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Drought and salt stress
mitigation in crop plants using
stress-tolerant auxin-producing
endophytic bacteria: a futuristic
approach towards
sustainable agriculture
Sadananda Mal and Shweta Panchal*

School of Biosciences and Technology, Vellore Institute of Technology, Vellore, India
Abiotic stresses, especially drought stress and salt stress in crop plants are

accelerating due to climate change. The combined impact of drought and salt

is anticipated to lead to the loss of up to 50% of arable land globally, resulting in

diminished growth and substantial yield losses threatening food security.

Addressing the challenges, agriculture through sustainable practices emerges

as a potential solution to achieve Zero Hunger, one of the sustainable

development goals set by the IUCN. Plants deploy a myriad of mechanisms to

effectively address drought and salt stress with phytohormones playing pivotal

roles as crucial signaling molecules for stress tolerance. The phytohormone

auxin, particularly indole acetic acid (IAA) emerges as a paramount regulator

integral to numerous aspects of plant growth and development. During both

drought and salt stress conditions, auxin plays crucial roles for tolerance, but

stress-induced processes lead to decreased levels of endogenous free auxin in

the plant, leading to an urgent need for auxin production. With an aim to

augment this auxin deficiency, several researchers have extensively

investigated auxin production, particularly IAA by plant-associated

microorganisms, including endophytic bacteria. These endophytic bacteria

have been introduced into various crop plants subjected to drought or salt

stress and potential isolates promoting plant growth have been identified.

However, post-identification, essential studies on translational research to

advance these potential isolates from the laboratory to the field are lacking.

This review aims to offer an overview of stress tolerant auxin-producing

endophytic bacterial isolates while identifying research gaps that need to be

fulfilled to utilize this knowledge for the formulation of crop-specific and stress-

specific endophyte bioinoculants for the plant to cope with auxin imbalance

occurring during these stress conditions.
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1 Introduction

In the last few decades, the evidence of climate change due to

harsh human activities has threatened global biodiversity, especially

of plants because of their sessile nature (Penuelas et al., 2002;

Rosbakh et al., 2017; Anthelme et al., 2021; Vecerova et al., 2022).

Plants depend only on internal mechanisms to withstand stress and

modifications in their external surroundings (Esmon et al., 2005;

Knudsen et al., 2018). Plants encounter two primary forms of stress:

biotic, caused by various pathogenic bacteria, fungi, nematodes,

oomycetes, and herbivores, and abiotic, arising from factors like

salinity, drought, radiation, heavy metals, and extreme

temperatures (Gull et al., 2019). Among these, drought, and salt

stress have affected almost 2000 million hectares of land globally

(Beltagy and Madkour, 2012). Drought alone has an impact on 45%

of the global agricultural land, and 19.5% of irrigated agricultural

areas are classified as saline (Abdelraheem et al., 2019).

Consequently, crop production is hindered on a global scale,

posing a threat to global food security (Fahad et al., 2017).

According to the Food and Agriculture Organization (FAO), over

870 million people worldwide are affected by food insecurity,

hindering progress towards achieving “Zero Hunger”, one of the

17 Sustainable Development Goals outlined by the International

Union for Conservation of Nature (IUCN) to be achieved by 2030

(FAO et al., 2022).

During drought and salt stress, plants experience water scarcity,

ion toxicity, phytohormone imbalances, and increased production

of reactive oxygen species (ROS), leading to considerable decreases

in crop growth rate and the accumulation of biomass (Das and

Roychoudhury, 2014). Plants deploy a myriad of mechanisms,

encompassing osmotic adjustment, antioxidant defense, stomatal

regulation, root system modification, transcriptional regulation,

and phytohormone regulation, to effectively address stress.

Phytohormones play pivotal roles serving as crucial signaling

molecules for stress tolerance by activating multiple signaling

pathways. Auxin, gibberellin (GA), cytokinin, ethylene, jasmonic

acid (JA), and salicylic acid (SA) constitute the primary

phytohormones crucial for regulating diverse biochemical and

physiological processes governing plant growth and stress

response (Abobatta, 2020; Sabagh et al., 2022). Auxin plays

crucial roles during stress like improving root architecture by

increasing lateral root number, expression of stress-related genes,

metabolic homeostasis, and ROS detoxification (Shi et al., 2014).

However, during both drought and salt stress, plants exhibit

diminished auxin levels and reduced expression of auxin

transporters which results in a disruption of auxin transport and

distribution, leading to lowered stress tolerance (Park et al., 2007;

Sun et al., 2008; Du et al., 2012; Liu et al., 2015). Crops can acquire

supplementary auxin through various alternative methods. While

the application of synthetic auxins is a prevalent practice, it comes

with several drawbacks. These compounds exhibit high toxicity and

are irritating to the eyes, skin, and respiratory system of farmers.

Furthermore, their use can lead to unregulated or irregular plant

growth tendencies, such as epinasty (Bhojwani, 2012; Keswani et al.,

2020) Another alternative approach involves the contribution of

plant-associated beneficial microorganisms, which have been
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reported to augment auxin levels in plants (Arshad and

Frankenberger, 1991; Nassar et al., 2005; Tsavkelova et al., 2007;

Shi et al., 2009; Keswani et al., 2020; Iqbal et al., 2023). Endophytic

bacteria have been documented to promote plant growth in various

crops including rice (Walitang et al., 2017), wheat (Yandigeri et al.,

2012; Patel and Archana, 2017), maize (Riggs et al., 2001), potato

(Nowak et al., 1995; Pavlo et al., 2011), cucumber (El-Tarabily et al.,

2009; Shaalan et al., 2021), cotton (Bashan et al., 1989; Mohamad

et al., 2022; Verma et al., 2022), tomato (Pillay and Nowak, 1997;

Agarwal et al., 2020).

Endophytic bacterial diversity has been documented across

numerous plant species with the Proteobacteria phylum being the

most diverse and predominant (Santoyo et al., 2016; Afzal et al.,

2019). The bacterial genera most frequently isolated include

Bacillus, Microbacterium, Pantoea, Burkholderia, Micrococcus and

Stenotrophomonas, with Pseudomonas and Bacillus being the

prominent ones (Hallmann et al., 1997; Chaturvedi et al., 2016;

Afzal et al., 2019).

Endophytes have been isolated from various tissues of the plant,

with roots harboring the maximum number owing to their

proximity to a microbe-rich soil environment (Figure 1A). Root

rhizodermis cells produce a variety of metabolites, including sugars,

purines, amino acids, inorganic ions, and vitamins while root cap

cells produce polysaccharide mucilage, facilitating their selective

entry into the plant interior (Quadt-Hallmann et al., 1997; Dakora

and Phillips, 2002; Bulgarelli et al., 2013; Frank et al., 2017).

Endophytes gain access to aerial tissues such as flowers, fruit,

stems, and leaves through natural openings like stomata as well as

via accidental wounds (Frank et al., 2017; Synek et al., 2021).

Endophytes can be vertically transferred through seeds and pollen

to the next generation and horizontally transferred by colonizing

root and aerial tissues. Recent literature establishes the role of the

plant microbiome, especially endophytic bacteria in boosting plant

growth, and one of the mechanisms is by elevating auxin levels

within plants in response to stress (Kushwaha et al., 2020; Siddique

et al., 2022; Kaur and Karnwal, 2023).

This review aims to provide a comprehensive outlook on

involvement of auxin in drought and salinity stress, focusing on

the disruptions in auxin biosynthesis, transport, and signaling

under these conditions. To address these imbalances, potential

stress-tolerant endophytic bacteria capable of producing auxin are

highlighted. However, translation of this knowledge is currently

lacking due to certain limitations. Efforts to create crop-specific and

stress-specific bioformulations are minimal. In this review, we try to

outline a roadmap to drive these results into potentially useful

products. We will discuss the efficient use of these bacterial isolates

in the formulation of bioinoculants and how technological

advancements in research can further enhance this approach

towards sustainable agriculture.
2 Methodology

For this review, articles were sourced from the electronic

databases Scopus, Web of Science, and Google Scholar. The

search encompassed the entire span of these databases’ archives
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up to February 2024, followed by a comprehensive screening that

involved manually reading the title and abstract of the

retrieved literature.

The search for relevant articles was conducted using the

following keywords: plant stress, auxin, drought stress, salt stress,

endophytic bacteria, stress tolerance, plant growth promotion,

bioinoculants, sustainable agriculture, nanotechnology, and

nanoparticles. These terms were strategically combined using the

Boolean operators “AND” and “OR” to refine the search scope to

the topic of interest.

Only studies that evaluate auxin production and plant growth

promotion capabilities of endophytic bacteria under conditions of

drought and salt stress are included. Research focused on stress

mitigation strategies of endophytic bacteria, rather than auxin

production, and studies published in non-indexed journals

are excluded.
3 Auxin in plants

Indole-3-acetic acid (IAA), Indole-3-butyric acid (IBA), 4-

chloroindole-3-acetic acid (4-Cl-IAA), and phenylacetic acid

(PAA) are produced within plants, making them exclusive auxins

categorized as “endogenous auxins” (Went and Thimann, 1937;

Koepfli et al., 1938; Porter and Thimann, 1965). Furthermore,

synthetic auxins remain pivotal as herbicides, with compounds

such as 2,4- dichlorophenoxyacetic acid being widely utilized
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worldwide. The regulation of growth and development mediated

by auxin involves multiple processes, including its biosynthesis,

transport, perception, signaling, and conjugation, all working in

concert to coordinate the plant’s response. The process of auxin

biosynthesis in plants is intricate and involves multiple pathways, as

depicted in Figure 1B. According to their physiological status,

different plants use different pathways but there are shared

fundamental mechanisms across plant species due to the critical

role of auxin in the plant life cycle (Mano and Nemoto, 2012).

Auxin transportation across plant cells involves a combination of

membrane diffusion and carrier-mediated transport mechanisms.

Figure 1B highlights some of the influx and efflux carrier proteins

involved in this process (Kramer and Bennett, 2006). Auxin can

move both basipetally and acropetally from one part of the plant to

another with the assistance of these carrier proteins (Figure 1B)

(Blakeslee et al., 2005). Auxin is perceived by a cytosolic receptor

known as TIR1, initiating a complex signaling cascade as depicted

in Figure 1C leading to the regulation of auxin-responsive genes.

Among the natural auxins, IAA stands out as the primary auxin

in plants, playing a critical role in regulating many facets of plant

growth and development. IAA is involved in root development

initiating lateral root and adventitious root formation (Yu et al.,

2020), cell elongation (Cleland, 1987), gametophyte development

(Zhang and O’Neill, 1993), development of fruit (Pattison et al.,

2014), and tropisms (Muday, 2001). Endogenous auxin in plants

exists in both active and inactive forms, with the active forms

playing a crucial role in signaling and constituting the pool of
B

C

A

FIGURE 1

Endophytes of plants and auxin biosynthesis and signaling in plants. (A) The direction of polar auxin transport in plants and colonization of auxin-
producing endophytes within the plant are depicted, (B) The biosynthesis pathways for both endogenous plant auxin and auxin produced by
beneficial microbial associations, as well as the carriers responsible for auxin influx and efflux, are illustrated (C) Auxin signaling cascade in plants: 1.
when auxin is absent, AUX/IAA repressors bind Auxin Response Factors (ARFs) in the cytosol, 2. When auxin is present, AUX/IAA repressors are
degraded and ARFs move to the nucleus to activate auxin-responsive genes.
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endogenous free auxin. For instance, only approximately 25% of the

total quantity of IAA is present in its active form, while the majority

exists as inactive forms like ester and amide conjugates, which do

not actively participate in signaling (Ludwig-Müller, 2011). During

abiotic stresses, the formation of these conjugates increases, leading

to a decrease in the quantity of endogenous free auxin. To cope with

this reduction, plant-associated endophytes supply free auxin

during stress conditions, aiding plants in maintaining adequate

auxin levels. Several auxin biosynthesis pathways have been

identified in these plant growth-promoting endophytes

(Figure 1B, Sukumar et al., 2013; Jahn et al., 2021).
3.1 Auxin and drought stress

When plants are subjected to drought stress, it typically leads to

a notable decrease in the growth and yield of various crops. Auxin

plays critical roles in mitigating drought stress through various

mechanisms. In Arabidopsis, auxin upregulates antioxidant

enzymes including superoxide dismutase (SOD), peroxidase

(POD), catalase (CAT), and glutathione reductase (GR), and

helps in decreasing the reactive oxygen species generated due to

the stressful conditions. Auxin also upregulates different abiotic

stress-related gene expressions like RAB18, DREB2A, DREB2B,

RD22, RD29A, and RD29B and pointedly increases the formation

of lateral root and shortens the length of the primary root during

drought (Shi et al., 2014). A set of flavin monooxygenases known as

YUCCAs has been discovered in various plants. These enzymes play

a crucial role in tryptophan-dependent auxin biosynthesis by

catalyzing the conversion of tryptamine to N-hydroxy tryptamine

(Zhao et al., 2001). In Arabidopsis, YUC7 can augment endogenous

IAA levels and play several roles during drought stress. yuc7-1D

overexpression studies had confirmed that upregulation of YUC7

genes consequently upregulated drought resistance genes like

RD29A and COR15A and increased auxin levels had modified the

root system increasing lateral root numbers to tolerate the stress

(Lee et al., 2012). In potato, AtYUC6 overexpressed transgenic lines

reduced ROS content significantly and improved phenotypic

characters during drought conditions as compared to wild-type

plants conferring the involvement of auxin in drought tolerance

(Kim et al., 2013). In oilseed rape, BnaYUC6a overexpressing

transgenic lines produced a high amount of auxin and

consequently, drought-responsive genes including ABA2, RD26,

and RD29 expressed in high levels supporting auxin-mediated

drought tolerance (Hao et al., 2022). In poplar and potato plants,

the modulation of auxin levels has been achieved by regulating the

expression of YUCCA6 using both stress-inducible and constitutive

promoters. This manipulation led to increased auxin levels and

enhanced drought tolerance (Kim et al., 2013; Ke et al., 2015).

During drought conditions in rice, there is an upregulation in the

expression level of OsPIN3t, an auxin efflux carrier, indicating the

role of polar auxin transport (PAT) in stress response.

Consequently, it leads to the activation of drought-responsive

genes, namely OsAP37 and OsDREB2A (Zhang et al., 2012).

Multiple Gretchen Hagen 3 (GH3) family genes have been

identified in different plants, including crops, where they
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significantly influence amide-linked IAA conjugate formation.

GH3 enzymes add amino acid residues to free IAA molecules,

forming conjugates that reduce the pool of active auxin available for

signaling. Numerous studies have demonstrated that under drought

stress conditions, the expression of these genes is upregulated (Yuan

et al., 2013; Feng et al., 2015; Singh et al., 2015; Yao et al., 2023). For

instance, in Arabidopsis, an activation-tagged wes1-D dwarf mutant

exhibits a 44.6% reduction in free IAA levels, accompanied by a

621% increase in IAA-Asp conjugates under abiotic stress. The

mutant exhibits dwarf phenotypic traits due to a markedly low level

of free auxin. Additionally, its auxin-mediated lateral root

development is notably impacted, resulting in a reduced number

of lateral roots particularly under drought conditions. This

observation underscores the significance of free auxin in the

process of stress acclimatization. Further substantiating this,

the application of a modest quantity of exogenous IAA has

been demonstrated to augment the number of lateral roots

(Park et al., 2007). One potential reason for the upregulation of

GH3 genes could be the elevated levels of abscisic acid (ABA)

during drought conditions (Mittler and Blumwald, 2015) and

exogenous ABA treatment also confirmed increased relative

expression of GH3 genes (Park et al., 2007; Seo et al., 2009). The

ABA signal transduction pathway interacts with auxin signaling,

potentially suppressing auxin responses. Lowering auxin levels and

hindering its signaling are anticipated to reduce growth rates in

poplar plants (Popko et al., 2010). Under drought stress in rice, the

expression of six OsYUCCA genes, and tryptophan biosynthesis

anthranilate synthase genes were downregulated. Conversely, genes

related to jasmonic acid (JA) biosynthesis were found to be

upregulated in these conditions (Du et al., 2013). JA may act

antagonistically to suppress the biosynthesis of IAA but this

needs further investigation. Hence, when faced with drought

stress, plants need an external source of auxin which can help the

plant in tolerating this stress.
3.2 Auxin and salt stress

Increased soil salinity elevates the levels of Na+ and Cl- within

plants, consequently raising the Na+/K+, which disrupts normal

ionic functions within plants (Singh et al., 2014). Many plants have

evolved various strategies to address these challenges including

phytohormonal signaling.

The IAOx pathway of auxin biosynthesis (Figure 1B) involves

P450 genes such as CYP79B2 and CYP79B3, which have been found

to positively contribute to salt tolerance. Elevated expression of these

specific genes promotes lateral root development in response to salt

stress (Julkowska et al., 2017). Auxin influx plays a crucial role in

proper plant development and is associated with responses to salt

stress (Mellor et al., 2016). Key transmembrane transporter proteins

facilitating auxin influx are AUX1 (Auxin Transporter Protein 1) and

LAX (Like Auxin Resistant). These proteins participate in various

processes, such as gravitropic responses and the emergence of lateral

roots (Swarup et al., 2008). LAX3 proteins have been associated with

the salt stress response, playing an active role in lateral root

development (Mellor et al., 2016). Moreover, overexpression of
frontiersin.org
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WRKY3 in Solanum lycopersicum results in elevated levels of LAX3

transcripts. Remarkably, enhanced resistance to salt stress is exhibited

by WRKY3 overexpression lines (Hichri et al., 2017). In response to

salt stress, the expression of the YUCCA genes is intricately regulated

(Korver et al., 2018). For example, when Cucumis sativus plants are

exposed to salt stress, there is a regulatory interplay among

CsYUC10a, CsYUC10b, and CsYUC11 genes. Under 100 mM salt

stress, CsYUC10b experiences an increase in expression, whereas

CsYUC10a and CsYUC11 exhibit notable downregulation. This

opposing regulation is reinforced by a complementary expression

observed in specific tissues. Together, these observations indicate that

this opposing mechanism serves to establish a buffering system for

endogenous auxin production in cucumber during the stress

conditions. Furthermore, studies have confirmed that the

overexpression of CsYUC11 leads to higher concentrations of free

IAA and enhances the salt tolerance mechanisms in transgenic

Arabidopsis plants (Yan et al., 2016). The function of auxin

receptors has been extensively investigated in salt stress-related

conditions (Julkowska et al., 2017; Bouzroud et al., 2018). IAA

regulates gene expression by directly interacting with TIR/AFB

receptors, leading to the SCF E3-ubiquitin ligase-mediated

proteasomal degradation of Aux/IAA transcriptional repressor

proteins (Figure 1C, Gray et al., 2001). TIR/AFB receptors are

actively involved in plant’s response to salt stress. In Arabidopsis, a

miR393-resistant variant of TIR1 (mTIR1) overexpression leads to

enhanced salt tolerance. miR393, which targets TIR1 and AFB2

receptors for degradation is shown to increase in NaCl-induced salt

stress. This degradation leads to the downregulation of auxin

signaling and consequent repression of Auxin Response factor

(ARF) genes (Figure 1C). However, the heightened expression of

mTIR1 augments auxin signaling and bolsters plant resistance to salt

stress by enhancing osmoregulation and augmenting Na+ exclusion

mechanisms (Chen et al., 2015). ARF transcription factors are key

players in the auxin signaling pathway as these interact with the

promoters of auxin-responsive genes (Lavy and Estelle, 2016). ARFs

have been identified as crucial elements in several responses of the

plants to abiotic stress (Wang et al., 2010; Hu et al., 2015). The role of

ARF proteins has been investigated in rice and sweet potato under

salt and drought stress. Overexpression of sweet potato IbMP/ARF in

Arabidopsis enhances auxin signaling under both drought and salt

stress (Kang et al., 2018). Genes like OsARF11 and OsARF15 in rice

are upregulated by several folds under salt stress conditions

implicating their role in this response (Jain and Khurana, 2009).

Furthermore, the transportation of auxin across cells within a plant

necessitates a well-coordinated auxin transport system. Among the

key protein efflux carriers facilitating polar auxin transport (PAT), the

PIN family proteins play a central role. However, the physiological

and biochemical alterations induced by salt stress adversely impact

PAT, posing a potential threat to the effective functioning of the auxin

transport network. Salt stress triggers an increase in phospholipase D

activity, leading to the localization of clathrin in the plasma

membrane. This, in turn, initiates clathrin-mediated endocytosis of

PIN2 proteins. Consequently, auxin redistribution occurs, causing the

root tip to bend away from areas with higher salt levels, known as

auxin-mediated halotropism (Galvan-Ampudia et al., 2013). The PIN

protein family, especially the plasma membrane-located proteins like
Frontiers in Plant Science 05
PIN1, PIN3, and PIN7, are essential for controlling auxin transport

and adapting to salt stress. Notably, under salt stress conditions, there

is a significant impairment in auxin transport, aligning with the

detrimental effects of salt stress on root development. During salt

stress, nitric oxide (NO) production is triggered which directs PIN1,

PIN3, and PIN7 downregulation in Arabidopsis. This decrease in

expression results in reduced auxin transport and subsequently

impacts auxin signaling (Liu et al., 2015). Free auxin levels are also

affected during salt stress. Notably, GH3 genes are activated during

salt stress (Korver et al., 2018). Collectively, these alterations lead to a

decrease in the endogenous free auxin levels, ultimately resulting in

diminished plant growth.

A brief overview of the impact of drought and salt stress on

plant growth through the involvement of auxin is depicted

in Figure 2.
4 Auxin-producing endophytes and
their potential use in drought and
salt tolerance

Several researchers have extensively investigated auxin

production, particularly IAA by plant-associated microorganisms,

including endophytic bacteria (Kuklinsky-Sobral et al., 2004;

Madhaiyan et al., 2004; Tsavkelova et al., 2007; Khan et al., 2014).

However, both drought stress and salt stress are limiting factors in

the growth of such organisms thus highlighting a need to find

stress-tolerant endophytes. A logical step would be to look for

plants that face such stresses regularly, namely xerophytic and

halophytic plants, and study their microbiome (Bokhari et al.,

2019; Rodrıǵuez-Llorente et al., 2019; ALKahtani et al., 2020;

Belaouni et al., 2022; Chebotar et al., 2022). Several researchers

have isolated numerous auxin-producing stress-tolerant endophytic

bacteria from such plants. These bacteria were further introduced

into various crop plants subjecting them to diverse stress

conditions. Promising bacterial isolates with the potential to

promote plant-growth parameters like auxin quantity, seed

germination, and root and shoot length have been identified

(Govindasamy et al., 2022; Hwang et al., 2022).
4.1 Drought stress mitigation using auxin-
producing endophytic bacteria

Drought stress causes a decrease in auxin concentration in

plants, necessitating an increased supply to alleviate the stress and

sustain growth. Several research groups have investigated auxin-

producing drought-tolerant endophytic bacteria, and upcoming

discussions will delve into recent research findings in detail

(Table 1). Opuntia ficus-indica, a desert plant, has been identified

as a valuable source of multiple drought-tolerant auxin-producing

endophytic bacteria, having several plant growth-promoting

characteristics. Among the several Streptomyces species isolated, S.

rameus VL-70-PIII demonstrated the highest auxin production,

reaching a peak of 200.82 µg/ml in a medium supplemented with

100 mg/ml L-tryptophan after a 5-day period. Upon inoculating
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TABLE 1 Auxin-producing endophytic bacteria, along with their sources and applications in promoting plant growth and alleviating drought stress.

Sr.
No.

Endophytic
Bacteria

Source plant Plant part used
for isolation

of endophytes

Inoculated
plant

Plant response Reference

1 Streptomyces
turius VL-70-IX

Opuntia ficus-indica Roots Triticum aestivum
(cultivar-
nethravati)

Increase in rootlet numbers, root length,
shoot length and total seedling length

(Govindasamy
et al., 2022)

2 S. levis VL-70-XII

3 S. mutabilis
HV-18

4 S. mutabilis
HV-VIII

5 S. rameus VL-
70-PIII

6 Micrococcus
luteus strain 4.43

Helianthus tuberosus Leaf and stem Helianthus
tuberosus

Improved plant height, total fresh weight
and dry weight, root length and diameter,
and harvest index

(Namwongsa
et al., 2019)

7 Bacillus
aquimaris 3.13

8 B. sp. 5.2

9 B.
methylotrophicus
5.18

10 Staphylococcus
sp. Ceb1

Curcuma longa Rhizome Vigna unguiculata Increased root length and number, and
shoot length

(Jayakumar
et al., 2020a)

11 Shewanella
putrefaciens
strain MCL-1

Pennisetum glaucum,
Brassica nigra,
Cyamopsis tetragonoloba

Pennisetum
glaucum (variety
Pusa
Composite-443)

Improved seed germination percentage,
plumule length, radicle length, and fresh
weight.
Upregulation of drought-responsive
SbNAC1, PgAP2 and PgDREB2A genes

(Manjunatha
et al., 2017,
Manjunatha
et al., 2022)

12 Cronobacter
dublinensis strain
MKS-1

13 Bacillus sp. Acb9 Ananas comosus Leaf Vigna radiata Increased shoot length, root length, and
root numbers

(Jayakumar
et al., 2020b)

14

(Continued)
F
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FIGURE 2

Impact of drought and salinity stress on various aspects of auxin signaling, and its consequences on gene expression and physiology. Arrows next to
the text indicate increase (↑) or decrease (↓).
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these strains to wheat seeds and keeping in drought conditions, S.

turius VL-70-IX treatment led to a maximum increase in rootlet

count. Furthermore, the co-inoculation of S. levis VL-70-XII and S.

turius VL-70-IX resulted in the maximum increase in root length,

while S. mutabilis HV-VIII showed the highest increase in shoot

length (Govindasamy et al., 2022). In a separate study, an

endophytic bacterium, Pantoea alhagi, isolated from Camelthorn

plant Alhagi sparsifolia, exhibited drought-tolerant traits, thriving

in media supplemented with 20% PEG and producing up to 17.73

µg/mL of IAA. When introduced to drought-stressed wheat

seedlings, this strain effectively enhanced various plant growth

parameters, including fresh weight, chlorophyll content, and

soluble sugar content significantly (Chen et al., 2017). In a

different study, three drought-tolerant actinobacteria from the

roots of five distinct plant species (Table 1) significantly boosted

growth and yield in another wheat cultivar, WR-544, by several

folds. Instead of single isolate inoculation, co-inoculation with

Streptomyces olivaceus and S. geysiriensis demonstrated maximum

enhancement in growth and yield properties in drought-stressed

wheat fields (Yandigeri et al., 2012).

The microbiome of medicinal plants has also been explored to

identify drought-tolerant endophytic bacteria. For example, the

rhizome of Curcuma longa harbored Staphylococcus sp. Ceb1, an
Frontiers in Plant Science 07
endophyte capable of producing auxin along with other

characteristics promoting plant growth. Surface-sterilized Vigna

unguiculata seeds were germinated, treated with Ceb1, and then

subjected to drought stress by withholding water for three weeks,

after which water was resumed for one day before determining

plant growth parameters. Compared to the control, there was an

increase of 87.5% in root number, 208.4% in root length, and

55.54% in shoot length (Jayakumar et al., 2020a).

Researchers have explored the method of isolating stress-

tolerant endophytes from crops and reintroducing them back into

the same crops to enhance the uptake of these endophytes within

the plant body, resulting in improved outcomes. These studies

highlight the potential of native endophytes in stress tolerance.

Manjunatha et al. (2017), isolated Shewanella putrefaciens MCL-1

and Cronobacter dubliensisMKS-1 from mustard, cluster bean, and

pearl millet. Both MCL-1 and MKS-1 demonstrated the ability to

promote growth. Following soaking in endophyte broth cultures for

one hour, the sterilized seeds were placed on agar petri plates

supplemented with 20% PEG for germination. Three days later,

treatment with MCL-1 resulted in a 16.6% increase in plumule

length, 9.02% increase in radicle length, and a 16.88% increase in

fresh weight, while MKS-1 treatment led to an 18.8% increase in

plumule length, 24% increase in radicle length, and a 21.63%
TABLE 1 Continued

Sr.
No.

Endophytic
Bacteria

Source plant Plant part used
for isolation

of endophytes

Inoculated
plant

Plant response Reference

Providencia
sp. Acb11

15 Staphylococcus
sp. Acb12

16 Staphylococcus
sp. Acb13

17 Staphylococcus
sp. Acb14

18 Acinetobacter
pittii

Sorghum bicolor Root Sorghum bicolor
(variety CO 30
and K 30)

Increase in seed germination percentage (Umapathi
et al., 2022)

19 Pseudacidovorax
intermedius

20 Exiguobacterium
sp. Sch36

Sporobolus speccatus,
Cyperus laevigatus

Root, Stem and Leaves – (Enquahone
et al., 2022)

21 Exiguobacterium
sp. Rch312

22 Alishewanella
sp. Rch14

23 Pantoea alhagi Alhagi sparsifolia Whole plant Triticum aestivum
(cultivar Yumai
49-198)

Improvement in root and shoot length,
plant fresh weight, and chlorophyll, MDA,
and soluble sugar content in leaves

(Chen
et al., 2017)

24 Streptomyces
coelicolor DE07

Aerva tomentosa,
Acacia nilotica,
Leptadenia pyrotechnica,
Calligonum polygonides,
Pennisetum glaucum

Roots Triticum aestivum
(cultivar WR-544)

Increased root and shoot length, tiller
numbers, fresh and dry weight of root and
shoot, and yield

(Yandigeri
et al., 2012)

25 S. olivaceus DE10

26 S.
geysiriensis DE27
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increase in fresh weight (Manjunatha et al., 2017). Further

investigations conducted by the same research group affirmed

that under severe drought stress conditions, endophyte-inoculated

pearl millet plants treated with MCL-1 and MKS-1 demonstrated

the ability to elevate auxin levels in pearl millet, resulting in a

significant 68%–78% increase in IAA content, compared to

uninoculated controls. Moreover, they noted a substantial

upregulation, by several folds, of various stress-responsive genes

such as SbSNAC1, PgDREB2A, and PgAP2 under severe drought

conditions in comparison to the endophyte-uninoculated control

(Manjunatha et al., 2022). Eventually, the upregulation of these

defense genes is the major target for auxin-mediated defense

response against abiotic stresses as discussed in earlier sections. In

another study, Micrococcus luteus 4.43, Bacillus aquimaris 3.13,

Bacillus sp. 5.2, and B. methylotrophicus 5.18, isolated from

Helianthus tuberosus, exhibited the ability to produce auxin while

promoting the growth of H. tuberosus from planting to harvesting

stages under water-stressed conditions. Among these strains, M.

luteus produced the highest amount of IAA. Strains 4.43 and 3.13

notably enhanced fresh shoot weight and plant height, respectively,

when plants received only 1/3 of their water requirement at 140

days. Strain 3.13 also increased shoot and root dry weight

significantly under conditions of reduced water, both at 140 days

(using only 2/3 of water) and at 60 days (using only 1/3 of water).

Additionally, Strain 4.43 exhibited the greatest improvement in

yield under conditions of limited water supply, specifically

when only 1/3 of the water requirement was provided

(Namwongsa et al., 2019). In a separate study, Umapathi et al.

(2022), discovered that endophytic bacteria associated with

sorghum roots have the ability to produce IAA and GA, while

also enhancing various plant growth parameters under drought

stress conditions. Particularly, Pseudacidovorax intermedius

demonstrated the highest production of under -1 MPa PEG 6000

stress (Umapathi et al., 2022).

Economically significant plants like Ananas comosus have been

utilized for isolating potent endophytic bacteria. Among the five

isolated strains, Providencia sp. Acb11 exhibited the highest auxin

production of 100 µg/ml under PEG (-1.5 MPa) conditions.

Whereas, Bacillus sp. Acb9 produced 55 µg/mL IAA and

Staphylococcus sp. Acb13 produced 10 µg/mL IAA under the

same conditions. All strains contributed to the promotion of

plant growth in Vigna radiata seedlings. Bacillus sp. Acb9 notably

increased shoot length and root length by 34.8% and 153%,

respectively. Additionally, Staphylococcus sp. Acb13 significantly

enhanced the maximum root number by 160% compared to the

control (Jayakumar et al., 2020b).
4.2 Salt stress mitigation using auxin-
producing endophytic bacteria

Numerous studies suggest the involvement of endophytes that

produce auxin in the tolerance to salt stress conditions (Table 2).

Many such endophytes were isolated from halophytes. In one such

study conducted by Hwang et al. (2022), Priestia megaterium Strain

BP-R2 was isolated from the halophytic plant Bolboschoenus
Frontiers in Plant Science 08
planiculmis . The bacterium was capable of producing

approximately 25 µg/mL of IAA in NaCl concentrations ranging

from 0.5 to 3.0% over a period of 48 hours. When inoculated in

Arabidopsis thaliana (ecotype Columbia) plants under 250 mM

NaCl conditions, it led to more than a 1.5-fold increase in leaf

numbers, rosette diameter, fresh weight, and dry weight compared

to control plants. Similarly, inoculation of the bacteria in Brassica

rapa (pak choi) plants under 200 mM NaCl conditions resulted in a

significant increase in plant height, width, leaf numbers, total leaf

area, leaf length, width, and area per leaf, as well as root fresh

weight, dry weight, and length as compared to control plants

(Hwang et al., 2022). In another study, Bacillus cereus KP120,

isolated from the halophytic plant Kosteletzkya pentacarpos

produced significant amount of IAA after 15 minutes in LB

medium supplemented with Tryptophan. When inoculated in

Arabidopsis seedlings under 200 mM NaCl concentration, KP120

increased the IAA concentration by 35.83% in roots and 8.41% in

leaves compared to control plants. Additionally, plant height,

branch number, leaf number and root lengths increased by

182.24%, 53.84%, 14.28%, and 14.40% respectively as compared

to the control group (Zhang et al., 2022). In another study, Khan

et al. (2020), selected six bacterial endophytes from the root tissues

of Oenothera biennis L., Chenopodium ficifolium Smith, Artemisia

princeps Pamp, Echinochloa crus-galli (L.). Among these,

Enterobactor ludwigii and Curtobacterium luteum produced 2.7

µg/mL IAA, whereas Enterobacter tabaci, Bacillus cereus,

Micrococcus yunnanensis, and Micrococcus curtobacterium

oceanosedimentum produced IAA in 1.1 to 1.6 µg/mL range. All

the six strains of bacteria were tested for their effect on rice plants

growing under 150 mM NaCl by inoculating the roots. M.

yunnanensis increased shoot length by a maximum of 22.9%, M.

yunnanensis and C. luteum increased root length by a maximum of

40%, M. yunnanensis increased fresh weight by a maximum of

25.7% and C. oceanosedimentum increased dry weight by a

maximum of 29.1% and chlorophyll content by 52.1% in

comparison to control (Khan et al., 2020). The shoot-associated

endophyte, Stenotrophomonas pavanii, isolated from the halophyte

Seidlitzia rosmarinus could produce a maximum of 20.5 µg/ml IAA

when tryptophan was added to the media. Out of total 17

endophytes, 11 endophytes were capable of producing IAA and

among them 10 were capable of promoting growth in cress-lettuce.

Pseudomonas fluorescens showed the maximum increase in seed

germination percentage, root growth, and shoot growth by 9%,

16.6%, and 11.7%, respectively under 100mM NaCl stress (Shurigin

et al., 2020). In a separate study, Oceanobacillus sp.76, Bacillus sp. 7,

andMicrococcus luteus 14 were isolated from Cressa cretica, Salsola

yazdiana and Salsola tomentosa, respectively. These strains

demonstrated the ability to germinate seeds of Triticum aestivum

cv. Homa and T. aestivum cv. Mihan up to 91.66%, while control

seeds failed to germinate under 300 mM NaCl stress. Furthermore,

they significantly increased seedling, root, and shoot length

in both wheat varieties under NaCl treatment up to 300 mM

(Soltani et al., 2024). In their study, Zhao et al. (2016),

investigated the effects of endophytes, associated with the

halophytic plant Salicornia europiea in promoting the growth of

S. europiea under salinity stress up to 500 mM. The auxin
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TABLE 2 Auxin-producing endophytic bacteria, along with their sources and applications in promoting plant growth and alleviating salt stress.

Sr.
No.

Endophytic
Bacteria

Source
plant

Plant part
used for

isolation of
endophytes

Inoculated
plant

Plant response Reference

1 Priestia
megaterium

Bolboschoenus
planiculmis

Root Arabidopsis
thaliana,
Brassica rapa

Increased fresh and dry weight, leaf numbers, total leaf
area and average plant height

(Hwang
et al., 2022)

2 Bacillus
cereus KP120

Kosteletzkya
pentacarpos

Arabidopsis
thaliana

Upregulation of several SAUR family genes, YUCCA
genes, ethylene synthesis, and signaling genes.
Improvement in fresh and dry weight of shoot and root,
plant height, root length, branch number and
leaf number

(Zhang
et al., 2022)

3 Curtobacterium
oceanosedimentum

Oenothera
biennis L.
Artemisia
princeps
Pamp.
Chenopodium
ficifolium
Smith.
Echinochloa
crus-galli
(L.) P.Beauv.

Root Oryza sativa Increased shoot and root length, fresh and dry weight,
and leaf chlorophyll content
Upregulation of OsYUCCA1 gene, and OsPIN1 gene

(Khan
et al., 2020)

4 C. luteum

5 Enterobactor
ludwigii

6 E. tabaci

7 Bacillus cereus

8 Micrococcus
yunnanensis

9 Kochuria palustris Seidlitzia
rosmarinus
Ehrenb.
ex Boiss

Root,
Shoot

Lepidium
sativum

Improved root and shoot length, and seed
germination percentage

(Shurigin
et al., 2020)

10 Staphylococcus
succinus

11 Staphylococcus
epidermis

12 Pseudomonas
baetica

13 Pseudomonas
fluorescens

14 Paenibacillus
amylolyticus

15 Stenotrophomonas
pavanii

16 Rothia terrae

17 Planomicrobium
koreense

181 Planomicrobium
soli

19 Oceanobacillus
sp. 76

Cressa cretica Root Triticum
aestivum

Increased seed germination percentage, seedling length,
and root and shoot length

(Soltani
et al., 2024)

20 Micrococcus
luteus 14

Salsola
tomentosa

Shoot

21 Bacillus sp. 7 Salsola
yazdiana

Root

22 Bacillus tequilensis Salicornia
europaea

Stem Salicornia
europaea

Improved seed germination, shoot and root length, and
fresh weight

(Zhao
et al., 2016)

23 Planococcus
rifietoensis

Stem

24 Variovorax
paradoxus

Root

(Continued)
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TABLE 2 Continued

Sr.
No.

Endophytic
Bacteria

Source
plant

Plant part
used for

isolation of
endophytes

Inoculated
plant

Plant response Reference

25 Streptomyces
heliomycini

Thymus roseus Gossypium
hirsutum
(variety
Yumian-1)

Increased shoot and root length, and root and shoot
fresh weight

(Mohamad
et al., 2022)

26 Nocardiopsis
dassonvillei

27 Alloactinosynnema
album

28 Bacillus subtilis Cicer
arietinum

Root Pisum sativum Improved shoot and root length, fresh and dry weight of
shoot and root, total pigment content, antioxidative
activity, macronutrient concentration, and
ethylene concentration

(Sofy
et al., 2021

29 Pseudomonas
fluorescens

30 Bacillus
halotolerans

Lilium davidii
(variety
Unicolor)

Root Lilium davidi
(variety
Bright
Diamond)

Improvement in plant height, leaf length, leaf width, root
length and root dry weight

(Gao
et al., 2022)

31 Sphingomonas
paucimobilis

Dendrobium
officinale

Root – – (Li et al., 2023)

32 Pseudomonas
pseudoalcaligenes

Suaeda nigra Root,
Aerial parts

– – (M. Sridevi
et al., 2022)

33 Bacillus
licheniformis

Vigna radiata Root,
Nodules

– – (Bhutani
et al., 2022)

34 Enterobacter
cloacae S23

Arachis
hypogaea
(variety VRI2)

Root nodules – – (Ramakrishnan
et al., 2023)

35 Streptomyces
pactum

Limonium
sinense

–

–

–

Root and Leaves

–

–

–

–

–

–

–

(Qin
et al., 2014)

36 Klebsiella
pneumoniae
subsp.
rhinoscleromatis

37 Serratia rubidea

38 Pseudomonas
brassicacearum
subsp.
brassicacearum

39 Pantoea hericii Limonium
vulgare

Root Vitis vinifera Increased in number of leaves, shoot length, dry weight of
shoot and root

(Navarro-Torre
et al., 2023)

40 Pantoea
anthophilla

Limonium
daveaui

41 Pantoea
agglomerans

42 Exiguobacterium
sp. Sch36

Sporobolus
speccatus,
Cyperus
laevigatus

Root, Stem
and Leaves

– – (Enquahone
et al., 2022)

43 Exiguobacterium
sp. Rch312

44 Alishewanella
sp. Rch14
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production capability of these endophytes was also assessed, and

Planococcus rifietoensis exhibited the highest production, reaching a

maximum of 1.2 µg/mL while tolerating up to 0.68 M NaCl

concentration (Zhao et al., 2016).

Li et al. (2023), found that the root-associated endophyte

Sphingomonas paucimobilis, isolated from medicinal herb,

Dendrobium officinale, produces indole-3-acetic acid (IAA)

through the indole acetamide (IAM), indole acetonitrile (IAN),

and indole pyruvate (IPA) pathways. Additionally, this strain

demonstrated tolerance to high levels of NaCl, up to 80 g/L (Li

et al., 2023). In another study, conducted by Mohamad et al. (2022)

three endophytic bacteria were screened from the medicinal plant,

Thymys roseus, demonstrating the capability to produce auxin and

tolerate up to 200 µM NaCl stress. Upon inoculation of these

bacteria into cotton plants, Streptomyces atrovirens exhibited the

greatest increase in root length and weight compared to the control,

while Alloactinosynne album caused the maximum increase in

shoot length and weight (Mohamad et al., 2022).

Numerous studies have shown the salt tolerance of various

endophytic species from the Pseudomonas and Bacillus genera. In a

study, Pseudomonas fluorescens and Bacillus subtilis, isolated from

the roots of leguminous plant Cicer arietinum, could produce 5.98

and 8.11 µg/ml of IAA, respectively. B. subtilis exhibited greater

potency, increasing shoot length, fresh weight of shoots, dry weight

of shoots, fresh weight of roots, and dry weight of roots by 46.52%,

48.69%, 119.17%, 109.52%, and 141.27%, respectively, compared to

the control in pea plants growing under 150 mM NaCl stress (Sofy

et al., 2021). In a separate study, Bacillus halotolerans, an endophyte

isolated from Lilium davidii var. unicolor, exhibited tolerance to up

to 6% NaCl addition in LB media, along with confirmed auxin

production ability. Upon inoculation in another Lilium variety,

bright diamond, it led to an increase in plant height, leaf length and

width, root length, and dry weight by 4%, 7.6%, 2.8%, 93.6%, and

138.7%, respectively (Gao et al., 2022). Multiple salt-tolerant and

auxin-producing endophytes have been identified in Limonium

sinense. Streptomyces pactum, isolated from L. sinense leaves,

produced a maximum of 8.24 mg/L of IAA and demonstrated

tolerance to 7% NaCl. It was also capable of increasing L. sinense

seed germination by 12% under 500 mM NaCl conditions in

comparison to the control (Qin et al., 2014). Utilizing microbial

consortia has shown promising results for enhancing halotolerance.

Pantoea hericii, Pantoea anthophilla, and Pantoea agglomerans

were isolated from various halotolerant Limonium sp. and P.

anthophilla produced a maximum of 11.78 mg/L IAA. These

three isolates were inoculated as a consortium into grapevine

plants under salt-stress conditions Consortium inoculated plants

displayed significant increase in leaf numbers and shoot length and

were able to withstand salt stress effectively. Additionally, after the

stress was removed, the recovery rate of the inoculated plants was

significantly higher compared to the control plants (Navarro-Torre

et al., 2023).

Further, multiple studies have been carried out focusing solely

on the isolation of auxin-producing salt-tolerant endophytic

bacteria. A study by Sridevi et al. (2022), isolated and reported a

novel endophyte, Pseudomonas pseudoalcaligenes from Suaeda

nigra. This strain was capable of producing 43 µg/ml IAA after
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48 hour incubation period and demonstrated tolerance to NaCl up

to 8% (M. Sridevi et al., 2022). Another endophyte, Bacillus

licheniformis, isolated from Vigna radiata, produced 27 µg/mL

IAA after 30 minutes incubation with tryptophan and exhibited

tolerance to a NaCl concentration of 15% (Bhutani et al., 2022). In

another study, Enterobacter cloacae, isolated from the root nodules

of groundnut was able to produce 0.37 µg/mL IAA under 7% NaCl

stress (Ramakrishnan et al., 2023). Whether this exhibition of salt

tolerance and IAA production observed in such studies proves to be

useful for plants, needs further investigation.
5 Conclusion and future perspective

Despite extensive research focusing on the isolation and

screening of potential endophytes through short-term experiments,

there is a notable gap in studies that span throughout the entire

cultivation cycle, from sowing to harvesting of the crops to observe

the effects of the potential isolates on stress alleviation and crop yield

improvement. In addition, subsequent steps post-identification using

the endophytes such as bioinoculant development, patenting, and

marketing are imperative to make these advancements available to

farmers for application in crop fields. Furthermore, it is crucial to

choose an appropriate carrier for endophyte protection and

stabilization during transportation and storage. Therefore,

comparative studies on formulations with various carriers should

be conducted to maximize the product’s effectiveness during use. To

address these challenges, a suggested roadmap is delineated to guide

translational research in ensuring global food security by developing

bioinoculants for sustainable agricultural practices in the face of a

rapidly changing climate (Figure 3).

A recent technological advancement in increasing agricultural

productivity is the use of nanoparticles, including inorganic and

organic nanomaterials. It has been reported that several

endophytic bacteria produce nanomaterials, which have been

demonstrated to help the plant endure abiotic stresses. Besides,

using nanomaterial for bioinoculant development may enhance its

effectiveness, bioavailability, and stability (Meena et al., 2021;

Adeleke et al., 2022). However, the use of nanoparticles in auxin

production by endophytes and auxin-mediated stress tolerance in

crops needs exploration. The application of phytohormones

directly using nanoparticles for plant growth promotion and

defense induction has been recently explored. Recent studies

have combined nanocarriers with hormones like SA, GA, JA,

ABA, and IAA for the promotion of plant growth properties

(Pereira et al., 2017; Clemente et al., 2018; Sun et al., 2018;

Kumaraswamy et al., 2019; Korpayev et al., 2021; Gonzalez-

Montfort et al., 2022; Wu et al., 2022). Future experiments that

analyze the effect of nanoparticles on auxin production by

endophytes and employ their use in the formulation of

bioinoculants will be beneficial. This will promote studies to

understand how these nanomaterials can modulate auxin

biosynthesis, transport, and signaling in endophytes and plants

under drought and salt stress conditions.

In conclusion, overall evidence suggests that the phytohormone

auxin plays several roles in tolerating drought and salt stresses, and
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stress-tolerant auxin-producing endophytes can be a good source of

supplemental auxin for stressed plants. This review extensively

discusses and highlights potential isolates that can be used for

bioinoculant development. Furthermore, the effectiveness of

bioinoculants must be validated through extensive field trials in

stress-affected fields before introducing the product to the market.

Additionally, raising awareness among farmers to transition from

conventional chemical products and using these bio-products is a

crucial step towards sustainable agriculture.
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