 2018;
Fonseca et al., 2022), even under severe drought stress. Almeida et al.
(2024) demonstrated that inoculation with Bacillus licheniformis and
Bacillus subtilis significantly enhanced the survival of presprouted
sugarcane seedlings under water-limited conditions. These bacteria
also improved the water-use efficiency of presprouted seedlings under
severe drought conditions by nearly 200%. Furthermore, the
abundance of Bacillus in sugarcane appears to remain stable under
mild and moderate drought conditions and may decrease under
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severe stress. These observations highlight the potentially important
role of Bacillus as a bioregulator for improving crop drought
tolerance. Nevertheless, the variation in Bacillus abundance under
different drought intensities may be influenced by a multitude of
ecological factors and plant-microbe interactions. Furthermore, in-
depth studies are needed to fully understand the mechanism of its
action in dynamic agroecosystems.

4 Conclusions

Sugarcane, a vital cash and energy crop worldwide, is acutely
sensitive to water deficit throughout the growth cycle. Rhizosphere
bacterial communities are crucial for crop growth and development.
Our review evaluated the abundance of rhizosphere bacterial
communities under crop water stress and examined evidence of
plant-bacteria dynamics. Diversity within the bacterial community in
the rhizosphere soil of sugarcane significantly changes when
soil water-holding capacity reaches 50%. The abundance of some
bacterial groups diminishes as the severity of drought stress increases,
whereas the abundance of Streptomycetales and Rhizobiales increases
with increasing drought stress. Streptomycetales enhance drought
resistance in sugarcane by producing various secondary metabolites.
They also support nutrient availability in the rhizosphere by
supplying carbon or nitrogen to other microbes, thereby improving
soil fertility. Rhizobiales, on the other hand, support nitrogen
acquisition in sugarcane and produce siderophores to assist with
iron uptake under drought conditions. There are differences in the
response of bacterial rhizosphere communities to drought stress
across sugarcane varieties. For example, during drought stress,
Burkholderiaceae was prominent in the rhizosphere bacterial
communities of the Guangxi sugarcane variety GT42D. Despite
considerable advances in knowledge, our understanding of
the interactions between PGPB and sugarcane under drought
stress requires further investigation. Framework modeling of
sugarcane rhizosphere bacterial communities and their productivity
under varying levels of drought stress could provide important
theoretical support and guidance for sugarcane cultivation and
production practices.

References

Abbasi, S., Sadeghi, A., and Safaie, N. (2020). Streptomyces alleviate drought stress in
tomato plants and modulate the expression of transcription factors ERF1 and WRKY70
genes. Scientia Hortic. 265, 9. doi: 10.1016/j.scienta.2020.109206

Abbasi, S., Zahedi, H., Sadeghipour, O., and Akbari, R. (2013). Effect of plant growth
promoting rhizobacteria (PGPR) on physiological parameters and nitrogen content of
soybean grown under different irrigation regimes. Res. Crops 14, 798-803.

Acosta-Martinez, V., Cotton, J., Gardner, T., Moore-Kucera, J., Zak, J., Wester, D.,
et al. (2014). Predominant bacterial and fungal assemblages in agricultural soils during
a record drought/heat wave and linkages to enzyme activities of biogeochemical
cycling. Appl. Soil Ecol. 84, 69-82. doi: 10.1016/j.apsoil.2014.06.005

Aguiar, N. O., Medici, L. O., Olivares, F. L., Dobbss, L. B., Torres-Netto, A., Silva, S.
F, et al. (2016). Metabolic profile and antioxidant responses during drought stress
recovery in sugarcane treated with humic acids and endophytic diazotrophic bacteria.
Ann. Appl. Biol. 168, 203-213. doi: 10.1111/aab.12256

Ahemad, M., and Khan, M. S. (2012). Productivity of greengram in tebuconazole-
stressed soil, by using a tolerant and plant growth-promoting Bradyrhizobium sp.

Frontiers in Plant Science

10.3389/fpls.2024.1471044

Author contributions

MC: Writing - review & editing, Writing - original draft,
Visualization, Software, Methodology, Formal analysis,
Conceptualization. YX: Writing - review & editing, Validation,
Supervision, Conceptualization. CC: Writing - review & editing,
Validation, Supervision. ZW: Writing - review & editing,
Visualization, Validation, Supervision, Resources, Project
administration, Methodology, Investigation, Funding
acquisition, Conceptualization.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This study
was supported by the National Natural Science Foundation of
China (Grant No. 32260546), Guangxi Natural Science
Foundation (Grant No. 2021AC19060), and Guangxi Natural
Science Foundation (Grant No. 2020JJB130008). This study was
also supported by the Sugarcane Research Foundation of Guangxi
University (Grant No. 202200743).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

MRM6 strain. Acta physiologiae plantarum 34, 245-254. doi: 10.1007/s11738-011-
0823-8

Ahluwalia, O., Singh, P. C., and Bhatia, R. (2021). A review on drought stress in
plants: Implications, mitigation and the role of plant growth promoting rhizobacteria.
Resources Environ. Sustainability 5, 100032. doi: 10.1016/j.resenv.2021.100032

Ahmed, A. A. Q,, Odelade, K. A., and Babalola, O. O. (2019). Microbial inoculants
for improving carbon sequestration in agroecosystems to mitigate climate change.
Handb. Climate Change resilience 1-21. doi: 10.1007/978-3-319-93336-8_119

Almeida, L. C. O, Santos, H. L., de Casrto Nogueira, C. H., Carnietto, M. R. A,, da
Silva, G. F., Boaro, C. S. F,, et al. (2024). Plant growth-promoting bacteria enhance
survival, growth, and nutritional content of sugarcane propagated through pre-
sprouted seedlings under water deficit. Agriculture 14, 189. doi: 10.3390/
agriculture14020189

Araus, V., Swift, ]., Alvarez, . M., Henry, A., and Coruzzi, G. M. (2020). A balancing
act: how plants integrate nitrogen and water signals. J. Exp. Bot. 71, 4442-4451.
doi: 10.1093/jxb/eraa054

frontiersin.org


https://doi.org/10.1016/j.scienta.2020.109206
https://doi.org/10.1016/j.apsoil.2014.06.005
https://doi.org/10.1111/aab.12256
https://doi.org/10.1007/s11738-011-0823-8
https://doi.org/10.1007/s11738-011-0823-8
https://doi.org/10.1016/j.resenv.2021.100032
https://doi.org/10.1007/978-3-319-93336-8_119
https://doi.org/10.3390/agriculture14020189
https://doi.org/10.3390/agriculture14020189
https://doi.org/10.1093/jxb/eraa054
https://doi.org/10.3389/fpls.2024.1471044
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Chen et al.

Backer, R, Rokem, J. S., Ilangumaran, G., Lamont, J., Praslickova, D., Ricci, E., et al.
(2018). Plant growth-promoting rhizobacteria: context, mechanisms of action, and
roadmap to commercialization of biostimulants for sustainable agriculture. Front. Plant
Sci. 9. doi: 10.3389/fpls.2018.01473

Balyan, G., and Pandey, A. K. (2024). Root exudates, the warrior of plant life:
revolution below the ground. South Afr. ]J. Bot. 164, 280-287. doi: 10.1016/
j.52jb.2023.11.049

Bandopadhyay, S., Li, X., Bowsher, A. W., Last, R. L., and Shade, A. (2024).
Disentangling plant-and environment-mediated drivers of active rhizosphere
bacterial community dynamics during short-term drought. Nat. Commun. 15, 6347.
doi: 10.1038/541467-024-50463-1

Barnawal, D., Maji, D., Bharti, N., Chanotiya, C. S., and Kalra, A. (2013). ACC
deaminase-containing Bacillus subtilis reduces stress ethylene-induced damage and
improves mycorrhizal colonization and rhizobial nodulation in Trigonella foenum-
graecum under drought stress. J. Plant Growth Regul. 32, 809-822. doi: 10.1007/s00344-
013-9347-3

Barquero, M., Poveda, J., Laureano-Marin, A. M., Ortiz-Liébana, N., Braas, J., and
Gonzalez-Andreés, F. (2022). Mechanisms involved in drought stress tolerance triggered
by rhizobia strains in wheat. Front. Plant Sci. 13, 1036973. doi: 10.3389/
fpls.2022.1036973

Bihari, B., Singh, Y. K., Shambhavi, S., Mandal, J., Kumar, S., and Kumar, R. (2022).
Nutrient use efficiency indices of N, P, and K under rice-wheat cropping system in
LTFE after 34th crop cycle. J. Plant Nutr. 45, 123-140. doi: 10.1080/
01904167.2021.1943674

Bogati, K., and Walczak, M. (2022). The impact of drought stress on soil microbial
community, enzyme activities and plants. Agronomy 12, 189. doi: 10.3390/
agronomy12010189

Borah, A., Hazarika, S. N., and Thakur, D. (2022). Potentiality of actinobacteria to
combat against biotic and abiotic stresses in tea [Camellia sinensis (L) O. Kuntze. J.
Appl. Microbiol. 133, 2314-2330. doi: 10.1111/jam.15734

Cai, G. C,, and Ahmed, M. A. (2022). The role of root hairs in water uptake: recent
advances and future perspectives. J. Exp. Bot. 73, 3330-3338. doi: 10.1093/jxb/erac114

Cai, G. C.,, Ahmed, M. A,, Abdalla, M., and Carminati, A. (2022). Root hydraulic
phenotypes impacting water uptake in drying soils. Plant Cell Environ. 45, 650-663.
doi: 10.1111/pce.14259

Canarini, A., and Dijkstra, F. A. (2015). Dry-rewetting cycles regulate wheat carbon
rhizodeposition, stabilization and nitrogen cycling. Soil Biol. Biochem. 81, 195-203.
doi: 10.1016/j.s0ilbio.2014.11.014

Cerda, A, and Alvarez, J. M. (2024). Insights into molecular links and transcription
networks integrating drought stress and nitrogen signaling. New Phytol. 241, 560-566.
doi: 10.1111/nph.v241.2

Cesari, A., Paulucci, N., Lopez-Gomez, M., Hidalgo-Castellanos, J., Pla, C. L., and
Dardanelli, M. S. (2019). Restrictive water condition modifies the root exudates
composition during peanut-PGPR interaction and conditions early events, reversing
the negative effects on plant growth. Plant Physiol. Biochem. 142, 519-527.
doi: 10.1016/j.plaphy.2019.08.015

Chaiharn, M., Theantana, T., and Pathom-Aree, W. (2020). Evaluation of biocontrol
activities of Streptomyces spp. against rice blast disease fungi. Pathogens 9, 126.
doi: 10.3390/pathogens9020126

Chandra, D., Srivastava, R., Gupta, V. V., Franco, C. M., and Sharma, A. K. (2019).
Evaluation of ACC-deaminase-producing rhizobacteria to alleviate water-stress
impacts in wheat (Triticum aestivum L.) plants. Can. J. Microbiol. 65, 387-403.
doi: 10.1139/¢jm-2018-0636

Chandra, P., Tripathi, P, and Chandra, A. (2018). Isolation and molecular
characterization of plant growth-promoting Bacillus spp. and their impact on
sugarcane (Saccharum spp. hybrids) growth and tolerance towards drought stress.
Acta Physiologiae Plantarum 40, 15. doi: 10.1007/s11738-018-2770-0

Chen, X., Favero, B. T., Nardy, R, He, J., de Godoy Maia, I, Liu, F., et al. (2024).
Rhizobium rhizogenes rol C gene promotes leaf senescence and enhances osmotic
stress resistance in Arabidopsis: the positive role of abscisic acid. Physiologia Plantarum
176, €14142. doi: 10.1111/ppl.v176.1

Chen, Y., Yao, Z,, Sun, Y., Wang, E., Tian, C,, Sun, Y., et al. (2022). Current studies of
the effects of drought stress on root exudates and rhizosphere microbiomes of crop
plant species. Int. J. Mol. Sci. 23, 2374. doi: 10.3390/ijms23042374

Chiappero, J., Cappellari, L., Sosa Alderete, L. G., Palermo, T. B., and Banchio, E.
(2019). Plant growth promoting rhizobacteria improve the antioxidant status in
Mentha piperita grown under drought stress leading to an enhancement of plant
growth and total phenolic content. Ind. Crops Products 139, 9. doi: 10.1016/
j.indcrop.2019.111553

Chieb, M., and Gachomo, E. W. (2023). The role of plant growth promoting
rhizobacteria in plant drought stress responses. BMC Plant Biol. 23 (1), 408.

Chukwuneme, C. F., Babalola, O. O., Kutu, F. R, and Ojuederie, O. B. (2020).
Characterization of actinomycetes isolates for plant growth promoting traits and their
effects on drought tolerance in maize. J. Plant Interact. 15, 93-105. doi: 10.1080/
17429145.2020.1752833

Da Costa, D. P, Dias, A. C., Cotta, S. R, Vilela, D., De Andrade, P. A., Pellizari, V. H.,
et al. (2018). Changes of bacterial communities in the rhizosphere of sugarcane under
elevated concentration of atmospheric CO,. GCB Bioenergy 10, 137-145. doi: 10.1111/
gcbb.2018.10.issue-2

Frontiers in Plant Science

10.3389/fpls.2024.1471044

Dao, J., Xing, Y., Chen, C., Chen, M., and Wang, Z. (2023). Adaptation of
rhizosphere bacterial communities of drought-resistant sugarcane varieties under
different degrees of drought stress. Microbiol. Spectr. 11, e01184-e01123.
doi: 10.1128/spectrum.01184-23

del Carmen Orozco-Mosqueda, M., Fadiji, A. E., Babalola, O. O., Glick, B. R,, and
Santoyo, G. (2022). Rhizobiome engineering: unveiling complex rhizosphere
interactions to enhance plant growth and health. Microbiological Res. 263, 127137.
doi: 10.1016/j.micres.2022.127137

Deng, L., Peng, C., Kim, D.-G,, Li, ], Liu, Y., Hai, X,, et al. (2021). Drought effects on
soil carbon and nitrogen dynamics in global natural ecosystems. Earth-Science Rev. 214,
103501. doi: 10.1016/j.earscirev.2020.103501

Deng, F., Yang, S., and Gong, M. (2015). Regulation of cell signaling molecules on
proline metabolism in plants under abiotic stress. Plant Physiol. J. 51, 1573-1582.
doi: 10.13592/j.cnki.ppj.2015.1015

de Vries, F. T., Griffiths, R. L, Knight, C. G., Nicolitch, O., and Williams, A. (2020).
Harnessing rhizosphere microbiomes for drought-resilient crop production. Science
368, 270-274. doi: 10.1126/science.aaz5192

Dijkstra, F. A., Carrillo, Y., Pendall, E., and Morgan, J. A. (2013). Rhizosphere
priming: a nutrient perspective. Front. Microbiol. 4,216. doi: 10.3389/fmicb.2013.00216

Dlamini, P. J. (2021). Drought stress tolerance mechanisms and breeding effort in
sugarcane: A review of progress and constraints in South Africa. Plant Stress 2, 100027.
doi: 10.1016/j.stress.2021.100027

Ebrahimi-Zarandi, M., Etesami, H., and Glick, B. R. (2023). Fostering plant resilience
to drought with actinobacteria: unveiling perennial allies in drought stress tolerance.
Plant Stress 10, 18. doi: 10.1016/j.stress.2023.100242

Etesami, H., and Glick, B. R. (2024). Bacterial indole-3-acetic acid: a key regulator for
plant growth, plant-microbe interactions, and agricultural adaptive resilience.
Microbiological Res. 281, 21. doi: 10.1016/j.micres.2024.127602

Fallah, N., Tayyab, M., Yang, Z., Pang, Z., Zhang, C,, Lin, Z., et al. (2023). Free-living
bacteria stimulate sugarcane growth traits and edaphic factors along soil depth
gradients under contrasting fertilization. Sci. Rep. 13, 6288. doi: 10.1038/s41598-022-
25807-w

Fan, Y. X, Lu, S. X,, He, M,, Yang, L. M,, Hu, W. F,, Yang, Z. ], et al. (2021). Long-
term throughfall exclusion decreases soil organic phosphorus associated with reduced
plant roots and soil microbial biomass in a subtropical forest. Geoderma 404, 10.
doi: 10.1016/j.geoderma.2021.115309

Farag, M. A,, Zhang, H. M,, and Ryu, C. M. (2013). Dynamic chemical communication
between plants and bacteria through airborne signals: induced resistance by bacterial vlatiles.
J. Chem. Ecol. 39, 1007-1018. doi: 10.1007/s10886-013-0317-9

Ferreira, T. H., Tsunada, M. S., Bassi, D., Aratjo, P., Mattiello, L., Guidelli, G. V.,
et al. (2017). Sugarcane water stress tolerance mechanisms and its implications on
developing biotechnology solutions. Front. Plant Sci. 8, 1077. doi: 10.3389/
1pls.2017.01077

Fonseca, M. C. D., Bossolani, J. W., de Oliveira, S. L., Moretti, L. G., Portugal, J. R.,
Scudeletti, D., et al. (2022). Bacillus subtilis inoculation improves nutrient uptake and
physiological activity in sugarcane under drought stress. Microorganisms 10, 18.
doi: 10.3390/microorganisms10040809

Gao, D,, Bai, E,, Li, M., Zhao, C,, Yu, K., and Hagedorn, F. (2020). Responses of soil
nitrogen and phosphorus cycling to drying and rewetting cycles: a meta-analysis. Soil
Biol. Biochem. 148, 107896. doi: 10.1016/j.s0ilbio.2020.107896

Gargallo-Garriga, A., Preece, C., Sardans, J., Oravec, M., Urban, O., and Pefuelas, J.
(2018). Root exudate metabolomes change under drought and show limited capacity
for recovery. Sci. Rep. 8, 1-15. doi: 10.1038/541598-018-30150-0

Giehl, R. F., and von Wirén, N. (2014). Root nutrient foraging. Plant Physiol. 166,
509-517. doi: 10.1104/pp.114.245225

Gopalakrishnan, S., Sathya, A., Vijayabharathi, R., Varshney, R. K., Gowda, C. L., and
Krishnamurthy, L. (2015). Plant growth promoting rhizobia: challenges and
opportunities. 3 Biotech. 5, 355-377. doi: 10.1007/513205-014-0241-x

Gowtham, H,, Singh, B., Murali, M., Shilpa, N., Prasad, M., Aiyaz, M,, et al. (2020).
Induction of drought tolerance in tomato upon the application of ACC deaminase

producing plant growth promoting rhizobacterium Bacillus subtilis Rhizo SF 48.
Microbiological Res. 234, 126422. doi: 10.1016/j.micres.2020.126422

Hassan, M. K., Mclnroy, J. A., and Kloepper, J. W. (2019). The interactions of
rhizodeposits with plant growth-promoting rhizobacteria in the rhizosphere: a review.
Agriculture 9, 142. doi: 10.3390/agriculture9070142

Hu, A., Choi, M., Tanentzap, A. J., Liu, J., Jang, K.-S,, Lennon, J. T, et al. (2022).
Ecological networks of dissolved organic matter and microorganisms under global
change. Nat. Commun. 13, 3600. doi: 10.1038/s41467-022-31251-1

Huang, J., Yu, H,, Liu, J., Luo, C,, Sun, Z., Ma, K,, et al. (2018). Phosphorus addition
changes belowground biomass and C: N: P stoichiometry of two desert steppe plants
under simulated N deposition. Sci. Rep. 8, 3400. doi: 10.1038/s41598-018-21565-w

Huang, X.-F., Zhou, D., Lapsansky, E. R, Reardon, K. F., Guo, J., Andales, M. ]., et al.
(2017). Mitsuaria sp. and Burkholderia sp. from Arabidopsis rhizosphere enhance
drought tolerance in Arabidopsis thaliana and maize (Zea mays L.). Plant Soil 419, 523~
539. doi: 10.1007/s11104-017-3360-4

Ingrisch, J., Karlowsky, S., Anadon-Rosell, A., Hasibeder, R., K6nig, A., Augusti, A.,
et al. (2018). Land use alters the drought responses of productivity and CO, fluxes in
mountain grassland. Ecosystems 21, 689-703. doi: 10.1007/s10021-017-0178-0

frontiersin.org


https://doi.org/10.3389/fpls.2018.01473
https://doi.org/10.1016/j.sajb.2023.11.049
https://doi.org/10.1016/j.sajb.2023.11.049
https://doi.org/10.1038/s41467-024-50463-1
https://doi.org/10.1007/s00344-013-9347-3
https://doi.org/10.1007/s00344-013-9347-3
https://doi.org/10.3389/fpls.2022.1036973
https://doi.org/10.3389/fpls.2022.1036973
https://doi.org/10.1080/01904167.2021.1943674
https://doi.org/10.1080/01904167.2021.1943674
https://doi.org/10.3390/agronomy12010189
https://doi.org/10.3390/agronomy12010189
https://doi.org/10.1111/jam.15734
https://doi.org/10.1093/jxb/erac114
https://doi.org/10.1111/pce.14259
https://doi.org/10.1016/j.soilbio.2014.11.014
https://doi.org/10.1111/nph.v241.2
https://doi.org/10.1016/j.plaphy.2019.08.015
https://doi.org/10.3390/pathogens9020126
https://doi.org/10.1139/cjm-2018-0636
https://doi.org/10.1007/s11738-018-2770-0
https://doi.org/10.1111/ppl.v176.1
https://doi.org/10.3390/ijms23042374
https://doi.org/10.1016/j.indcrop.2019.111553
https://doi.org/10.1016/j.indcrop.2019.111553
https://doi.org/10.1080/17429145.2020.1752833
https://doi.org/10.1080/17429145.2020.1752833
https://doi.org/10.1111/gcbb.2018.10.issue-2
https://doi.org/10.1111/gcbb.2018.10.issue-2
https://doi.org/10.1128/spectrum.01184-23
https://doi.org/10.1016/j.micres.2022.127137
https://doi.org/10.1016/j.earscirev.2020.103501
https://doi.org/10.13592/j.cnki.ppj.2015.1015
https://doi.org/10.1126/science.aaz5192
https://doi.org/10.3389/fmicb.2013.00216
https://doi.org/10.1016/j.stress.2021.100027
https://doi.org/10.1016/j.stress.2023.100242
https://doi.org/10.1016/j.micres.2024.127602
https://doi.org/10.1038/s41598-022-25807-w
https://doi.org/10.1038/s41598-022-25807-w
https://doi.org/10.1016/j.geoderma.2021.115309
https://doi.org/10.1007/s10886-013-0317-9
https://doi.org/10.3389/fpls.2017.01077
https://doi.org/10.3389/fpls.2017.01077
https://doi.org/10.3390/microorganisms10040809
https://doi.org/10.1016/j.soilbio.2020.107896
https://doi.org/10.1038/s41598-018-30150-0
https://doi.org/10.1104/pp.114.245225
https://doi.org/10.1007/s13205-014-0241-x
https://doi.org/10.1016/j.micres.2020.126422
https://doi.org/10.3390/agriculture9070142
https://doi.org/10.1038/s41467-022-31251-1
https://doi.org/10.1038/s41598-018-21565-w
https://doi.org/10.1007/s11104-017-3360-4
https://doi.org/10.1007/s10021-017-0178-0
https://doi.org/10.3389/fpls.2024.1471044
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Chen et al.

Jaleel, C. A., Manivannan, P., Sankar, B., Kishorekumar, A., Gopi, R,
Somasundaram, R, et al. (2007). Pseudomonas fluorescens enhances biomass yield
and ajmalicine production in Catharanthus roseus under water deficit stress. Colloids
Surfaces B: Biointerfaces 60, 7-11. doi: 10.1016/j.colsurfb.2007.05.012

Jamir, E., Kangabam, R. D., Borah, K., Tamuly, A., Deka Boruah, H., and Silla, Y.
(2019). Role of soil microbiome and enzyme activities in plant growth nutrition and
ecological restoration of soil health. Microbes enzymes Soil Health bioremediation, 99-132.

Karlowsky, S., Augusti, A., Ingrisch, J., Hasibeder, R., Lange, M., Lavorel, S., et al.
(2018). Land use in mountain grasslands alters drought response and recovery of
carbon allocation and plant-microbial interactions. J. Ecol. 106, 1230-1243.
doi: 10.1111/jec.2018.106.issue-3

Kour, D., Khan, S. S., Kaur, T., Kour, H,, Singh, G., Yadav, A,, et al. (2022). Drought
adaptive microbes as bioinoculants for the horticultural crops. Heliyon 8, 14.
doi: 10.1016/j.heliyon.2022.09493

Kour, D., Khan, S. S., Kour, H., Kaur, T., Devi, R,, Rai, A. K, et al. (2024). ACC
deaminase producing phytomicrobiomes for amelioration of abiotic stresses in plants
for agricultural sustainability. J. Plant Growth Regul. 43, 963-985. doi: 10.1007/s00344-
023-11163-0

Kumar, M., Mishra, S., Dixit, V., Kumar, M., Agarwal, L., Chauhan, P. S, et al.
(2016). Synergistic effect of Pseudomonas putida and Bacillus amyloliquefaciens
ameliorates drought stress in chickpea (Cicer arietinum L.). Plant Signal Behav. 11,
€1071004. doi: 10.1080/15592324.2015.1071004

Kumar, T., Wang, J.-G., Xu, C.-H,, Lu, X,, Mao, ], Lin, X.-Q,, et al. (2024). Genetic
engineering for enhancing sugarcane tolerance to biotic and abiotic stresses. Plants 13,
1739. doi: 10.3390/plants13131739

Kunihiro, M., Ozeki, Y., Nogi, Y., Hamamura, N., and Kanaly, R. A. (2013). Benz[a]
anthracene biotransformation and production of ring fission products by Sphingobium
sp. strain KK22. Appl. Environ. Microbiol. 79, 4410-4420. doi: 10.1128/AEM.01129-13

Kurepa, J., and Smalle, J. A. (2022). Auxin/cytokinin antagonistic control of the
shoot/root growth ratio and its relevance for adaptation to drought and nutrient
deficiency stresses. Int. J. Mol. Sci. 23, 15. doi: 10.3390/ijms23041933

Ling, N., Wang, T., and Kuzyakov, Y. (2022). Rhizosphere bacteriome structure and
functions. Nat. Commun. 13, 836. doi: 10.1038/s41467-022-28448-9

Li Ting, L. T., He Lai, H. L., and Liang QuanFeng, L. Q. (2013). Progress in the study
of Rhizobium associated with non-leguminous plants. J. Agric. Sci. Technol. 15, 97-102.

Liu, X. P,, Gong, C. M,, Fan, Y. Y,, Eiblmeier, M., Zhao, Z., Han, G, et al. (2013).
Response pattern of amino compounds in phloem and xylem of trees to soil drought
depends on drought intensity and root symbiosis. Plant Biol. 15, 101-108. doi: 10.1111/
j.1438-8677.2012.00647.x

Liu, S., Fan, X, Yang, S, Deng, J., Quan, Y., Li, R,, et al. (2022a). Effects of drought
stress on diurnal changes and related characteristics of sugarcane photosynthesis.
J. South. Argiculture 53, 430-440. doi: 10.3969/j.issn.2095-1191.2022.02.016

Liu, Y. J., Guo, Z. F,, and Shi, H. F. (2022b). Rhizobium symbiosis leads to increased
drought tolerance in chinese milk vetch (Astragalus sinicus L.). Agronomy-Basel 12, 11.
doi: 10.3390/agronomy12030725

Liu, Q, Xie, S., Zhao, X,, Liu, Y., Xing, Y., Dao, J., et al. (2021a). Drought sensitivity of
sugarcane cultivars shapes rhizosphere bacterial community patterns in response to
water stress. Front. Microbiol. 12, 732989. doi: 10.3389/fmicb.2021.732989

Liu, Q., Zhao, X,, Liu, Y., Xie, S., Xing, Y., Dao, J., et al. (2021b). Response of
sugarcane rhizosphere bacterial community to drought stress. Front. Microbiol. 12,
716196. doi: 10.3389/fmicb.2021.716196

Lopes, L. D., Futrell, S. L., Bergmeyer, E., Hao, J. J., and Schachtman, D. P. (2023).
Root exudate concentrations of indole-3-acetic acid (IAA) and abscisic acid (ABA)
affect maize rhizobacterial communities at specific developmental stages. FEMS
Microbiol. Ecol. 99, 12. doi: 10.1093/femsec/fiad019

Luo, Y., Wang, F., Huang, Y., Zhou, M., Gao, J., Yan, T., et al. (2019). Sphingomonas
sp. Cra20 increases plant growth rate and alters rhizosphere microbial community
structure of Arabidopsis thaliana under drought stress. Front. Microbiol. 10.
doi: 10.3389/fmicb.2019.01221

Luo, Y., Zhou, M., Zhao, Q., Wang, F., Gao, J., Sheng, H., et al. (2020). Complete

genome sequence of Sphingomonas sp. Cra20, a drought resistant and plant growth
promoting rhizobacteria. Genomics 112, 3648-3657. doi: 10.1016/j.ygeno.2020.04.013

Maia Junior, S., Endres, L., Silva, J. V., and de Andrade, J. R. (2019). An efficient
antioxidant system is associated with lower photosynthesis photoinhibition and greater
tolerance to drought in sugarcane cultivars. Bioscience J. 35. doi: 10.14393/BJ-
v35n3a2019-39571

Mall, A,, Manimekalai, R., Misra, V., Pandey, H., Srivastava, S., and Sharma, A.
(2024). CRISPR/Cas-mediated genome editing for sugarcane improvement. Sugar
Tech, 1-13. doi: 10.1007/s12355-023-01352-2

Martin, J. F,, and Liras, P. (2021). Molecular mechanisms of phosphate sensing,
transport and signalling in streptomyces and related actinobacteria. Int. J. Mol. Sci. 22,
1129. doi: 10.3390/ijms22031129

Martiny, J. B., Martiny, A. C., Weihe, C,, Lu, Y., Berlemont, R,, Brodie, E. L., et al.
(2017). Microbial legacies alter decomposition in response to simulated global change.
ISME J. 11, 490-499. doi: 10.1038/ismej.2016.122

Matimati, L., Verboom, G. A., and Cramer, M. D. (2014). Nitrogen regulation of
transpiration controls mass-flow acquisition of nutrients. J. Exp. Bot. 65, 159-168.
doi: 10.1093/jxb/ert367

Frontiers in Plant Science

10.3389/fpls.2024.1471044

Misra, V., Solomon, S., Mall, A., Abid, M., Abid Ali Khan, M., and Ansari, M. L.
(2022). “Drought stress and sustainable sugarcane production,” in Microbial
biotechnology for sustainable agriculture, vol. 1. (Singapore: Springer), 353-368.

Moutia, J.-F. Y., Saumtally, S., Spaepen, S., and Vanderleyden, J. (2010). Plant growth
promotion by Azospirillum sp. in sugarcane is influenced by genotype and drought
stress. Plant Soil 337, 233-242. doi: 10.1007/s11104-010-0519-7

Naylor, D., and Coleman-Derr, D. (2018). Drought stress and root-associated
bacterial communities. Front. Plant Sci. 8. doi: 10.3389/fpls.2017.02223

Nazari, M. T., Schommer, V. A, Braun, J. C. A, dos Santos, L. F., Lopes, S. T., Simon,
V., et al. (2023). Using Streptomyces spp. as plant growth promoters and biocontrol
agents. Rhizosphere. 27, 100741. doi: 10.1016/j.rhisph.2023.100741

Neemisha,, and Sharma, S. (2022). “Soil enzymes and their role in nutrient cycling,”
in Structure and functions of Pedosphere (Singapore: Springer), 173-188.

Nong, Q., Lin, L., Xie, J., Mo, Z., Malviya, M. K,, Solanki, M. K., et al. (2023).
Regulation of an endophytic nitrogen-fixing bacteria GXS16 promoting drought
tolerance in sugarcane. BMC Plant Biol. 23, 573. doi: 10.1186/5s12870-023-04600-5

Olanrewaju, O. S., and Babalola, O. O. (2019). Streptomyces: implications and
interactions in plant growth promotion. Appl. Microbiol. Biotechnol. 103, 1179-1188.
doi: 10.1007/500253-018-09577-y

Osakabe, Y., Osakabe, K., Shinozaki, K., and Tran, L.-S. P. (2014). Response of plants
to water stress. Front. Plant Sci. 5, 76566. doi: 10.3389/fpls.2014.00086

Pascale, A., Proietti, S., Pantelides, L. S., and Stringlis, I. A. (2020). Modulation of the
root microbiome by plant molecules: the basis for targeted disease suppression and
plant growth promotion. Front. Plant Sci. 10, 501717. doi: 10.3389/fpls.2019.01741

Pereira, L. B., Andrade, G. S., Meneghin, S. P., Vicentini, R., and Ottoboni, L. M. M.
(2019). Prospecting plant growth-promoting bacteria isolated from the rhizosphere of
sugarcane under drought stress. Curr. Microbiol. 76, 1345-1354. doi: 10.1007/s00284-
019-01749-x

Pereira, L. B., Gambarini, V. M. D., de Menezes, A. B., Ottoboni, L. M. M., and
Vicentini, R. (2022). Influence of sugarcane variety on rhizosphere microbiota under
irrigated and water-limiting conditions. Curr. Microbiol. 79, 10. doi: 10.1007/s00284-
022-02946-x

Ponomarova, O., Gabrielli, N., Sévin, D., Miilleder, M., Zirngibl, K., Bulyha, K., et al.
(2017). Yeast creates a niche for symbiotic lactic acid bacteria through nitrogen
overflow. Cell Syst. 5, 345-357.e6. doi: 10.1016/j.cels.2017.09.002

Poudel, M., Mendes, R,, Costa, L. A. S., Bueno, C. G., Meng, Y. M., Folimonova, S. Y.,
et al. (2021). The role of plant-associated bacteria, fungi, and viruses in drought stress
mitigation. Front. Microbiol. 12. doi: 10.3389/fmicb.2021.743512

Qiao, M, Lv, S, Qiao, Y., Lin, W., Gao, Z., Tang, X, et al. (2024). Exogenous
Streptomyces spp. enhance the drought resistance of naked oat (Avena nuda) seedlings
by augmenting both the osmoregulation mechanisms and antioxidant capacities. Funct.
Plant Biol. 51, 13. doi: 10.1071/FP23312

Qin, S., Zhang, D., Wei, B., and Yang, Y. (2024). Dual roles of microbes in mediating
soil carbon dynamics in response to warming. Nat. Commun. 15, 6439. doi: 10.1038/
541467-024-50800-4

Radhakrishnan, R., Hashem, A., and Abd Allah, E. F. (2017). Bacillus: a biological
tool for crop improvement through bio-molecular changes in adverse environments.
Front. Physiol. 8. doi: 10.3389/fphys.2017.00667

Rahman, M. A, Wu, W, Yan, Y. C,, and Bhuiyan, S. A. (2021). Overexpression of
TERFI in sugarcane improves tolerance to drought stress. Crop Pasture Sci. 72, 268
279. doi: 10.1071/cp20161

Reinsch, S., Michelsen, A., Sarossy, Z., Egsgaard, H., Schmidt, I. K., Jakobsen, L, et al.
(2014). Short-term utilization of carbon by the soil microbial community under future
climatic conditions in a temperate heathland. Soil Biol. Biochem. 68, 9-19. doi: 10.1016/
j.s0ilbio.2013.09.014

Ristova, D., Carré, C., Pervent, M., Medici, A., Kim, G. J., Scalia, D., et al. (2016).
Combinatorial interaction network of transcriptomic and phenotypic responses to
nitrogen and hormones in the Arabidopsis thaliana root. Sci. Signaling 9, rs13-rs13.

Rolli, E., Marasco, R., Vigani, G., Ettoumi, B., Mapelli, F., Deangelis, M. L., et al.
(2015). Improved plant resistance to drought is promoted by the root-associated
microbiome as a water stress-dependent trait. Environ. Microbiol. 17, 316-331.
doi: 10.1111/1462-2920.12439

Roy, M., Khara, P., and Dutta, T. K. (2012). meta-Cleavage of hydroxynaphthoic
acids in the degradation of phenanthrene by Sphingobium sp. strain PNB. Microbiol.
(Reading) 158, 685-695. doi: 10.1099/mic.0.053363-0

Salem, M. A., Ismail, M. A., Radwan, K. H., and Abd-Elhalim, H. M. (2024).
Unlocking the potential of plant growth-promoting rhizobacteria to enhance drought
tolerance in Egyptian wheat (Triticum aestivum). Sustainability 16, 17. doi: 10.3390/
sul6114605

Sarkar, S., Kamke, A., Ward, K., Hartung, E., Ran, Q., Feehan, B, et al. (2022).
Pseudomonas cultivated from Andropogon gerardii rhizosphere show functional
potential for promoting plant host growth and drought resilience. BMC Genomics
23, 784. doi: 10.1186/512864-022-09019-0

Schimel, J. P. (2018). Life in dry soils: effects of drought on soil microbial
communities and processes. Annu. Rev. ecology evolution systematics 49, 409-432.
doi: 10.1146/annurev-ecolsys-110617-062614

Selim, S., Hassan, Y. M., Saleh, A. M., Habeeb, T. H., and AbdElgawad, H. (2019).
Actinobacterium isolated from a semi-arid environment improves the drought

frontiersin.org


https://doi.org/10.1016/j.colsurfb.2007.05.012
https://doi.org/10.1111/jec.2018.106.issue-3
https://doi.org/10.1016/j.heliyon.2022.e09493
https://doi.org/10.1007/s00344-023-11163-0
https://doi.org/10.1007/s00344-023-11163-0
https://doi.org/10.1080/15592324.2015.1071004
https://doi.org/10.3390/plants13131739
https://doi.org/10.1128/AEM.01129-13
https://doi.org/10.3390/ijms23041933
https://doi.org/10.1038/s41467-022-28448-9
https://doi.org/10.1111/j.1438-8677.2012.00647.x
https://doi.org/10.1111/j.1438-8677.2012.00647.x
https://doi.org/10.3969/j.issn.2095-1191.2022.02.016
https://doi.org/10.3390/agronomy12030725
https://doi.org/10.3389/fmicb.2021.732989
https://doi.org/10.3389/fmicb.2021.716196
https://doi.org/10.1093/femsec/fiad019
https://doi.org/10.3389/fmicb.2019.01221
https://doi.org/10.1016/j.ygeno.2020.04.013
https://doi.org/10.14393/BJ-v35n3a2019-39571
https://doi.org/10.14393/BJ-v35n3a2019-39571
https://doi.org/10.1007/s12355-023-01352-2
https://doi.org/10.3390/ijms22031129
https://doi.org/10.1038/ismej.2016.122
https://doi.org/10.1093/jxb/ert367
https://doi.org/10.1007/s11104-010-0519-7
https://doi.org/10.3389/fpls.2017.02223
https://doi.org/10.1016/j.rhisph.2023.100741
https://doi.org/10.1186/s12870-023-04600-5
https://doi.org/10.1007/s00253-018-09577-y
https://doi.org/10.3389/fpls.2014.00086
https://doi.org/10.3389/fpls.2019.01741
https://doi.org/10.1007/s00284-019-01749-x
https://doi.org/10.1007/s00284-019-01749-x
https://doi.org/10.1007/s00284-022-02946-x
https://doi.org/10.1007/s00284-022-02946-x
https://doi.org/10.1016/j.cels.2017.09.002
https://doi.org/10.3389/fmicb.2021.743512
https://doi.org/10.1071/FP23312
https://doi.org/10.1038/s41467-024-50800-4
https://doi.org/10.1038/s41467-024-50800-4
https://doi.org/10.3389/fphys.2017.00667
https://doi.org/10.1071/cp20161
https://doi.org/10.1016/j.soilbio.2013.09.014
https://doi.org/10.1016/j.soilbio.2013.09.014
https://doi.org/10.1111/1462-2920.12439
https://doi.org/10.1099/mic.0.053363-0
https://doi.org/10.3390/su16114605
https://doi.org/10.3390/su16114605
https://doi.org/10.1186/s12864-022-09019-0
https://doi.org/10.1146/annurev-ecolsys-110617-062614
https://doi.org/10.3389/fpls.2024.1471044
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Chen et al.

tolerance in maize (Zea mays L.). Plant Physiol. Biochem. 142, 15-21. doi: 10.1016/
j.plaphy.2019.06.029

Siebert, J., Siinnemann, M., Auge, H., Berger, S., Cesarz, S., Ciobanu, M., et al. (2019).
The effects of drought and nutrient addition on soil organisms vary across taxonomic
groups, but are constant across seasons. Sci. Rep. 9, 639. doi: 10.1038/541598-018-
36777-3

Song, Y., Li, X,, Yao, S., Yang, X, and Jiang, X. (2020). Correlations between soil
metabolomics and bacterial community structures in the pepper rhizosphere under
plastic greenhouse cultivation. Sci. Total Environ. 728, 138439. doi: 10.1016/
j.scitotenv.2020.138439

Sugiharto, B. (2018). Biotechnology of drought-tolerant sugarcane. Sugarcane-
Technology Res. doi: 10.5772/intechopen.72436

Sultana, R., Islam, S. M. N., Sriti, N., Ahmed, M., Shuvo, S. B., Rahman, M. H., et al.
(2024). Sphingomonas panaciterrae PB20 increases growth, photosynthetic pigments,
antioxidants, and mineral nutrient contents in spinach (Spinacia oleracea L.). Heliyon
10, €25596. doi: 10.1016/j.heliyon.2024.e25596

Tallapragada, P., Dikshit, R., and Seshagiri, S. (2016). Influence of Rhizophagus spp.
and Burkholderia seminalison the growth of tomato (Lycopersicon esculatum) and Bell
Pepper (Capsicum annuum) under drought stress. Commun. Soil Sci. Plant Anal. 47,
1975-1984. doi: 10.1080/00103624.2016.1216561

Tayyab, M., Islam, W., Noman, A., Pang, Z,, Li, S,, Lin, S,, et al. (2022). Sugarcane
cultivars manipulate rhizosphere bacterial communities’ structure and composition of
agriculturally important keystone taxa. 3 Biotech. 12, 32. doi: 10.1007/s13205-021-
03091-1

Trivedi, P., Batista, B. D., Bazany, K. E., and Singh, B. K. (2022). Plant-microbiome
interactions under a changing world: responses, consequences and perspectives. New
Phytol. 234, 1951-1959. doi: 10.1111/nph.v234.6

Trivedi, P., Mattupalli, C., Eversole, K., and Leach, J. E. (2021). Enabling sustainable
agriculture through understanding and enhancement of microbiomes. New Phytol. 230,
2129-2147. doi: 10.1111/nph.v230.6

Vardharajula, S., Zulfikar Ali, S., Grover, M., Reddy, G., and Bandi, V. (2011).
Drought-tolerant plant growth promoting Bacillus spp.: effect on growth, osmolytes,
and antioxidant status of maize under drought stress. J. Plant Interact. 6, 1-14.
doi: 10.1080/17429145.2010.535178

Varela, M. C,, Arslan, I, Reginato, M. A., Cenzano, A. M., and Luna, M. V. (2016).
Phenolic compounds as indicators of drought resistance in shrubs from Patagonian
shrublands (Argentina). Plant Physiol. Biochem. 104, 81-91. doi: 10.1016/
j.plaphy.2016.03.014

Vargas, L., Santa Brigida, A. B., Mota Filho, J. P., de Carvalho, T. G., Rojas, C. A.,
Vaneechoutte, D., et al. (2014). Drought tolerance conferred to sugarcane by
association with Gluconacetobacter diazotrophicus: a transcriptomic view of hormone
pathways. PloS One 9, e114744. doi: 10.1371/journal.pone.0114744

Vejan, P., Abdullah, R., Khadiran, T., Ismail, S., and Boyce, A. N. (2016). Role of
plant growth promoting rhizobacteria in agricultural sustainability-a review. Molecules
21, 17. doi: 10.3390/molecules21050573

Viaene, T., Langendries, S., Beirinckx, S., Maes, M., and Goormachtig, S. (2016).
Streptomyces as a plant's best friend? FEMS Microbiol. Ecol. 92, fiw119. doi: 10.1093/
femsec/fiw119

Vurukonda, S. S. K. P., Giovanardi, D., and Stefani, E. (2018). Plant growth
promoting and biocontrol activity of Streptomyces spp. as endophytes. Int. J. Mol.
Sci. 19, 952. doi: 10.3390/ijms19040952

Vurukonda, S., Vardharajula, S., Shrivastava, M., and SkZ, A. (2016). Enhancement
of drought stress tolerance in crops by plant growth promoting rhizobacteria.
Microbiological Res. 184, 13-24. doi: 10.1016/j.micres.2015.12.003

Wang, C. Y., Cui, J. T, Yang, L., Zhao, C. A,, Wang, T. Y,, Yan, L., et al. (2018a).
Phosphorus-release dynamics by phosphate solubilizing actinomycetes and its
enhancement of growth and yields in maize. Int. J. Agric. Biol. 20, 437-444.
doi: 10.17957/ijab/15.0554

Wang, Q., Hu, Z,, Fu, W, Li, G, and Hao, L. (2023a). Regulation of Burkholderia sp.
GD17 on the drought tolerance of cucumber seedlings. Biotechnol. Bull. 39, 163-175.
doi: 10.13560/j.cnki.biotech.bull.1985.2022-0753

Wang, X,, Liang, C., Mao, J,, Jiang, Y., Bian, Q., Liang, Y., et al. (2023b). Microbial
keystone taxa drive succession of plant residue chemistry. ISME J. 17, 748-757.
doi: 10.1038/s41396-023-01384-2

Frontiers in Plant Science

12

10.3389/fpls.2024.1471044

Wang, Z., Solanki, M. K., Kumar, A., Solanki, A. C., Pang, F., Ba, Z. X,, et al. (2023c¢).
Promoting plant resilience against stress by engineering root microenvironment with
Streptomyces inoculants. Microbiological Res. 277, 12. doi: 10.1016/j.micres.
2023.127509

Wang, Z., Solanki, M. K,, Yu, Z. X, Yang, L. T., An, Q. L., Dong, D. F,, et al. (2018b).
Draft genome analysis offers insights into the mechanism by which Streptomyces
chartreusis WZS021 increases drought tolerance in sugarcane. Front. Microbiol. 9.
doi: 10.3389/fmicb.2018.03262

Wang, F., Wei, Y., Yan, T., Wang, C., Chao, Y., Jia, M,, et al. (2022). Sphingomonas
sp. Hbc-6 alters physiological metabolism and recruits beneficial rhizosphere bacteria
to improve plant growth and drought tolerance. Front. Plant Sci. 13. doi: 10.3389/
1pls.2022.1002772

Warrad, M., Hassan, Y. M., Mohamed, M. S., Hagagy, N., Al-Maghrabi, O. A., Selim,
S., et al. (2020). A bioactive fraction from Streptomyces sp. enhances maize tolerance
against drought stress. J. Microbiol. Biotechnol. 30, 1156. doi: 10.4014/jmb.2003.03034

Wei, C.-Y,, Lin, L, Luo, L.-J., Xing, Y.-X,, Hu, C.-J,, Yang, L.-T., et al. (2013).
Endophytic nitrogen-fixing Klebsiella variicola strain DX120E promotes sugarcane
growth. Biol. Fertility Soils 50, 657-666. doi: 10.1007/s00374-013-0878-3

Williams, A., and de Vries, F. T. (2020). Plant root exudation under drought:
implications for ecosystem functioning. New Phytol. 225, 1899-1905. doi: 10.1111/
nph.v225.5

Woo, O. G, Kim, H., Kim, J. S., Keum, H. L., Lee, K. C., Sul, W. J., et al. (2020).
Bacillus subtilis strain GOT9 confers enhanced tolerance to drought and salt stresses in
Arabidopsis thaliana and Brassica campestris. Plant Physiol. Biochem. 148, 359-367.
doi: 10.1016/j.plaphy.2020.01.032

Xing, Y., Dao, J., Chen, M., Chen, C,, Li, B., and Wang, Z. (2023). Multi-omics reveals
the sugarcane rhizosphere soil metabolism-microbiota interactions affected by drought
stress. Appl. Soil Ecol. 190, 104994. doi: 10.1016/j.apsoil.2023.104994

Xu, S., Wang, J., Shang, H., Huang, Y., Yao, W., Chen, B., et al. (2018).
Transcriptomic characterization and potential marker development of contrasting
sugarcane cultivars. Sci. Rep. 8, 1683. doi: 10.1038/s41598-018-19832-x

Yandigeri, M. S., Meena, K. K., Singh, D., Malviya, N., Singh, D. P., Solanki, M. K.,
et al. (2012). Drought-tolerant endophytic actinobacteria promote growth of wheat
(Triticum aestivum) under water stress conditions. Plant Growth Regul. 68, 411-420.
doi: 10.1007/s10725-012-9730-2

Yang, B, Wen, H., Wang, S., Zhang, J., Wang, Y., Zhang, T., et al. (2024). Enhancing
drought resistance and yield of wheat through inoculation with Streptomyces pactum
Actl2 in drought field environments. Agronomy 14, 16. doi: 10.3390/
agronomy14040692

Zhalnina, K., Louie, K. B., Hao, Z., Mansoori, N., Da Rocha, U. N,, Shi, S., et al.
(2018). Dynamic root exudate chemistry and microbial substrate preferences drive
patterns in rhizosphere microbial community assembly. Nat. Microbiol. 3, 470-480.
doi: 10.1038/s41564-018-0129-3

Zhang, J., Zhang, H., Luo, S., Ye, L., Wang, C., Wang, X, et al. (2024). Analysis and
functional prediction of core bacteria in the Arabidopsis rhizosphere microbiome under
drought stress. Microorganisms 12. doi: 10.3390/microorganisms12040790

Zhang, H., Zhu, J., Gong, Z., and Zhu, J.-K. (2022). Abiotic stress responses in plants.
Nat. Rev. Genet. 23, 104-119. doi: 10.1038/541576-021-00413-0

Zhao, X,, Jiang, Y., Liu, Q., Yang, H., Wang, Z., and Zhang, M. (2020). Effects of
drought-tolerant Ea-DREB2B transgenic sugarcane on bacterial communities in soil.
Front. Microbiol. 11, 704. doi: 10.3389/fmicb.2020.00704

Zhao, M., Zhao, J., Yuan, J., Hale, L., Wen, T., Huang, Q,, et al. (2021). Root exudates
drive soil-microbe-nutrient feedbacks in response to plant growth. Plant Cell Environ.
44, 613-628. doi: 10.1111/pce.13928

Zheng, W., Zeng, S., Bais, H., LaManna, J. M., Hussey, D. S., Jacobson, D. L., et al.
(2018). Plant growth-promoting rhizobacteria (PGPR) reduce evaporation and increase
soil water retention. Water Resour. Res. 54, 3673-3687. doi: 10.1029/2018 WR022656

Zhu, B, Chen, Z., Hu, H., Andrei, A.-S., and Li, Y. (2024). Greenhouse gas emissions
and mitigation: microbes, mechanisms and modeling. Front. Microbiol. 15, 1363814.
doi: 10.3389/978-2-8325-4967-4

Zuluaga, D. L., and Sonnante, G. (2019). The use of nitrogen and its regulation in
cereals: Structural genes, transcription factors, and the role of miRNAs. Plants 8, 294.
doi: 10.3390/plants8080294

frontiersin.org


https://doi.org/10.1016/j.plaphy.2019.06.029
https://doi.org/10.1016/j.plaphy.2019.06.029
https://doi.org/10.1038/s41598-018-36777-3
https://doi.org/10.1038/s41598-018-36777-3
https://doi.org/10.1016/j.scitotenv.2020.138439
https://doi.org/10.1016/j.scitotenv.2020.138439
https://doi.org/10.5772/intechopen.72436
https://doi.org/10.1016/j.heliyon.2024.e25596
https://doi.org/10.1080/00103624.2016.1216561
https://doi.org/10.1007/s13205-021-03091-1
https://doi.org/10.1007/s13205-021-03091-1
https://doi.org/10.1111/nph.v234.6
https://doi.org/10.1111/nph.v230.6
https://doi.org/10.1080/17429145.2010.535178
https://doi.org/10.1016/j.plaphy.2016.03.014
https://doi.org/10.1016/j.plaphy.2016.03.014
https://doi.org/10.1371/journal.pone.0114744
https://doi.org/10.3390/molecules21050573
https://doi.org/10.1093/femsec/fiw119
https://doi.org/10.1093/femsec/fiw119
https://doi.org/10.3390/ijms19040952
https://doi.org/10.1016/j.micres.2015.12.003
https://doi.org/10.17957/ijab/15.0554
https://doi.org/10.13560/j.cnki.biotech.bull.1985.2022-0753
https://doi.org/10.1038/s41396-023-01384-2
https://doi.org/10.1016/j.micres.2023.127509
https://doi.org/10.1016/j.micres.2023.127509
https://doi.org/10.3389/fmicb.2018.03262
https://doi.org/10.3389/fpls.2022.1002772
https://doi.org/10.3389/fpls.2022.1002772
https://doi.org/10.4014/jmb.2003.03034
https://doi.org/10.1007/s00374-013-0878-3
https://doi.org/10.1111/nph.v225.5
https://doi.org/10.1111/nph.v225.5
https://doi.org/10.1016/j.plaphy.2020.01.032
https://doi.org/10.1016/j.apsoil.2023.104994
https://doi.org/10.1038/s41598-018-19832-x
https://doi.org/10.1007/s10725-012-9730-2
https://doi.org/10.3390/agronomy14040692
https://doi.org/10.3390/agronomy14040692
https://doi.org/10.1038/s41564-018-0129-3
https://doi.org/10.3390/microorganisms12040790
https://doi.org/10.1038/s41576-021-00413-0
https://doi.org/10.3389/fmicb.2020.00704
https://doi.org/10.1111/pce.13928
https://doi.org/10.1029/2018WR022656
https://doi.org/10.3389/978-2-8325-4967-4
https://doi.org/10.3390/plants8080294
https://doi.org/10.3389/fpls.2024.1471044
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Enhancing sugarcane’s drought resilience: the influence of Streptomycetales and Rhizobiales
	1 Introduction
	2 Rhizosphere environmental changes and adaptive responses of bacterial communities in sugarcane under the influence of drought
	2.1 Rhizosphere soil nutrient changes
	2.2 Rhizosphere soil metabolite composition

	3 Changes in the rhizosphere bacterial community of sugarcane under drought stress
	3.1 Influencing factors and adaptability of sugarcane rhizosphere bacterial community diversity
	3.2 Effect of Streptomycetales on the drought performance of sugarcane
	3.3 Effect of Rhizobiales on the drought performance of sugarcane
	3.4 Effect of other rhizosphere bacteria on drought performance of sugarcane

	4 Conclusions
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


