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Abstract 

Plants are in constant interaction with their surrounding environment and are strongly 

influenced by it. Climate change-driven alterations in environmental conditions are causing 

significant and often unavoidable reductions in plant growth and productivity. Therefore, 

developing strategies to support plant growth and maintain yield under adverse environmental 

conditions has become increasingly important. In this context, plant growth-promoting bacteria 

(PGPB) have emerged as a promising solution to enhance plant growth and development. 

Notably, the identification of PGPB and understanding the mechanisms they employ have 

become particularly important due to their potential to support the development of stress-

resilient plants. To gain insight into these interactions, this thesis focuses on elucidating the 

multi-layered mechanisms underlying the plant growth-promoting (PGP) activity of the root 

endophyte Pseudomonas argentinensis SA190.  
 

The first study investigated the PGP traits, biochemical characteristics and stress tolerance 

capacity of SA190. We then constructed a transposon library to identify the key microbial traits 

underlying the PGP activity of SA190. Our results showed that biofilm mutants, particularly 

disruption of the wspC, rpoE, and fliD genes, resulted in reduced stable attachment to 

Arabidopsis thaliana roots and impaired PGP activity under PEG-induced drought stress. 

Secondly, we optimized the RATE-PCR protocol for SA190 to identify the genomic locations 

of Tn5 insertions. Since transposon mutagenesis generates random insertions in the bacterial 

genome, identifying the insertion sites allowed us to improve our understanding of SA190 genes 

and link specific genes to PEG-stress tolerance.  
 

The final study examined the impact of SA190 on Arabidopsis thaliana metabolism, with a 

particular focus on sulfur metabolism. We found that SA190 modulates sulfur metabolism and 

enhances tolerance to PEG-induced drought stress by improving glutathione (GSH)-mediated 

redox homeostasis. Collectively, the studies presented in this thesis provide insights into the 

multi-layered mechanisms underlying plant growth promotion by SA190 under PEG-induced 

drought stress. These findings improve our understanding of plant-microbe interactions under 

stress conditions and highlight the potential application of beneficial microbes and their 

mechanisms for the development of stress-resilient plants. 
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Introduction 

Physiological and molecular mechanisms of drought stress adaptation in plants 
Drought is one of the major abiotic stresses that negatively affects plant growth and 

development (Zhou et al., 2007; Zinta et al., 2014). Ongoing climate change, particularly global 

warming, has altered precipitation patterns, increased temperatures, and enhanced evaporation 

rates, thereby reducing soil moisture retention and intensifying drought stress (Duchenne-

Moutien & Neetoo, 2021; Sánchez-Bermúdez et al., 2022; Sato et al., 2024). Consequently, 

crop yields decline with increasing drought severity, as plants undergo significant metabolic 

and physiological disruptions (Dietz et al., 2021; Qiao et al., 2024). Due to their sessile nature, 

plants cannot escape the adverse effects of drought stress (Zia et al., 2021). However, they have 

evolved a range of adaptive mechanisms to mitigate its impact (Fang & Xiong, 2015; Kooyers, 

2015; Zia et al., 2021). 
 

Drought stress severely influences water uptake and transport in plants (Aroca et al., 2012; Zia 

et al., 2021). Water uptake and transport in roots are mainly regulated by plasma membrane 

intrinsic proteins (PIPs) and tonoplast intrinsic proteins (TIPs) (Javot & Maurel, 2002; Li et al., 

2025). A reduction in soil water potential decreases water uptake by roots and modulates the 

expression of PIP and TIP genes (Aroca et al., 2012). This significant reduction in water uptake 

leads to a decline in cell turgor pressure, contributing to drought stress signaling (Zia et al., 

2021). These signals are subsequently transmitted from roots to shoots via hormonal pathways, 

particularly through abscisic acid (ABA) (Thompson et al., 2007; Zia et al., 2021). One of the 

earliest physiological responses is stomatal closure under drought conditions, primarily 

mediated by ABA, to maintain cellular water levels (Muhammad Aslam et al., 2022; Saradadevi 

et al., 2017; Thompson et al., 2007; Zia et al., 2021). While stomatal closure reduces water loss 

through transpiration, it simultaneously limits CO2 uptake, thereby impairing the 

photosynthetic machinery and reducing photosynthetic efficiency (Lu et al., 2020; Qiao et al., 

2024). 
 

In addition to these immediate responses, plants employ three major drought-response 

strategies such as drought escape, drought avoidance, and drought tolerance (Fang & Xiong, 

2015; Kooyers, 2015) (Figure 1). Drought escape involves acceleration of the life cycle, leading 

to early flowering and reproduction before the onset of severe stress (Kooyers, 2015; Shavrukov 

et al., 2017). Drought avoidance includes morphological and anatomical adaptations such as 

reduced stomatal density (Shahbaz et al., 2025), decreased leaf area (Wang et al., 2024), and 
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increased primary root length (Jiang et al., 2026), which enhance water uptake (Fang & Xiong, 

2015). In contrast, drought tolerance involves a series of metabolic and biochemical 

adjustments that enable plants to endure cellular dehydration (Haghpanah et al., 2024). One of 

the key mechanisms of drought tolerance is the activation of antioxidant defense systems to 

mitigate reactive oxygen species (ROS) accumulation under stress conditions (Haghpanah et 

al., 2024; Laxa et al., 2019). Both enzymatic antioxidants, such as superoxide dismutase (SOD), 

catalase (CAT), and ascorbate peroxidase (APX), and non-enzymatic antioxidants, including 

glutathione (GSH), play crucial roles in limiting oxidative damage (Haghpanah et al., 2024; 

Hasanuzzaman et al., 2020; Laxa et al., 2019). Furthermore, plants synthesize osmoprotectants 

such as proline, glycine betaine, and polyamines to maintain osmotic balance and stabilize 

cellular structures during drought stress (Haghpanah et al., 2024; Jarin et al., 2024; Singh et al., 

2015). 
 

Plant hormones, including ABA, auxin, and brassinosteroids (BRs), also regulate drought 

responses by modulating water loss and reshaping root architecture to enhance water uptake 

(Ali et al., 2025; Sharma et al., 2025). Among these, ABA plays a central role in activating and 

regulating plant responses at the transcriptional level (Jiang et al., 2026; Khan, 2025; Yao et al., 

2020). Transcriptional responses to drought stress are mediated through both ABA-dependent 

and ABA-independent pathways, particularly well characterized in Arabidopsis thaliana (Liu 

et al., 2018; Yao et al., 2020). In the ABA-dependent signaling pathway, ABA is perceived by 

pyrabactin resistance/PYR1-like (PYR/PYL) receptors (Liu et al., 2018; Yao et al., 2020). Upon 

ABA binding, these receptors inhibit protein phosphatase 2C (PP2C), a negative regulator of 

the pathway, thereby relieving its suppression of SNF1-related protein kinase 2 (SnRK2) (Liu 

et al., 2018; Yao et al., 2020). Consequently, SnRK2 becomes activated and phosphorylates 

downstream transcription factors, including ABRE-binding factors/ABA-responsive element-

binding proteins (ABF/AREB), which bind to ABA-responsive elements (ABREs) in target 

gene promoters, activating stress-responsive genes such as RD29B and RAB18 (Fidler et al., 

2022; Lim et al., 2022; Liu et al., 2018; Yao et al., 2020; Khan, 2025). 
 

In the ABA-independent signaling pathway, drought signals are transduced through mitogen-

activated protein kinase (MAPK) cascades and calcium (Ca2⁺)-dependent signaling, which 

contribute to the activation of stress-responsive transcription factors, including dehydration-

responsive element-binding (DREB) proteins (Sinha et al., 2011; Yao et al., 2020). DREB 

transcription factors, particularly DREB2A and DREB2B, bind to dehydration-responsive 

elements (DREs) in the promoter regions of target genes, thereby regulating their expression in 
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an ABA-independent manner (Yao et al., 2020). This pathway leads to the activation of several 

stress-responsive genes, such as ERD1 and COR15A (Wu et al., 2023; Yao et al., 2020). 
 

Understanding the mechanisms plants employ to mitigate drought stress is critical for sustaining 

plant growth and productivity. Given the accelerating impact of climate change on crop yield, 

a detailed understanding of drought response pathways is essential for developing sustainable 

strategies to improve crop resilience. 

 

 

Figure 1. Major drought response strategies employed by Arabidopsis thaliana. Created with BioRender. 

 

Plant growth-promoting bacteria as modulators of drought stress tolerance and 

their underlying mechanisms 
Plants exist within a dynamic environment in which their root systems are in constant 

interaction with a diverse array of soil microorganisms (Bardgett & Van Der Putten, 2014; 

Bulgarelli et al., 2013; Knights et al., 2021). These interactions range from mutualistic to 

parasitic depending on the organisms involved (Mendes et al., 2013). Microorganisms that 

promote plant growth are collectively referred to as plant growth-promoting bacteria (PGPB) 

(de Zelicourt et al., 2013; Lugtenberg & Kamilova, 2009; Pérez-Montaño et al., 2025). They 

enhance plant growth and development through diverse mechanisms, including improved 

nutrient uptake, the regulation of phytohormone production, and the induction of systemic 
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resistance against pathogens (de Zelicourt et al., 2013; Glick, 2012; Lugtenberg & Kamilova, 

2009; Orozco-Mosqueda et al., 2018). 
 

Beyond their role in promoting growth under normal conditions, PGPB have also been shown 

to significantly improve plant growth under abiotic stress conditions, particularly drought 

(Jakubowska et al., 2025; Pérez-Montaño et al., 2025). As mentioned in the previous section, 

plants possess a range of endogenous physiological and molecular mechanisms to mitigate the 

adverse effects of drought stress (Fang & Xiong, 2015; Kooyers, 2015; Laxa et al., 2019; 

Sharma et al., 2025; Singh et al., 2015; Zia et al., 2021). Plants can further benefit from their 

association with PGPB, which enhance drought tolerance in the host through multiple 

mechanisms, including phytohormone modulation (such as indole-3-acetic acid, IAA), 1-

aminocyclopropane-1-carboxylate (ACC) deaminase activity, exopolysaccharide-mediated 

biofilm formation, osmotic adjustment, and modulation of antioxidant defense systems (Glick, 

2012, 2014; Lugtenberg & Kamilova, 2009; Orozco-Mosqueda et al., 2018; Pérez-Montaño et 

al., 2025) (Figure 2). 
 

Numerous PGPB produce the phytohormone auxin, specifically IAA, which enhances root 

growth, promotes lateral root formation, and enables roots to explore deeper soil layers (Chieb 

& Gachomo, 2023; Pérez-Montaño et al., 2025). The secretion of IAA by PGPB is particularly 

important under drought conditions, as it promotes root system remodeling (Chieb & Gachomo, 

2023; Pérez-Montaño et al., 2025). In addition, some PGPB modulate ABA levels in the host, 

thereby modulating drought stress responses (Cohen et al., 2009; Gupta et al., 2022; Imran et 

al., 2023). Another important phytohormonal mechanism involves the production of ACC 

deaminase, which degrades the ethylene precursor ACC (Hewedy et al., 2026; Orozco-

Mosqueda et al., 2020). Under drought stress conditions, elevated ethylene levels inhibit root 

growth (Hewedy et al., 2026; Orozco-Mosqueda et al., 2020). The production of ACC 

deaminase by PGPB therefore reduces ACC availability, limiting ethylene synthesis and 

ultimately enhancing drought tolerance in the host (Hewedy et al., 2026; Orozco-Mosqueda et 

al., 2020). 
 

Another critical mechanism that PGPB deploy to mitigate the negative effects of drought is 

biofilm formation (Karimi et al., 2022; Pérez-Montaño et al., 2025). Biofilm formation is 

primarily driven by the production of exopolysaccharides (EPS), such as cellulose, which 

facilitate bacterial attachment and aggregation on the root surface (Bhattacharyya et al., 2023; 

Karimi et al., 2022; Lu et al., 2018; Morcillo & Manzanera, 2021). Biofilm development in the 
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rhizosphere creates a protective microenvironment that retains moisture around the root system, 

thereby reducing water loss and alleviating drought stress (Bhattacharyya et al., 2023; Morcillo 

& Manzanera, 2021; Naseem et al., 2018). Through this mechanism, EPS-producing PGPB 

help maintain high root water potential and support nutrient uptake from the surrounding soil 

under drought stress conditions (Bhattacharyya et al., 2023; Morcillo & Manzanera, 2021; 

Naseem et al., 2018). Several studies have highlighted the functional importance of EPS 

production in drought tolerance (Lu et al., 2018; Wang et al., 2019). Inoculation of tomato plants 

with biofilm-deficient mutants of Bacillus amyloliquefaciens 54 resulted in increased plant 

susceptibility to drought stress (Wang et al., 2019). On the other hand, inoculation with strong 

biofilm-forming mutants conferred resistance, as it increased relative water content compared 

to non-inoculated controls (Wang et al., 2019). In another study, the EPS-producing strain 

Bacillus amyloliquefaciens FZB42 improved plant growth under drought stress, while its EPS-

deficient epsC mutant showed markedly reduced root colonization and diminished drought 

tolerance (Lu et al., 2018). As illustrated in these examples, biofilm formation is one of the 

essential traits of PGPB for enhancing drought tolerance. 
 

Several PGPB induce plant osmolyte accumulation, such as proline, glycine betaine, and 

trehalose, which contribute to drought tolerance (Eswaran et al., 2024; Pérez-Montaño et al., 

2025). The accumulation of these compounds within plant tissues lowers osmotic potential and 

helps maintain cellular water balance under drought stress conditions (Eswaran et al., 2024; 

García et al., 2017). Particularly, some PGPB modulate the plant's own osmolyte biosynthesis 

by upregulating key biosynthetic genes involved in proline synthesis such as Δ¹-pyrroline-5-

carboxylate synthetase (P5CS) and Δ¹-pyrroline-5-carboxylate reductase (P5CR) in the host, 

thereby enhancing the plant's endogenous osmotic adjustment capacity (Ghosh et al., 2017).  
 

Ultimately, PGPB also modulate the antioxidant defense system of the host plant under drought 

stress (Chieb & Gachomo, 2023; Pérez-Montaño et al., 2025). Drought stress promotes 

excessive accumulation of ROS, which cause oxidative damage to cellular components, 

including lipids, proteins, and nucleic acids (Bali, 2025). In response, plants activate their 

endogenous antioxidant systems to mitigate ROS-induced damage (Haghpanah et al., 2024; 

Hasanuzzaman et al., 2020; Laxa et al., 2019). PGPB enhance this response by regulating the 

activity of key antioxidant enzymes, including SOD, CAT, and APX, thereby reducing oxidative 

damage and improving plant growth and development under drought stress conditions (Batool 

et al., 2020; Pérez-Montaño et al., 2025). Several studies have also highlighted the essential 

role of PGPB in antioxidant mechanisms to enhance drought tolerance (Batool et al., 2020; 
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Pérez-Montaño et al., 2025; Pishchik et al., 2024). For instance, inoculation with Bacillus 

subtilis significantly enhanced SOD and CAT antioxidant enzyme activities in potato plants, 

which was associated with improved plant growth under drought stress conditions (Batool et 

al., 2020). 

 

 

Figure 2. Drought tolerance mechanisms utilized by plant growth-promoting bacteria (PGPB) under 

drought stress. Created with Biorender. 

 

Sulfur metabolism and its role in plant stress responses 
Sulfur (S) is an essential macronutrient required by all living organisms, including plants, 

humans, and microorganisms (Kopriva et al., 2019; Narayan et al., 2023). It plays fundamental 

roles in cellular metabolism, contributing to the synthesis of coenzymes and cofactors, and to 

antioxidant defense systems (Kopriva et al., 2019; Narayan et al., 2023). In particular, sulfur is 

critical for the synthesis of the amino acids cysteine and methionine, which are crucial for 

protein synthesis and serve as building blocks for a wide range of sulfur-containing metabolites 

vital for cellular function (Gigolashvili & Kopriva, 2014; Kopriva et al., 2019; Narayan et al., 

2023). In plants, sulfur is predominantly taken up from the soil in the form of sulfate (SO42⁻) 

via specialized sulfate transporters (SULTRs) (Gigolashvili & Kopriva, 2014; Kopriva, 2006). 

Once inside the plant, sulfate undergoes a series of reduction steps before being assimilated into 

organic compounds (Gigolashvili & Kopriva, 2014; Kopriva, 2006). This process is catalyzed 

by key enzymes, including ATP sulfurylase, APS reductase, and sulfite reductase, ultimately 
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leading to the formation of cysteine (Gigolashvili & Kopriva, 2014; Kopriva, 2006; Koprivova 

& Kopriva, 2016). 
 

Cysteine represents a central branching point in sulfur metabolism (Kopriva, 2006). It serves 

as a precursor for the synthesis of methionine and various secondary metabolites, as well as 

GSH, a major antioxidant involved in maintaining cellular redox homeostasis (Gigolashvili & 

Kopriva, 2014; Hasanuzzaman et al., 2017; Kopriva, 2006). Through these pathways, sulfur 

assimilation contributes not only to primary metabolism and growth but also to stress responses 

and overall plant fitness (Kopriva et al., 2019; Moormann et al., 2025; Narayan et al., 2023). 
 

Among sulfur-containing compounds, GSH is the most abundant low-molecular-weight non-

protein thiol in plant cells, functioning as a central component of the cellular antioxidant system 

(Kopriva et al., 2012, 2019; Koprivova & Kopriva, 2016; Narayan et al., 2023). It is synthesized 

from the amino acids cysteine, glutamate, and glycine, which together form its tripeptide 

structure (Hasanuzzaman et al., 2017). GSH plays an essential role in protecting plants against 

oxidative damage by scavenging ROS, particularly under stress conditions such as drought 

(Hasanuzzaman et al., 2017). Under normal physiological conditions, GSH is predominantly 

present in its reduced form (Hasanuzzaman et al., 2017). However, drought stress enhances 

ROS production as part of the plant defense response (Bali, 2025; Nadarajah, 2020). Although 

ROS function as signaling molecules at low concentrations, their excessive accumulation leads 

to oxidative damage to cellular components, including lipids, proteins, and nucleic acids (Bali, 

2025; Nadarajah, 2020). 
 

To mitigate the detrimental effects of ROS overaccumulation, plants utilize the ascorbate-

glutathione (AsA-GSH) cycle, a major pathway involved in the detoxification of ROS 

(Hasanuzzaman et al., 2017, 2020; Lou et al., 2018). In this cycle, hydrogen peroxide (H2O2) is 

primarily detoxified by APX, which oxidizes ascorbate (AsA) in the process (Chew et al., 2003; 

Gill & Tuteja, 2010; Lou et al., 2018). The oxidized forms of ascorbate are subsequently 

regenerated through the coordinated action of enzymes such as monodehydroascorbate 

reductase (MDHAR) and dehydroascorbate reductase (DHAR) (Chew et al., 2003). MDHAR 

reduces monodehydroascorbate to AsA using NADPH, whereas DHAR reduces 

dehydroascorbate to AsA using reduced GSH (Chew et al., 2003). During this process, GSH is 

oxidized to glutathione disulfide (GSSG) and is subsequently regenerated by glutathione 

reductase (GR) using NADPH (Bose Mazumdar & Chattopadhyay, 2025; Chew et al., 2003). 

This continuous cycle maintains cellular redox balance and plays a crucial role in supporting 
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plant survival and stress acclimation under drought conditions (Bose Mazumdar & 

Chattopadhyay, 2025; Chew et al., 2003). 
 

Given the central role of the GSH-based antioxidant system in drought stress responses, 

exogenous application of GSH has been also improved drought tolerance in rice (Sohag et al., 

2020). GSH treatment elevates the activity of enzymatic antioxidants, including CAT and POX, 

and increases the levels of non-enzymatic antioxidants such as AsA, while simultaneously 

reducing ROS accumulation, collectively contributing to improved oxidative stress tolerance 

(Sohag et al., 2020). Despite these findings, the molecular mechanisms underlying GSH-

mediated drought tolerance remain incompletely understood, highlighting the need for further 

investigation. 
 

Bacterial sulfur metabolism and its role in soil sulfur cycling and plant nutrition 
Sulfur metabolism plays an important role in bacteria, supporting key processes such as amino 

acid biosynthesis and energy production (Carbonero et al., 2012; Kim et al., 2024; Kushkevych 

et al., 2020). Bacteria utilize sulfur to synthesize amino acids (cysteine and methionine), 

vitamins, and several enzymatic cofactors (Kim et al., 2024; Kushkevych et al., 2020). In 

assimilatory sulfate reduction, inorganic SO42⁻ is reduced stepwise via adenosine 5′-

phosphosulfate (APS) and sulfite (SO32⁻) to hydrogen sulfide (H2S), which is subsequently 

incorporated into cysteine through its reaction with O-acetylserine (OAS), catalyzed by OAS 

thiol-lyase (Kim et al., 2024; Kumar et al., 2018; Mansilla et al., 2000). In Gram-negative 

bacteria such as Escherichia coli, genes involved in this process are regulated by the 

transcriptional regulator CysB (Albanesi et al., 2005; Kertesz, 2000; LeBoeuf & Grove, 2025). 
 

Beyond biosynthesis, sulfur metabolism also plays a central role in energy metabolism in 

specialized bacterial groups, particularly under anaerobic conditions (Chen et al., 2021; Kováč 

et al., 2018; Kumar et al., 2018; Plugge et al., 2011). For instance, sulfate-reducing bacteria 

(SRB) use sulfate as a terminal electron acceptor in anaerobic respiration, reducing it to H2S 

for energy generation (Kováč et al., 2018; Plugge et al., 2011). In contrast, sulfur-oxidizing 

bacteria (SOB) oxidize reduced sulfur compounds such as H2S and elemental sulfur to sulfate, 

using this process to also generate energy (Chen et al., 2021; Kumar et al., 2018).  
 

Importantly, these microbial processes are closely linked to sulfur availability in soil 

(Chaudhary et al., 2023; Gahan & Schmalenberger, 2014). As mentioned in the previous 

section, plants take up sulfate from the soil through their roots to synthesize cysteine and other 
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essential sulfur-containing compounds (Gigolashvili & Kopriva, 2014; Kopriva et al., 2019; 

Narayan et al., 2023). However, in soil, sulfur is largely present in organic matter such as sulfate 

esters and sulfonates (Gahan & Schmalenberger, 2014; Mirleau et al., 2005). Therefore, 

microbial sulfur cycling processes are critical for increasing sulfate availability for plant uptake 

(Gahan & Schmalenberger, 2014; Mirleau et al., 2005). In this context, soil bacteria play an 

essential role in sulfate mineralization by breaking down organic matter using enzymes such as 

arylsulfatases and sulfonatases, thereby releasing sulfate from organic matter and making it 

available to plant roots (Gahan & Schmalenberger, 2014; Mirleau et al., 2005). 
 

Sulfur metabolism in plant-microbe interactions under abiotic stress 
Sulfur metabolism plays a substantial role in plant-microbe interactions under abiotic stress 

conditions (Kopriva et al., 2019). As sulfur is a key component of the antioxidant defense 

system, it helps alleviate the detrimental effects of abiotic stresses (Takahashi et al., 2023). 

Several studies have highlighted the importance of sulfur metabolism and sulfur-containing 

compounds in mediating plant-microbe interactions under abiotic stress conditions (Andrés-

Barrao et al., 2021; Mukherjee et al., 2025; Shekhawat et al., 2024).  
 

For instance, the root endophytic bacterium Enterobacter sp. SA187 enhances Arabidopsis 

growth under salt stress conditions (Andrés-Barrao et al., 2021). The study has shown that sulfur 

metabolism in both SA187 and Arabidopsis contributes to their beneficial interaction under salt 

stress conditions (Andrés-Barrao et al., 2021). The integrated regulation of sulfur metabolism 

in the plant and bacteria supports the overall dynamics of this interaction during salt stress 

(Andrés-Barrao et al., 2021). It has been demonstrated that SA187 transfers the sulfur-

containing molecule 2-keto-4-methylthiobutyric acid (KMBA) to the plant, which acts as a 

precursor of ethylene (Andrés-Barrao et al., 2021). KMBA is converted into ethylene within 

the plant, and ethylene signaling subsequently regulates the sulfur regulon (Andrés-Barrao et 

al., 2021). This modulation of the sulfur regulon not only enhances sulfate uptake and promotes 

the synthesis of cysteine but also influences key antioxidant molecules such as GSH that 

scavenge ROS under salt stress (Andrés-Barrao et al., 2021).  Furthermore, another study on 

SA187 revealed that it confers high-light stress protection in Arabidopsis via ethylene-

dependent mechanisms (Shekhawat et al., 2024). The study demonstrated that SA187 

influences sulfur and iron uptake and activates the glutathione redox system, thereby enhancing 

plant tolerance to high-light stress (Shekhawat et al., 2024).  
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In addition, another study demonstrated that extracellular secretion of GSH by an 18-membered 

bacterial community improves Arabidopsis growth under sulfur-deficient conditions 

(Mukherjee et al., 2025). The importance of microbial GSH production was further confirmed 

using a ΔgshA mutant derived from wild-type Pseudomonas sp. 6A2 (Mukherjee et al., 2025). 

Application of extracellular secretions from the ΔgshA mutant and wild-type Pseudomonas sp. 

6A2 showed that the mutant reduced Arabidopsis growth, indicating that bacterial glutathione 

synthesis is essential for its beneficial effects under sulfur-deficient conditions (Mukherjee et 

al., 2025).  
 

These studies underline the importance of sulfur metabolism in plant-microbe interactions 

under abiotic stress conditions (Andrés-Barrao et al., 2021; Mukherjee et al., 2025; Shekhawat 

et al., 2024). To date, the importance of sulfur metabolism in plant-microbe interactions under 

drought stress remains poorly understood. Understanding these interactions in molecular detail 

and their underlying mechanisms will not only improve our knowledge but also enhance the 

potential to develop strategies for improving crop resilience under abiotic stress. 
 

Pseudomonas argentinensis SA190 as a model organism  
Pseudomonas argentinensis SA190 is a root endophyte isolated from the root nodules of the 

desert plant Indigofera argentea in Saudi Arabia (Alwutayd et al., 2023; Lafi et al., 2016). 

SA190 treatment enhanced Arabidopsis growth under 25% polyethylene glycol (PEG)-induced 

drought stress conditions (Alwutayd et al., 2023). The study showed that SA190 improves water 

use efficiency and regulates stomatal behavior, thereby alleviating drought stress (Alwutayd et 

al., 2023). 
 

Building on this, transcriptome analysis indicated that SA190 upregulated aquaporin genes, 

including TIP1;2, TIP2;1, PIP1;3, and PIP1;5, in roots under 25% PEG-induced drought stress 

(Alwutayd et al., 2023). The study also highlighted enrichment of histone H3 lysine 4 

trimethylation (H3K4me3) at these aquaporin genes, indicating epigenetic regulation 

(Alwutayd et al., 2023). Furthermore, analysis of the ABA-deficient mutant aba2-1 and 

pyrabactin resistance/pyrabactin resistance-like (PYR/PYL) receptor mutants showed reduced 

SA190-induced expression of aquaporin genes under PEG stress, indicating that the ABA 

signaling pathway is important for regulating aquaporin gene expression in response to SA190 

(Alwutayd et al., 2023). 
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In addition, SA190 treatment improved biomass production in crops such as alfalfa under 

drought stress (Alwutayd et al., 2023). However, the key molecules and mechanisms 

contributing to the beneficial effects of SA190 remain unclear. 
 

Aim of this study 
Given the importance of plant growth-promoting bacteria (PGPB) in enhancing plant 

performance under stress, it is essential to identify their key traits and understand the 

mechanisms underlying their beneficial effects (Pérez-Montaño et al., 2025). In this study, 

Pseudomonas argentinensis SA190 is used as a model PGPB to systematically characterize its 

physiology and plant growth-promoting properties. To achieve this, a transposon mutant library 

was generated and screened to identify genes and microbial traits essential for root colonization 

and plant growth promotion. Drought stress was used as a biologically relevant condition for 

the functional analysis of PGP traits, since SA190 was isolated from a desert plant adapted to 

arid environments. 
 

Building on the mutant screen approach, targeted analyses were performed to investigate 

specific mechanisms contributing to SA190-mediated plant benefits. In particular, biofilm 

formation was tested as a key trait for root colonization, and sulfur metabolism was studied as 

a previously uncharacterized component of the Arabidopsis-SA190 interaction. The objectives 

of this thesis are:  
 

1) To characterize the physiology of SA190 and identify its key PGP traits using a 

transposon mutant screen  

 

2) To investigate the role of biofilm formation in SA190 root colonization and its 

contribution to plant growth promotion under PEG-induced drought stress  

 

3) To elucidate the role of sulfur metabolism in the beneficial interaction between SA190 

and Arabidopsis thaliana under PEG-induced drought stress 

 

To address the first two objectives, a transposon mutant library was generated and screened 

under 25% PEG-induced drought conditions. Mutants affected in biofilm formation were 

specifically analyzed to assess their contribution to root colonization and PGP activity. Random 

amplification of transposon ends (RATE)-PCR was optimized to map insertion sites.  
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To address the third objective, sulfur metabolism was investigated using Arabidopsis mutants 

(sultr1;2, apr2, and cad2-1) under PEG-induced drought stress. Redox parameters and GC-MS-

based metabolite profiling were analyzed to characterize sulfur-related responses. Additionally, 

bacterial gshA and gshB mutants were used to assess the contribution of bacterial GSH 

biosynthesis to plant growth promotion under PEG stress. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Representation of the studies carried out in this thesis. 1) A mutant library of SA190 was generated, 

and the importance of biofilm-related genes in drought tolerance and root colonization was characterized 

(Elkatmis, Parween, et al., 2025). 2) Insertion sites in the SA190 transposon library were mapped by optimizing 

RATE-PCR (Elkatmis, Han, et al., 2025). 3) The role of sulfur metabolism and glutathione (GSH) was investigated 

in the beneficial interaction between SA190 and Arabidopsis under PEG-induced drought stress (Elkatmis et al., 

2026). Created with Biorender. 
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Background Pseudomonas argentinensis SA190 is a desert-adapted, plant-associated bacterium with 
demonstrated potential to enhance plant growth under abiotic stress. In this study, we conducted a 
comprehensive genomic and functional characterization of SA190 to uncover the molecular mechanisms 
underlying its biofilm formation, root colonization, and plant growth-promoting traits.                               
Results The SA190 genome consists of a single circular chromosome (5.07 Mb, 64% GC) encoding 4561 
predicted ORFs. Functional annotation revealed genes related to phosphate solubilization (pqq operon), 
antifungal activity, and stress mitigation, including ACC deaminase. AntiSMASH analysis identified eight 
biosynthetic gene clusters linked to secondary metabolite production, including siderophores, terpenes, and 
β-lactones. Metabolic profiling demonstrated selective utilization of root exudate-associated sugars, 
consistent with rhizosphere adaptation. By a Tn5 transposon mutagenesis approach, we identified key 
regulators required for biofilm formation. Biofilm mutants deficient in wspC, rpoE, and fliD were differentially 
compromised in plant colonization and plant growth promotion under ambient and/or drought conditions.    
Conclusion Our study suggests that SA190 is a metabolically streamlined yet ecologically versatile PGPB 
and provides functional insights into its potential application as a bioinoculant for sustainable agriculture in 
arid environments. 

Keywords Drought tolerance, Transposon mutagenesis, Biofilm formation and sustainable agriculture 

16 



	

 

Elkatmis et al. BMC 
Microbiology 

(2025) 25:785 Page 2 of 15  

   Introduction 

Climate change is a significant global challenge that poses a 
threat to both ecosystems and human populations by 
affecting food security, especially in regions predicted to 
experience extreme weather patterns such as droughts [1]. 
These environmental changes exert considerable stress on 
plants, which are inherently sessile organisms. Unlike 
animals, plants cannot relocate in response to stress, 
making them particularly vulnerable to both biotic stresses 
(e.g., pathogens) and abiotic stresses (e.g., drought, 
salinity, high temperatures) [2, 3]. This vulnerability is 
likely to lead to significant declines in food production, 
exacerbating the global food security crisis expected as the 
world’s population approaches 10 billion by 2050 [4, 5]. 
Therefore, understanding plant responses to these stress 
factors is crucial to develop solutions that ensure 
agricultural sustainability under changing environmental 
conditions. 

Soil hosts a great microbial diversity [6–8]. This diversity 
diminishes from bulk soil to the rhizosphere [9, 10]. The 
plant creates a nutrient-rich environment in the rhizosphere 
by secreting a wide range of photosynthetically fixed 
carbon molecules such as amino acids, sugars, enzymes, 
vitamins, secondary metabolites, and organic acids [7, 8, 
11, 12]. These exudates attract bacteria through chemotaxis, 
and in addition, flagella and type IV pili systems facilitate 
bacterial motility towards and colonization of the roots [6, 
7, 13]. Once rhizosphere-associated bacteria reach the 
roots, they strengthen their attachment by secreting 
exopolysaccharides (EPS) and cell surface 
polysaccharides, converting weak interactions into 
irreversible binding [6]. This process often leads to the 
formation of biofilms, which protect bacterial cells from 
environmental stresses such as temperature fluctuations, 
pH shifts, drought, and pathogen attacks in the rhizosphere 
[6, 14]. While these microbial strategies are common 
among root-colonizing bacteria, plants also selectively 
recruit diverse beneficial microbes, including endophytes, 
to form a healthy root microbiome [15, 16]. Among the 
beneficial microbes, endophytic plant growth-promoting 
bacteria (PGPB) play a crucial role in enhancing plant 
performance through various mechanisms [17]. For 
example, they improve plant growth by producing 
phytohormones and increasing nutrient acquisition [18]. 
Despite the abundance of nutrients in the soil, some may 
not be bioavailable for plants. PGPB help plants to utilize 
these unavailable nutrients through siderophore production, 
phosphate solubilization, and nitrogen fixation [19, 20]. 
Additionally, PGPB contribute significantly to enhancing 
plant biomass under stress conditions by releasing 
antioxidants and improving water use efficiency [21, 22]. 
Stressed plants produce more reactive oxygen species 

(ROS) than non-stressed ones [23]. Some PGPB bacteria 
produce antioxidants that reduce ROS accumulation in 
stressed plants [24]. For example, bacterial carotenoids 
contribute to the development of stress tolerance in plants, 
thereby promoting their growth [24]. Taken together, 
endophytic PGPB contribute significantly to plant growth 
and productivity. 

Arid and semi-arid environments are ideal for identifying 
plant growth-promoting bacteria, as they harbour microbes 
naturally adapted to harsh conditions such as drought, 
salinity, and heat [25]. In line with this, an endophytic 
bacterium isolated from the nodule of Indigofera argentea 
in the Jizan region of Saudi Arabia was shown to enhance 
plant biomass under stress conditions [22, 26]. Draft 
genome sequence and 16 S rRNA analysis confirmed that 
SA190 belongs to the Pseudomonas genus, characterized 
by a gram-negative cell wall, rod-shaped morphology, 
aerobic metabolism, and polar flagellar motility [26, 27]. 
Biochemical analysis showed that SA190 was capable of 
phosphate solubilization, indole-3-acetic acid (IAA), and 
siderophore production [26]. SA190 has been shown to be 
an alternative biostimulant with its plant growth-promoting 
traits. The endophyte SA190 increased the biomass of 
Arabidopsis under drought stress [22]. The transcriptomic 
study revealed that under drought stress, the expression of 
aquaporin genes, specifically plasma membrane intrinsic 
proteins (PIPs) and tonoplast intrinsic proteins (TIPs), in 
Arabidopsis were induced through histone methylation 
triggered by SA190 [22]. Despite these findings, the specific 
genes and mechanisms by which SA190 enhances plant 
growth under stress remain largely unknown. In this study, 
we aimed to identify the genetic basis of biofilm formation 
and root colonization in Pseudomonas argentinensis 
SA190. Using integrated genomic and mutagenesis 
analyses, we focused on identifying regulators that 
contribute to its function as a rhizosphere-competent, stress-
resilient bioinoculant. By characterizing these genetic 
components, this research provides a deeper understanding 
of how microbial interactions can be leveraged to improve 
crop resilience in the face of climate change.     

   Materials and methods 

Growth condition of Pseudomonas argentinensis SA190 
and mutants 

Pseudomonas argentinensis SA190 was previously 
isolated from the root nodules of the Indigofera argentea, an 
indigenous desert plant in the Jizan region (16°56.475’N, 
42°36.694’E) of Saudi Arabia [26]. SA190 was grown over-
night at 28 °C on Luria-Bertani (LB, Invitrogen) 
supplemented with 0.9% agar (Sigma-Aldrich). For SA190 
mutants, 50 µg/ml kanamycin (kan) was added to the LB 
medium. 
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Genomic DNA isolation 

The genomic DNA of SA190 was extracted from the 
bacterial culture using a Qiagen DNeasy Blood and Tissue 
Kit (Qiagen GmbH, Hilden, Germany), following the 
manufacturer’s protocol. The extracted DNA was treated 
with RNase A (Mo Bio Laboratories, Carlsbad, CA, United 
States) and then purified using the Mo Bio PowerClean Pro 
DNA Clean-Up Kit (Mo Bio Laboratories, Carlsbad, CA, 
United States), again following the manufacturer’s 
protocol. The quantity and quality of the DNA were 
measured using a NanoDrop 2000 (Thermo Fisher 
Scientific, Wilmington, DE, United States) and a Qubit 
2.0 (Life Technologies, Invitrogen Division, Darmstadt, 
Germany). 

Whole genome sequencing and function annotation                                       

Whole genome sequencing was performed by DNA Link 
Korea (Seoul, South Korea) using the PacBio RS II 
sequencing platform (Pacific Biosciences, Menlo Park, 
CA, United States). Large-insert libraries were sequenced in 
single-molecule real-time (SMRT) sequencing cells using 
P6-C4 chemistry. PacBio reads were assembled into a 
single contig using the de novo Hierarchical Genome 
Assembly Process (HGAP.2) algorithm with default 
parameters. Genome annotation was conducted using the 
in-house Automatic Annotation of Microbial Genomes 
(AAMG) pipeline [28]. Open reading frames (ORFs) were 
predicted using FragGeneScan. Functional analysis was 
performed using the Kyoto Encyclopedia of Genes and 
Genomes (KEGG) [29]. AntiSMASH (version 8.0.4) was 
used to identify gene clusters associated with secondary 
metabolites [30]. 

Phylogenomic classification of SA190 

The genome sequence of SA190 was uploaded to the Type 
Strain Genome Server (TYGS) (https://tygs.dsmz.de) to 
compare it with the genomes available in the TYGS 
database using the MASH algorithm for a fast 
approximation of intergenomic relatedness. Ten strains 
with the smallest MASH distances were selected. These 
closely related strains were identified based on the 16S 
rRNA. The data were extracted using RNAmmer [31]. The 
sequences were then BLASTed against the 16 S rRNA gene 
sequences of the strains available in the database. This 
method was utilized to choose the most suitable strains 
based on their bitscore. The Genome BLAST Distance 
Phylogeny (GBDP) approach was used to calculate the 
precise distances using the “coverage” algorithm and 
distance formula d5 [31]. The closest strain genome to 
SA190 was determined based on the distance results. For 
the phylogenomic analysis, pairwise comparisons among 
the genomes were performed using GBDP. Intergenomic 
distances were accurately calculated using the “trimming” 
algorithm with distance formula d5, with 100 replicates 

generated for each distance measurement. The 
recommended settings of GGDC 3.0 were used to calculate 
the DDH values and confidence intervals. FASTME 
2.1.6.1 and SPR post-processing were used for 
intergenomic distances in the phylogenetic tree [32]. The 
tree was visualized with PhyD3 [33]. 

Average Amino Acid Identity (AAI) calculation 

Pairwise genomic similarity was assessed using Aver-
age Amino Acid Identity (AAI) analysis. Protein-coding 
sequences were extracted from each genome resulting from 
ANI analysis, and reciprocal best BLAST hits (RBH) were 
identified to determine orthologous gene pairs between 
genomes. For each ortholog pair, amino acid sequences 
were aligned using BLASTP, and pairwise identity was 
calculated. The AAI value for each genome pair was 
computed as the arithmetic mean of amino acid identity 
across all identified orthologous proteins. The EzAAI 
software (version 1.2.2) [34] was used with default 
parameters, employing a minimum alignment length 
threshold of 70% and a BLASTP e-value cutoff of 1e-5 to 
ensure robust ortholog identification. 

Biochemical assays 

Biochemical analyses were performed to evaluate the plant 
growth-promoting traits of SA190. Phosphate 
solubilization was tested on Pikovskaya’s (PVK) agar 
plates (M520, Himedia). Indole-3-acetic acid (IAA) 
production by SA190 was measured according to Bric et 
al., 1991 [35] Siderophore production by SA190 was 
evaluated using the method described by Louden et al., 
2011 [36]. Zinc solubilization was tested on modified PVK 
agar plates supplemented with 3% ZnO and 0.1% ZnCO3, 
as described by Bapiri et al., 2012 [37]. Tolerance to abiotic 
stresses was assessed by growing SA190 in LB broth (Lennox 
L Broth Base, Invitrogen) supplemented with 10% or 20% 
(w/v) polyethylene glycol (PEG) 8000 for drought stress 
and 0.1 M, 0.5 M or 1 M NaCl for salt stress. The API 50 
CH test kit (Biomerieux, France) was used to test the 
fermentation of 49 carbohydrates in SA190, following the 
manufacturer’s protocol. The antibiotic sensitivity of 
SA190 was tested using a clearing test. Antibiotic disks 
were placed on LB plates, and 100 µl of SA190 culture was 
spread onto the plates. Bacterial growth around the disks 
indicated antibiotic resistance (R), while no growth around 
the disks demonstrated antibiotic sensitivity (S). 

Tn5 mutagenesis and insertion mapping workflow  

Preparation of competent cells A single colony of SA190 
was cultured in LB broth to mid-log phase (OD600≈ 0.4). Cells 
were chilled, washed twice with ice-cold sterile water, and 
resuspended in 10% glycerol. Aliquots (100 µL) were stored 
at − 80 °C. 
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Electroporation with EZ-Tn5™ <KAN-2>               

Competent cells were thawed and mixed with 0.5 µL of EZ-
Tn5 transposon DNA (Epicentre). Electroporation was per-
formed using the Bio-Rad MicroPulser (Ec1 program, 1.5 
kV). SOC medium (900 µL) was added immediately post-
electroporation, followed by 1.5 h recovery at 28 °C. 
Transformed cells were plated on LB agar supplemented 
with kanamycin (50 µg/mL). Control transformations (no 
transposon) were included. 

 
Construction of mutant library 

The library was constructed according to Elkatmis et al., 
2025 [38]. In brief, individual kanamycin-resistant colonies 
were transferred to 96-well plates containing LBkan broth. 
Glycerol stocks were prepared (1:1 with 20% glycerol) and 
stored at − 80 °C. For screening, mutants were replicated 
onto LBkan agar using a 96-pin replicator. 

RATE-PCR for insertion site mapping                                 

Insertion sites were mapped using Random Amplification 
of Transposon Ends (RATE-PCR) following the insertation 
protocol in Elkatmis et al., 2025 [38]. Boiled cell lysates 
were used as PCR templates with primers Inv-1 or Inv-2 
and Phusion polymerase. Amplification involved a three-
phase cycling protocol. Products were purified with 
ExoSAP-IT and submitted to Sanger sequencing using 
KAN-2 specific primers. Detailed reagent composition, 
PCR conditions, and primer sequences are listed in 
Supplementary Table 1. 

Sequence analysis validation 

Insertion sites in the SA190 Tn5 mutants were validated by 
Sanger and HiSeq sequencing (Supplementary Table 2) 
[38]. Sequence data were analyzed using SnapGene 
(Version 6.2.1) and further examined with the NCBI 
BLASTn program to identify disrupted genes. This process 
allowed for creating a gene list for the identified SA190 
mutants. 

Biofilm formation assay 

Biofilm formation was quantitatively assessed using a 
colorimetric assay [39]. Wild-type SA190 and mutants were 
grown overnight in LB and LBkan broth, respectively. The 
overnight cultures were diluted at 1:100 and transferred to 
a 96-well plate. This plate was incubated at 28 °C over-
night. After incubation, the liquid was decanted, and the 
plate was rinsed with water to remove residual liquid. Next, 
125 µl of 0.1% crystal violet solution was added to each 
well, and the plate was incubated at room temperature for 
15 min. The plate was then rinsed four times with water and 
allowed to dry for 4 h. To solubilize the crystal violet, 125 
µl of 30% acetic acid was added to each well, and the plate 
was incubated at room temperature for 15 min. Absorbance 

was measured at 550 nm using a plate reader (TECAN 
Infinite). 

Plant drought resistance assays 

The plant drought resistance assay was performed as 
described by Alwutayd et al., 2023 [22], with minor 
modifications. Arabidopsis seeds were surface sterilized 
with 70% ethanol + 0.05% SDS for 10 min with shaking at 
3000 rpm. The seeds were washed three times with 1 ml of 
100% ethanol. SA190 and mutants were streaked onto LB 
and LBkan plates, respectively. Plates were incubated 
overnight at 28 °C. A single colony from the plates was 
transferred to LB broth medium. Fifty µg/ml kanamycin 
antibiotic was used in LB broth medium for mutants. 
Liquid cultures were incubated overnight at 28 °C, 220 
rpm. 100 µl was taken from the overnight culture and 
transferred to fresh LB and LBkan broth medium. Incubation 
at 28 °C was followed by centrifugation at 3000 rpm for 15 
min. The bacterial culture was washed with ½ MS solution 
(Murashige and Skoog basal salts, Sigma-Aldrich). The 
optical density of the bacterial suspension was set to OD600 
0.21. 100 µl of bacterial suspension was added to 50 ml of 
½ MS agar and poured into the square Petri plate (120 mm 
x 120 mm). 100 µl of ½ MS solution was added to 50 ml 
of ½ MS agar for the mock treatment. Sterilized seeds were 
distributed on the plates. The plates were covered with 
aluminium foil and kept in the dark at 4 °C for two days. 
They were transferred to the growth chamber under long-
day photoperiod conditions (16 h light, 8 h dark). After five 
days of germination, seedlings with 1.0–1.5 cm root length 
were transferred to ½ MS and ½ MS + 25% PEG plates. 
Six seedlings were transferred for each plate. They were 
placed into the growth chamber under the same conditions. 
The fresh weight of the seedlings was measured 15 days 
after the seedlings were transferred to non-stress and stress 
plates. The colony-forming units (CFU) in the roots were 
determined by following M. Saad et al., 2018 [40] to 
compare the colonization efficiency between wild type 
SA190 and the mutants. To assess the CFU levels of 
endophytes, roots were surface sterilized with 70% ethanol 
for 30 s, followed by two rinses with sterile water. 

Statistical analysis 

All statistical analyses in this study were conducted using 
GraphPad Prism (version 10.2.0). Biofilm data were 
analyzed using Welch’s and Brown–Forsythe one-way 
ANOVA. Post hoc multiple comparisons were performed 
with Dunnett’s T3 test. Results are presented as column 
graphs, and different letters above the bars indicate 
statistically significant differences between groups (p < 0.05). 
Colony-forming unit (CFU) data were generated from 
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four independent biological replicates and log10-
transformed prior to analysis. The plant assay was 
performed with three biological replicates and two 
technical replicates. Data were analyzed using two-way 
ANOVA, followed by Tukey’s post hoc test for multiple 
comparisons. In the boxplot, whiskers represent the 
minimum and maximum values, while the horizontal line 
indicates the median. Different letters indicate statistically 
significant differences based on two-way ANOVA (p < 
0.05). 

Data deposition 

The genome sequence of SA190 was deposited in NCBI/ 
DDBJ/EMBL database under the accession number 
CP056087.1 with BioProject no. PRJNA312745. 
 

   Results and discussion 

Genome sequence assembly and general features 

To ensure the accuracy and completeness of the SA190 
genome assembly, we re-sequenced the strain using PacBio 
long-read sequencing technology. This approach provided 
improved coverage of 100x and resolution, confirming the 
integrity of the genomic assembly and enabling more 
precise identification of genetic elements. The genome of 
SA190 consists of a single circular chromosome of 
5,076,637 bp with no plasmids (Fig. 1). The GC content of 
the genome is 64%. A total of 4561 of ORFs (protein 
coding genes), 90 pseudogenes, 64 transfer RNAs 
(tRNAs), 12 ribosomal RNAs (rRNAs), and 1 noncoding 
RNA (ncRNA) (Table 1). A clear GC skew transition was 
observed at positions 60,912 and 3,147,121 on the 
chromosome, corresponding to the origin of replication 
(oriC) and replication termination (terC) sites, respectively 
(Fig. 1a). The oriC in the SA190 chromosome is confirmed 
by the conservation of the gene operon 
SA190PBcda_000000664–669, which encodes gyrB-recF-
dnaN-dnaA-rpmH-rnpA in that region [41]. In Pseudo-
monas species, the number of tRNAs varies between 60 
and 80, while the number of rRNAs ranges from 4 to 7 [42]. 
High copy number of rRNAs showed the correlation of the 
high growth rate of the bacteria and adaptation to the 
environmental responses [43]. For example, Sphingomonas 
sp. strain RB2256 carries a single rRNA operon, exhibits a 
slow growth rate, and shows limited adaptability to 
changing environments [43, 44]. In contrast, Bacillus 
subtilis, which harbors 10 rRNA operons, grows rapidly 
and adapts more readily to environmental fluctuations [43, 
45]. Similarly, Pseudomonas species with higher numbers 
of rRNA and tRNA genes tend to grow faster and adapt 
more effectively to environmental changes [42, 46]. This 
adaptation allows Pseudomonas to gain an advantage in 
accessing nutrients and competing with other 
microorganisms [42, 46]. 

Genomic Identification of Pseudomonas 
argentinensis SA190 Using ANI and AAI Analyses 

To accurately determine the taxonomic position of strain 
SA190, we performed both Average Nucleotide Identity 
(ANI) and Average Amino Acid Identity (AAI) analyses on 
whole genome level. Based on the TYGS genome-to-
genome comparison, strain SA190 showed the highest 
relatedness to Pseudomonas argentinensis LMG 22,563, 
with a digital DNA–DNA hybridization (dDDH) value of 
75% (confidence interval 71.0–78.6%), which is well 
above the accepted species threshold of 70%. The DDH of 
75 corresponds to an ANI of about 96–97%, confirming the 
same species (Fig. 2A) [47, 48]. To further resolve species-
level classification, we conducted AAI analysis, which 
confirmed that SA190 shares 93.5% amino acid identity 
with P. argentinensis LMG 22,563, firmly supporting 
species-level assignment (Fig. 2B) [49]. Other 
Pseudomonas species showed lower AAI values (84 − 
88%), and non-Pseudomonas taxa fell below 76%, 
indicating clear genus- and species-level boundaries 
(Supplementary Table 4) [50, 51]. SA190’s genomic 
features including a genome size of ~ 5.06 Mb, GC content 
of ~ 64%, and ~ 4,642 protein-coding genes are consistent 
with P. argentinensis and typical of the Pseudomonas genus 
[52]. These multi-layered genomic comparisons (ANI, 
AAI, and genome metrics) confirm that SA190 is a bona 
fide strain of P. argentinensis, closely related to the type 
strain LMG 22,563. 

Biochemical characteristics of SA190 

Evaluation of the plant growth-promoting (PGP) traits 
revealed that P. argentinensis SA190 solubilized phosphate 
and produced indole acetic acid (IAA) and siderophores, 
but it could not solubilize zinc (Table 2). Siderophore 
production and phosphate solubilization of SA190 are 
shown in Supplementary Fig. 1. These results indicate that 
SA190 exhibits most of the traits associated with PGPB, 
establishing a beneficial interaction with the host to enhance 
its biomass. Antibiogram results indicated that SA190 was 
resistant to penicillin G but sensitive to ampicillin, 
chloramphenicol, erythromycin, kanamycin, 
oxytetracycline, streptomycin, tetracycline, and rifampicin 
(Table 3). SA190 exhibited tolerance under salt stress (up 
to 1 M NaCl) and drought stress (up to 20% PEG) (Table 
4). 

The carbon substrate utilization profile of SA190 was 
assessed using the API 50 CH system, providing insights 
into the strain’s metabolic versatility and ecological 
adaptation. Out of 49 tested carbon sources, SA190 
exhibited a selective pattern of substrate usage, utilizing a 
total of 11 compounds with a focus on simple sugars and a 
few derivatives (Supplementary Table 5).  
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Fig. 1 Genome map of Pseudomonas argentinensis SA190. The singular chromosome consists of 5.0 Mb. Circle a indicates the GC skew. Circle b 
shows the GC% content. Circle c highlights rRNA-related genes. Circle d indicates tRNA-related genes. Circle e represents CDS-positive genes. Circle 
f shows CDS-negative genes. Circle g indicates genes. Circle h marks transposon insertion sites and the names of the disrupted genes 

 

SA190 demonstrated a selective carbohydrate utilization 
pattern. Among monosaccharides, the strain was able to 
metabolize D-mannose, L-fucose, and L-rhamnose, while it 
did not utilize D-glucose, D-fructose, or D-galactose, 
which is consistent with the atypical carbon preferences 
reported in several Pseudomonas species [53, 54]. The 
ability to utilize methyl-α-D-mannopyranoside further 
supports the presence of enzymes capable of processing 
glycoside-linked sugars, a trait often linked with com-
petitive colonization strategies in beneficial rhizobacteria 

[19]. Among disaccharides, SA190 metabolized D-lactose, 
sucrose, and D-trehalose, all of which are not only 
abundant in root exudates but also have been shown to 
enhance microbial survival and stress tolerance in the 
rhizosphere [55, 56]. However, the strain did not utilize D-
maltose, D-melibiose, or D-cellobiose, suggesting 
substrate-specific transport or enzymatic limitations. 

For glycosides, the strain was able to process salicin and 
esculin, indicating β-glucosidase activity. The bacterium 
also utilizes select polysaccharides, including inulin and 
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Table 1. SA190 genome structure and features  
Feature  Count  
Genome size (bp) 5,076,637 
Genome Coverage 100x 
GC content (%) 64% 
CDS (ORFs / protein-coding genes) 4561 
Gene 4548 
Pseudogenes 90 
tRNA 64 
rRNA 12 
riboswitch 11 
region 1 
ncRNA 1 
RNase_P_RNA 1 
SRP_RNA 1 
tmRNA  1  

 
amidon (starch), as well as certain polyols like glycerol, 
erythritol, and xylitol. Additionally, SA190 could metabolize 
potassium gluconate, suggesting active periplasmic 
oxidation pathways [57, 58]. The strain’s positive 
utilization of potassium gluconate is consistent with 
metabolic features commonly observed in plant-associated 
Pseudomonas species, where gluconate metabolism plays 
a central role in colonization and carbon flux through the 
Entner–Doudoroff pathway [2, 3]. These pathways are also 
implicated in biofilm formation and oxidative stress 
tolerance, reinforcing previous findings that link SA190’s 
genomic features and biofilm-related genes with plant 
growth promotion [59]. Collectively, these findings 
suggest that P. argentinensis SA190 employs a specialized 
metabolic strategy tailored to the rhizosphere environment, 
efficiently utilizing root-derived carbohydrates while 
lacking the machinery to process more complex or less 
abundant carbon sources. This specialization likely 
contributes to its ecological success and previously reported 
capabilities in promoting plant growth under abiotic stress 
conditions [25]. 

Genome mining and secondary metabolite biosynthetic 
potential of Pseudomonas argentinensis SA190 

Genome mining revealed that SA190 carries stress-
tolerance genes that may contribute to enhancing plant 
growth. A gene cluster responsible for phosphate 
solubilization, a crucial trait that ensures the plant’s access 
to bioavailable phosphate, was identified. The 
pqqEDCBAF operon consists of six genes involved in 
synthesizing pyrroloquinoline quinone (PQQ), which 
belongs to metabolites promoting plant growth [26, 60]. 
Additionally, genes encoding glucan endo-1,3-beta-D-
glucosidase and chitinase, which exhibit antifungal activity, 
were discovered in SA190 [26]. In this way, SA190 can 
inhibit the growth of pathogenic fungi and protect plants 
from fungal infections [61]. The genome of SA190 also 
contains the acdS gene, which is important for plant growth. 

The acdS gene encodes the enzyme 1-aminocyclopropane-
1-carboxylic acid deaminase (ACC deaminase), which 
enhances plant biomass and stress tolerance by lowering 
excessive ethylene production [62]. 

To assess the biosynthetic potential of P. argentinensis 
SA190, the genome was analysed using the antiSMASH 
(version 8.0.4). A total of eight biosynthetic gene clusters 
(BGCs) were identified, representing a diverse array of 
secondary metabolite classes, including RiPP-like 
compounds, redox cofactors, terpene precursors, non-
ribosomal peptides (NRPs), β-lactones, terpenes, and 
NAGGN-type saccharide (Supplementary Fig. 2). Similar 
known clusters for eight biosynthetic clusters, identified by 
MIBiG comparison, are shown in Supplementary Figs. 3, 4, 
and 5. Region 1 (83,002–142,575 bp) was annotated as a 
hybrid cluster comprising RiPP-like, arylpolyene, and 
resorcinol biosynthetic elements. This cluster showed a low 
similarity to the APE Vf cluster, which is known for 
producing pigments that contribute to oxidative stress 
resistance in Gram-negative bacteria. Arylpolyenes serve 
as functional analogs to carotenoids, offering membrane 
protection and antioxidant functions in biofilms and host-
associated environments [63]. Region 2 (870,281–892,428) 
was annotated as a redox – cofactor biosynthetic cluster. 
Region 3 (1,315,872–1,336,759) was annotated as a 
terpene-precursor biosynthetic cluster. Regions 4 and 5, 
spanning 2.48–2.79 Mb, encoded NRP-metallophore and 
NRPS hybrid clusters, known for Pyochelin, Coelibactin, 
Azotobactin D and Cupriachelin clusters, respectively. 
Coelibactin and Cupriachelin metabolites are typically 
involved in metal ion acquisition—notably iron and 
copper—critical for microbial survival in nutrient-limited 
environments like the rhizosphere. Siderophores and 
metallophores also contribute to microbial competitiveness 
and plant-beneficial traits [64]. Region 6 (2.81–2.84 Mb) 
was predicted to encode a β-lactone biosynthetic cluster. 
Although β-lactones are relatively underexplored 
compared to other classes, they are structurally related to β-
lactam antibiotics and are increasingly recognized for their 
roles in antimicrobial defense and inter-microbial 
competition [65]. Region 7 (3.10–3.12 Mb) displayed a 
terpene biosynthetic cluster with high similarity to a 
carotenoid-producing cluster. Terpenes and carotenoids are 
associated with a broad range of functions, including light 
protection, membrane stabilization, and plant-microbe 
signalling, and are known to enhance rhizobacterial 
survival under abiotic stress conditions [66]. Region 8 
(3.50–3.52 Mb) was identified as an NAGGN-type 
saccharide cluster, resembling O-antigen biosynthesis 
systems. These gene clusters are typically involved in 
lipopolysaccharide (LPS) assembly, which plays key roles 
in bacterial adhesion, immune modulation, and biofilm 
development, thus contributing to colonization efficiency 
and plant-microbe interaction dynamics. 
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Fig. 2 Phylogenomic analysis of Pseudomonas argentinensis SA190. (A) 16 S rRNA phylogeny tree based on 16 S rRNA sequence. The analysis was 
conducted using Genome Basic Local Alignment Search Tool (BLAST) distance phylogenies (GBDP) on the Type Strain Genome Server (TYGS) 
platform. (B) Average Amino Acid Identity (AAI) with identity greater than 70% and e-value of < = 1e-5. The branch legth of each orthologous pair has 
been highlighted

 
The diversity of BGCs identified in SA190 indicates a 

robust capacity to synthesize structurally diverse and 
functionally significant secondary metabolites. These  
include compounds with potential roles in rhizosphere  

 
 
 
 
 

colonization, plant protection, and environmental resilience. 
The presence of siderophore-like NRPs, oxidative stress-
related arylpolyenes, and LPS-modifying saccharides aligns 
with previously described phenotypes of PGPB bacteria,  
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Table 2. Biochemical characteristics of SA190   
Plant growth-promoting traits   
Phosphate solubilization + 
Zinc solubilization - 
Siderophore production + 
Indole-3-acetic acid (IAA) production + 

 
Table 3. Antibiotic resistance profile of SA190  
Antibiotic resistance markers  
Ampicillin S 
Chloramphenicol S 
Erythromycin S 
Kanamycin S 
Oxytetracycline S 
Penicillin G R 
Streptomycin S 
Tetracycline S 
Rifampicin S 

 
Table 4. Abiotic stress resistance of SA190  
Resistance to abiotic stresses  
Salt stress 
Growth LB + 
Growth LB + 0.1 M NaCI + 
Growth LB + 0.5 M NaCI + 
Growth LB + 1 M NaCI - 
Osmotic stress 
Growth in 10% PEG 8000 + 
Growth in 20% PEG 8000 +  

 

 
such as biofilm formation, stress tolerance, and plant 
growth promotion in arid environments [67]. The genomic 
potential observed here reinforces the ecological versatility 
and translational potential of P. argentinensis SA190 as a 
bioinoculant candidate for sustainable agriculture. 

Chemotaxis and colonization 

The chemotaxis ability of bacteria is crucial for their 
survival, adaptation, and colonization [68]. Bacteria detect 
environmental signals and initiate a response through a 
two-component regulatory system [69]. In SA190, 119 
genes are associated with the two-component system. Key 
genes involved in the chemotaxis of SA190 include two 
copies of cheA (SA190PBcda_000004008, 
SA190PBcda_000000517), cheB (SA190PBcda_000001286, 
SA190PBcda_000000523), and cheY (SA190PBcda_ 
000004010, SA190PBcda_000000515), as well as three 
copies of cheR (SA190PBcda_000001285, SA190PBcda_ 
000002421, SA190PBcda_000000521) and cheV 
(SA190PBcda_000002420, SA190PBcda_000002652,  
SA190PBcda_000004099). These genes, functioning as 
histidine kinases and response regulators, play a significant 
role in processing environmental signals, thus  

facilitating bacterial movement [70]. SA190 also has four 
copies of the cheW gene (SA190PBcda_000000518, 
SA190PBcda_ 000000520, SA190PBcda_000003996, 
SA190PBcda_000003997), which is crucial for 
establishing the link between methylaccepting chemotaxis 
proteins (MCPs) and cheA by synthesizing coupling 
proteins [71]. 

Flagella, essential for bacterial motility, directly 
contributes to the chemotaxis of bacteria [72]. The flagellar 
filament comprises the flagellin protein and a filament cap 
protein [72]. SA190 possesses the flagellin protein FliC 
(encoded by fliC, SA190PBcda_000002443) and a filament cap 
composed of the FliD protein (SA190PBcda_000002445). 
The fliG (SA190PBcda_000004032), fliM 
(SA190PBcda_000004022), and fliN 
(SA190PBcda_000004021) genes encode the cytoplasmic 
ring elements necessary for generating the torque required 
for flagellar movement, thereby significantly enhancing 
SA190’s motility [72]. Additionally, the genome of SA190 
contains two flagellar motor proteins, MotA and MotB, 
which are integral to the operation of the flagella and, thus, 
to the overall chemotactic process [73]. 

Bacteria move into the rhizosphere through chemotaxis and 
produce exopolysaccharides (EPS) to adhere to plant roots 
[6]. At this stage, biofilm formation and quorum sensing are 
crucial for successful colonization. The ability of SA190 to 
colonize plant roots greatly contributes to its beneficial 
effects on plant growth [22]. In SA190, the Wsp regulatory 
system is hypothesized to govern biofilm formation and 
surface-related characteristics [74]. Key genes in this system, 
including wspA (SA190PBcda_000005030), wspB 
(SA190PBcda_000005029), wspD (SA190PBcda_ 
000005027), wspR (SA190PBcda_000005024),   wspF 
(SA190PBcda_000005025), and wspC (SA190PBcda_ 
000005028), play essential roles in biofilm formation in 
response to environmental signals. 

Quorum sensing, a bacterial communication mecha-
nism, directly interacts with biofilm formation and 
regulates EPS production in response to varying environ-
mental conditions [75]. This mechanism allows bacteria to 
form more robust biofilms, which protect them from abiotic 
stresses such as drought. The EPS matrix can absorb and 
retain water, thereby protecting the bacteria from the 
adverse effects of drought [76]. Consequently, the 
formation of biofilms on plant roots enhances the plant’s 
uptake and improves its resilience to drought stress, 
significantly contributing to plant-microbe interactions 
[76]. 

SA190 contains nine genes encoding LuxR family 
transcriptional regulators. Among these, luxR 
(SA190PBcda_000004790) represents the canonical quo-
rum-sensing regulator. Two genes act as metabolic LuxR-
like regulators, including SA190PBcda_000004434 (malT) 
and SA190PBcda_000003557 (amino acid transport). Five 
genes are annotated as two-component response regulators 
with LuxR domains (SA190PBcda_000003314, 
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SA190PBcda_000003452, SA190PBcda_000005291, 
SA190PBcda_000005781, and SA190PBcda_000005817). 
Additionally, SA190PBcda_000000956 encodes a dual-
function protein that contains both a LuxR family tran-
scriptional regulator domain and a serine/threonine kinase 
domain. These LuxR family regulators may play a central 
role in coordinating quorum-sensing–mediated regulation 
of metabolism and signalling in SA190. 

Characterization of biofilm genes in Pseudomonas 
argentinensis SA190 by Tn5 transposon library 

To investigate the role of biofilm formation in plant-bac-
teria interaction in P. argentinensis SA190, we utilized a 
Tn5 transposon-induced mutation library. The Tn5 
transposon system was employed to generate a transposon 
library containing 3,742 mutants of P. argentinensis 
SA190, resulting from 13 independent transformations. 
Since P. argentinensis SA190 contains only chromosomal 
DNA and lacks plasmids, all Tn5 insertions occurred 
within the chromosomal genes of SA190. To identify the 
insertion sites in the SA190 mutants, we used Random 
Amplification of Transposon Ends (RATE-PCR) followed 
by Sanger sequencing [32]. The distribution of Tn5 
insertions across the genome of SA190 is illustrated in (Fig. 
1h). Importantly, no significant accumulation of Tn5 
insertions was observed in any specific region of the SA190 
genome, indicating an even distribution of insertions. This 
even distribution of Tn5 insertions across the genome 
allows us to focus on bacterial traits that could play a role 
in successful root colonization. Biofilm formation is one of 
the crucial bacterial traits for root colonization. To 
investigate the role of biofilm formation in root 
colonization and plant growth promotion by SA190, we 
screened 1,000 transposon mutants using a crystal violet 

biofilm formation assay. Wild-type SA190 exhibited a 
biofilm formation value of approximately 1.5 (OD550), 
which was used as a reference (Fig. 3). Among the 1,000 
mutants, 21 showed a noticeable reduction in biofilm 
formation compared to the wild type. From these, we 
selected three mutants—wspC::Tn5, rpoE::Tn5, and 
fliD::Tn5—with biofilm values below 0.25 for further 
analysis, applying this stringent threshold to identify 
mutants with severely impaired biofilm production (Fig. 3). 
This OD550 cut-off was chosen to classify mutants with low 
biofilm formation, ensuring that our analysis specifically 
addressed the impact of reduced biofilm capacity on root 
colonization and plant growth. 

To investigate the functional role of wspC, rpoE and fliD 
in P. argentinensis SA190, we evaluated the colonization 
capacity of the mutants in Arabidopsis thaliana under non-
stress and 25% PEG-induced drought stress conditions. 
After 15 days of plant growth, colonization levels of the 
mutants under non-stress conditions were similar to the 
wild-type SA190 (Fig. 4A). However, under 25% PEG-
induced drought stress, the mutants exhibited a significant 
reduction in colonization compared to the wild type, 
indicating a stress-specific colonization defect. We next 
investigated the bacterial fitness in wspC::Tn5, rpoE::Tn5, 
and fliD::Tn5 mutants, they exhibited growth comparable 
to the wild-type SA190, indicating that the transposon 
insertions did not impair bacterial fitness (Supplementary 
Fig. 6). Then, we introduced a root surface sterilization step 
to remove epiphytic cells, allowing us to distinguish 
between loosely and stably associated bacteria. This 
approach enabled us to assess the effect of biofilm-related 
mutants on the stable colonization of SA190 on the root 
surface. Colonization of the mutants was significantly 
reduced under 25% PEG-induced drought stress

 

 

Fig. 3 Biofilm formation of SA190 and Tn5 mutants determined by crystal violet staining. Biofilm formation was analysed on the 96-well plate surface 
after 24 h of incubation at 28 °C. The absorbance value of 0.25 was used as a stringent cut-off to capture mutants with severely impaired biofilm 
production. Bars represent the mean values, with error bars representing SD. Different letters indicate statistically significant differences based on the 
Welch and Brown-Forsythe versions of one-way ANOVA 
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Fig. 4 Analysing the impact of biofilm-related mutants on bacterial root colonization. Total bacterial titres of WT and mutants in Arabidopsis roots grown 
on ½ MS (non-stress) and 25% PEG-induced drought stress conditions (A). Endophytic bacterial titres of WT and mutants in Arabidopsis roots grown on 
½ MS (non-stress) and 25% PEG-induced drought stress after root surface sterilization (B). The total fresh weight of non-colonized (mock) plants and 
plants colonized with SA190 or wspC::Tn5, rpoE::Tn5, and fliD::Tn5 mutants was measured after 15 days of growth on ½ MS and 25% PEG-induced 
drought stress (C). A ½ MS solution was used for the mock treatment. The boxplots show colony-forming unit (CFU) data from four independent 
biological replicates. The plant assay was performed with three biological replicates and two technical replicates (n = 36). In the boxplots, whiskers 
represent the minimum and maximum values, while the horizontal line indicates the median. Different letters indicate statistically significant differences 
based on two-way ANOVA 

 

after surface sterilization step (Fig. 4B). It suggests 
impaired stable root attachment in the mutants. This result 
supports the notion that wspC, rpoE, and fliD genes are 
particularly important for persistence on the root surface 
under drought stress conditions. To determine whether 
reduced colonization translates into a diminished growth-
promoting effect, we assessed total plant fresh weight. 
Under non-stress conditions, plants colonized by the 
wspC::Tn5 mutant exhibited biomass levels comparable to 
those inoculated with wild-type SA190, whereas plants 
treated with the rpoE::Tn5 and fliD::Tn5 mutants showed a 
significant reduction in biomass (Fig. 4C). However, under 
25% PEG-induced drought conditions, Arabidopsis plants 
inoculated with the mutants significantly decreased 

biomass compared to wild-type SA190 (Fig. 4C). This 
reduction in plant growth promotion results from the 
mutant’s compromised biofilm formation and root 
colonization capacity. 

To contextualize our findings, we reviewed previous 
studies on the roles of wspC, rpoE, and fliD in biofilm 
formation and bacterial colonization. The wspC gene 
encodes a methyltransferase that modifies the WspA 
receptor, playing a central role in chemotaxis and regula-
tion of the Wsp chemosensory pathway, which enhances 
both biofilm formation and motility [77, 78]. Given this 
regulatory function, wspC is important for bacterial colo-
nization and adaptation to environmental stress. Che-
motaxis and biofilm-related genes have been shown to 
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play similar roles in other bacterial strains. For example, in 
Pseudomonas aeruginosa, the Wsp (wrinkly spreader 
phenotype) chemosensory system—which includes 
wspC—functions analogously to chemotaxis pathways and 
is involved in sensing environmental cues and envelope 
stress [77]. This system regulates intracellular levels of 
cyclic-di-GMP, a second messenger that governs the 
transition between motile and sessile (biofilm) lifestyles 
[77]. Activation of the Wsp pathway in response to surface 
contact or envelope perturbations leads to enhanced biofilm 
formation, enabling bacteria to adhere more effectively to 
surfaces, including plant roots [77]. Similarly, in Bacillus 
subtilis, disruption of the chemotaxis gene cheV resulted in 
a significant decline—over 15%—in the bacterium’s 
ability to colonize tomato roots [79]. The cheV gene was 
shown to play a crucial role in signal transduction during 
chemotaxis and biofilm, enabling bacteria to move toward 
favourable environments such as plant root exudates [79]. 
Loss of this function compromises the bacterium’s motility 
and capacity to establish stable associations with the host 
plant [79]. Consistently, the disruption of the wspC gene 
reduces biofilm formation in SA190, negatively affecting 
its stable attachment to the root. As a result, SA190 was 
unable to fully exert its beneficial effects on the plant. 
Moreover, our findings suggest that the wspC gene 
contributes to stable root colonization by SA190 and may 
play a role in establishing plant-microbe interactions. 

The rpoE gene encodes an alternative sigma factor 
critical for the extracytoplasmic stress response in Gram-
negative bacteria, playing a vital role in maintaining cell 
envelope integrity and responding to environmental stress 
[80]. Despite its recognized importance in bacterial 
physiology, the specific role of rpoE in biofilm formation 
and root colonization by SA190 has not been fully elu-
cidated. In a study involving Crohn’s disease-associated 
adherent-invasive Escherichia coli (AIEC), inhibition of 
the RpoE sigma factor led to a significant reduction in 
biofilm formation and bacterial adhesion to intestinal 
epithelial cells, impairing colonization and persistence 
within the host [81]. Similarly, in Salmonella enterica, 
rpoE mutants exhibited increased sensitivity to extracy-
toplasmic stress, resulting in compromised biofilm devel-
opment and a diminished ability to colonize host tissues 
[82]. In E. coli, the RpoE controls the expression of genes 
involved in maintaining the integrity of the outer mem-
brane and the envelope stress response [83, 84]. Loss of 
RpoE function disrupts proper outer membrane protein 
folding, leading to defects in biofilm formation and reduced 
surface attachment [83, 84]. This stress response is crucial 
for bacterial survival under stressful conditions and for the 
maturation of biofilms on various surfaces [83, 84]. 
Similarly, the rpoE gene plays a crucial role in SA190’s 
biofilm formation, root colonization, and the resulting 

beneficial effects on plant growth under drought stress 
conditions. 

fliD encodes a structural component of the bacterial 
flagellum essential for motility and many studies have 
emphasized the importance of the fliD gene in various 
bacterial systems [72]. For instance, in Helicobacter pylori, 
the fliD mutant showed delayed biofilm initiation and 
surface attachment [85]. Similarly, a study on Clos-
tridioides difficile demonstrated that mutants lacking key 
flagellar components (fliC, fliD, and flgE) showed reduced 
colonization and adherence to the intestinal epithelium 
during infection [86]. These studies support the idea that 
flagellar components are essential for motility, surface 
attachment, and stable host interaction [86]. In parallel with 
the findings of these studies, our data demonstrate that the 
fliD gene in SA190 contributes to biofilm formation, stable 
root colonization, and the beneficial effects of SA190 on the 
plant. 

Taken together, these results suggest that biofilm-related 
genes (wspC, rpoE, and fliD) contribute to stable root 
colonization and influence plant growth under 25% PEG-
induced drought stress. Disruption of these genes reduces 
bacterial persistence on roots, limiting SA190’s beneficial 
effects and highlighting the role of biofilm formation in 
plant-microbe interactions. We note that complementation of 
the wspC, rpoE, and fliD mutants was not performed, which 
is a limitation of the Tn5 transposon library due to the 
potential disruption of large genomic regions. The 
mechanistic basis by which wspC, rpoE, and fliD influence 
biofilm formation remains to be elucidated. In 
Pseudomonas, biofilm development is regulated through 
the coordinated action of multiple pathways [87–89]. For 
example, the Gac/Rsm system controls biofilm matrix 
production [89], cyclic-di-GMP (c-di-GMP) metabolism 
promotes biofilm formation [90], quorum sensing (QS) 
regulates the population density of biofilm-forming cells 
[88], and exopolysaccharide (EPS) biosynthesis 
contributes directly to the establishment of the biofilm 
matrix [87]. The interplay among these systems ensures the 
initiation, maturation, and stability of biofilms [87]. The 
wsp operon has been associated with the modulation of c-
di-GMP levels, thereby influencing surface attachment and 
biofilm stability [77, 78]. rpoE encodes an 
extracytoplasmic sigma factor involved in envelope stress 
responses, which can indirectly modulate biofilm-
associated gene expression and EPS production [80, 82]. 
fliD encodes the flagellar cap protein, and mutations that 
impair flagellar function often reduce surface attachment 
and the initiation of biofilm formation [85]. Although our 
study identifies these genes as candidate contributors to 
biofilm formation in SA190, further studies are needed to 
determine how they integrate into the canonical regulatory 
networks described in other Pseudomonas species. 
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   Conclusion 

Pseudomonas argentinensis SA190 represents a meta-
bolically streamlined yet functionally diverse PGPB with 
strong ecological adaptability. Its genetic potential for 
metabolite biosynthesis, stress resilience, and efficient root 
colonization underscores its value as a bioinoculant in 
sustainable agriculture. Notably, Tn5 transposon 
mutagenesis identified wspC, rpoE, and fliD as candidate 
genes potentially involved in biofilm formation and 
colonization. Disruption of these genes impaired biofilm 
integrity and reduced the bacterium’s ability to promote 
plant growth under drought stress, highlighting its role of 
biofilm-mediated attachment in rhizosphere competence. 
These insights demonstrate the power of functional 
genomics in unravelling the mechanisms underlying ben-
eficial plant-microbe interactions. Collectively, this work 
provides a robust foundation for the translational deploy-
ment of SA190 to enhance plant resilience and produc-
tivity, particularly in arid and saline environments.	
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Abstract  
  
Transposon mutagenesis is a powerful tool for investigating gene function in bacteria, particularly in newly discovered 
species. In this study, we applied the hyperactive EZ-Tn5 transposase system to Pseudomonas argentinensis SA190, an 
endophytic bacterium known for enhancing plant resilience under drought stress. By leveraging the random 
amplification of transposon ends (RATE)-PCR method, we successfully mapped the insertion sites of the transposon 
within the SA190 genome. This approach enabled the precise identification of disrupted genes, offering insights into 
their roles in bacterial function and interaction with host plants. Our comprehensive protocol, including competent cell 
preparation, transformation, and insertion site mapping, provides a reliable framework for future studies aiming to 
explore gene function through mutagenesis.  
  

Key features  
• The use of the hyperactive EZ-Tn5 transposase system ensures efficient and detectable random mutagenesis across 

the Pseudomonas argentinensis SA190 genome, facilitating comprehensive gene disruption studies.  
• The technique is employed to identify and map the transposon insertion sites, allowing for precise determination 

of gene function and its impact on bacterial phenotypes.  
• This method enables the exploration of a broad range of gene functions within SA190, particularly those involved 

in plant growth promotion and stress tolerance.  
• This method can be readily adapted to generate mutant libraries in other bacterial species, emphasizing its 

transferability.   
  

Keywords: Transposon mutagenesis, Gene disruption, Gene mapping, Pseudomonas argentinensis SA190, Tn5 
insertion site, Sanger sequencing  
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Graphical overview  

    

Workflow for characterizing the Tn5 insertion site in the Pseudomonas argentinensis SA190 genome using 
RATEPCR  
    

Background  
  

Identification of essential genes by bacterial genomic studies helps to understand the functions of biological processes 
in bacteria [1–4]. One of the indispensable tools for studying genes in bacteria is mutagenesis, e.g., transposons insertion 
[1,5]. It allows us to establish a link between gene disruption and phenotypic traits. Tn5 is one of the most common 
transposases used to generate random mutations in the bacterial genome [6]. However, random mutagenesis methods 
vary in precision and efficiency, with chemical and UV mutagenesis often causing multiple mutations [7], while 
conventional transposons frequently exhibit lower insertion efficiency and can result in multiple insertions per genome 
[8]. The EZ-Tn5 transposome system addresses these limitations by incorporating a hyperactive Tn5 transposase and a 
kanamycin resistance cassette, allowing high-frequency, single-copy insertions that simplify mutant analysis [4,8]. Its 
broad host range and proven reliability across diverse bacterial species make EZ-Tn5 the preferred tool for generating 
effective mutant libraries in this study [8].   
Mechanistically, the EZ-Tn5 transposome system, developed from the native Tn5 structure, consists of hyperactive Tn5 
transposase and a kanamycin antibiotic cassette [6,9]. In the EZ-Tn5 system, the hyperactive transposase binds to the 
mosaic ends at the ends of the kanamycin cassette and facilitates random transposition in the genome [6,9]. The presence 
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of the kanamycin cassette facilitates the selection of bacteria in which transposition occurs. After transposition takes 
place in the bacterial genome, the transposase decays [9]. In this way, transposition occurs only once in the genome.  
In this work, the EZ-Tn5 transposon system was applied on the bacteria Pseudomonas argentinensis SA190, an 
endophytic plant growth-promoting bacteria that enhances plant performance under drought stress [10]. As SA190 is a 
newly discovered bacterium, it is crucial to understand its essential genes. Elucidating the role of genes in SA190 will 
contribute to understanding the beneficial interaction between SA190 and plants. SA190 should first be prepared as 
competent cells to receive the transposon DNA for transposon mutagenesis. The transposon is transferred to recipient-
competent cells by transformation. Since EZ-Tn5 performs random mutagenesis in the bacterial genome, identifying 
the mutated gene is vital in establishing a significant relationship between the gene and its function. To achieve this, we 
employed the random amplification of transposon ends (RATE)-PCR method, a fast and effective approach for 
identifying disrupted genes in the genome [11,12]. Specific primers designed for the transposon ends were used to 
amplify one of the transposon-end regions. RATE-PCR involves three stages, utilizing a combination of high-stringency 
and low-stringency temperatures to produce both specific and nonspecific PCR products of various sizes on agarose 
gels. These products were then subjected to Sanger sequencing using either the forward or reverse primers of the EZ-
Tn5 transposon. The resulting sequences were compared against the SA190 reference genome to precisely characterize 
the disrupted genes.  
  
  
Materials and reagents  

  
Biological materials  

  
1. Pseudomonas argentinensis SA190 (isolated from surface-sterilized root nodules of the plant Indigofera argentea in 
the Jizan area (16°56.475′N, 42°36.694′E) of Saudi Arabia [13], kindly provided by Heribert Hirt Lab at King Abdullah 
University of Science and Technology (KAUST), Jeddah, Saudi Arabia).   
  
Reagents  

1. Kanamycin sulfate (Fisher Bioreagents, catalog number: 25389-94-0)  
2. BactoTM tryptone (Gibco, catalog number: 211705)  
3. Sodium chloride (NaCl) (Merck, catalog number: 1064049025)  
4. BactoTM yeast extract (Gibco, catalog number: 212750)  
5. Sodium hydroxide (NaOH) (Merck, catalog number: 71687-500G)  
6. LB broth with agar (Sigma-Aldrich, catalog number: L2897-250G)  
7. Potassium chloride (KCI) (Merck, catalog number: P9541-500G)  
8. Magnesium chloride (MgCI2) (Merck, catalog number: 208337-100G)  
9. Magnesium sulfate (MgSO4) (Merck, catalog number: M7506-500G)  
10. Glucose (Merck, catalog number: G8270-100G)  
11. Absolute glycerol (Sigma-Aldrich, catalog number: G5516)  
12. Nuclease-free water (New England Biolabs, catalog number: B1500S)  
13. Phusion® High-Fidelity DNA polymerase (New England Biolabs, catalog number: M0530L)  
14. ExoSAP-IT PCR product cleanup reagent (Thermo Fisher Scientific, catalog number: 78-201-1ML)  
15. 10 mM dNTPs (Thermo Fisher Scientific, catalog number: 18427089)  
  
Solutions  

1. Luria-Bertani (LB) agar (see Recipes)  
2. Luria-Bertani (LB) media (see Recipes)  
3. Super optimal broth with catabolite repression (SOC) media (see Recipes)  
4. Kanamycin sulfate stock solution (50 mg/mL) (see Recipes)  
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Recipes   

1. Luria-Bertani (LB) agar  

Reagent  Final concentration  Quantity  
Tryptone  1% (w/v)  10 g  
Yeast extract  0.5% (w/v)  5 g  
NaCl  1% (w/v)  10 g  
Agar   0.9%  9 g  
Milli-Q H2O  variable  Fill to 1 L  
Total   n/a  1 L  
a. Adjust pH to 7.0 using 5 M NaOH  
b. Autoclave (121 °C, 15 min, 100.8 kPa).  
  
2. Luria-Bertani (LB) media  

 

Reagent  Final concentration  Quantity  
Tryptone  1% (w/v)  10 g  
Yeast extract  0.5% (w/v)  5 g  
NaCl  1% (w/v)  10 g  
Milli-Q H2O  variable  Fill to 1 L  
Total (optional)  n/a  1 L  
a. Adjust pH to 7.0 using 5 M NaOH  
b. Autoclave (121 °C, 15 min, 100.8 kPa).  
  
3. Super optimal broth with catabolite repression (SOC) media  

 

Reagent  Final concentration  Quantity  
Tryptone  2% (w/v)  20 g  
Yeast extract  0.5% (w/v)  5 g  
NaCl  10 mM  2 mL  
KCl  2.5 mM  2.5 mL  
MgCl2  10 mM  10 mL  
MgSO4  10 mM  10 mL  
Milli-Q H2O  variable  Fill to 980 mL  
Total   n/a  980 mL  
a. Autoclave (121 °C, 15 min, 100.8 kPa).  
b. After autoclaving, add 20 mL of filter-sterilized 1 M glucose.  
  
4. Kanamycin sulfate stock solution (50 mg/mL)  

 

Reagent  Final concentration  Quantity  
Kanamycin sulfate  50 mg/mL  0.5 g  
Milli-Q H2O  variable  10 mL  
Total   n/a  10 mL  
a. Filter sterilize the solution using a 0.2 μm filter and 10 mL syringe.  
b. Aliquot 500 μL stocks and store at -20 °C.  
  
Laboratory supplies   

1. 1.5 mL Eppendorf tubes (Thermo Fisher Scientific, catalog number: AM12450)  
2. 2 mL Eppendorf tubes (Thermo Fisher Scientific, catalog number: AM12475)  
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3. NuncTM Petri dishes (Thermo Fisher Scientific, catalog number: 263991)  
4. NuncTM square BioAssay dishes (Thermo Fisher Scientific, catalog number: 240845)  
5. Inoculating loop (VWR®, catalog number: 612-7277)  
6. L-shaped spreader (VWR®, catalog number: 612-1561)  
7. 50 mL conical tubes (Thermo Fisher Scientific, catalog number: AM12502)  
8. 0.1 cm electroporation cuvette (Thermo Fisher Scientific, catalog number: P41050)  
9. NalgeneTM polycarbonate Erlenmeyer flask (Thermo Fisher Scientific, catalog number: 4103-0250PK)  
10. Serological pipette (Thermo Fisher Scientific, catalog number: 170358T)  
11. EZ-Tn5TM <KAN-2> Insertion kit (Epicentre, catalog number: EZ1921K)  
Note: This product is no longer available; as an alternative, we suggest using EZ-Tn5 Transposase (LGC Biosearch 
Technologies, catalog number: TNP92110)   
12. CorningTM CostarTM 96-well plate, sterile (Fisher Scientific, catalog number: 10695951)  
13. PCR tubes (Thermo Fisher Scientific, catalog number: AB0490)  
14. 0.2 μm FisherbrandTM syringe filters, sterile (Thermo Fisher Scientific, catalog number: 09-719C)  
15. 10 mL BD Luer-LokTM disposable syringes without needles (Thermo Fisher Scientific, catalog number: 14-823-2A)  
16. Toothpick (local purchase)  
  

Equipment   
1. MicroPulser Electroporator (Bio-Rad Laboratories, catalog number: 1652100)  
2. Centrifuge 5430 (Eppendorf, catalog number: 5427000610)  
3. New Brunswick Innova® 40/40R Benchtop Orbital Shaker (Eppendorf, catalog number: M1299-0090)  
4. HerathermTM General Protocol Microbiological Incubator (Thermo Fisher Scientific, catalog number: 51028063)  
5. SimpliAmpTM Thermal Cycler (Thermo Fisher Scientific, catalog number: A24811)  
6. 96-Pin Microplate Replicator (Boekel Scientific, catalog number: 140500)  
7. EppendorfTM ResearchTM plus, mechanical single-channel pipettes multipacks (Thermo Fisher Scientific, catalog 

number: 13-684-250)  
8. Autoclave (any manufacturer)  
9. Thermo ScientificTM RevcoTM ExF -86 °C upright ultra-low temperature freezer (Thermo Fisher Scientific, catalog 

number: EXF24086A)  
10. Liquid nitrogen (N2) tank (any manufacturer)  
  
Software and datasets  
1. SnapGene® (SnapGene, Version 6.2.1, https://www.snapgene.com/)  
2. NCBI Blastn program, free use, web-based platform (https://blast.ncbi.nlm.nih.gov/Blast.cgi)  
  
Procedure   
A. Preparation of competent cells of Pseudomonas argentinensis SA190   

1. Freshly streak the glycerol stock of Pseudomonas argentinensis SA190 onto an LB agar plate (Recipe 1) using a loop 
and incubate at 28 °C for overnight (16 h) incubation.  
Note: The genome size of SA190 is 5,076,637 bp, and approximately 20,000 bacterial colonies are required to achieve 
4× full genome coverage.  
2. The next day, select a single colony from the plate and transfer to a flask containing 40 mL of LB media (Recipe 2).  
3. Incubate the flask at 28 °C and 220 rpm.   
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4.  Transfer 100 μL from the overnight culture to a new flask containing 40 mL of LB broth media.  
5. Incubate at 28 °C and 220 rpm until the OD600 reaches 0.4.  
Note: The doubling time of SA190 is approximately 60 min at 28 °C in LB broth media.  
6. Grow the bacterial culture to an OD600 of 0.4, evenly transfer into two 50 mL tubes, and place on ice.  
7. Centrifuge the 50 mL tubes at 5,660× g for 5 min at 4 °C.  
8. Discard the supernatant from the 50 mL tubes.  
9. Resuspend the pellet in 20 mL of ice-cold H2O by gently shaking the 50 mL tubes.  
10. Centrifuge at 5,660× g for 5 min at 4 °C.  
11. Discard the supernatant from the 50 mL tubes.  
12. Resuspend the pellet in 2 mL of 10% glycerol by gently shaking the 50 mL tubes.  
13. Aliquot the sample into 1.5 mL Eppendorf tubes by transferring 100 μL to each.  
14. Transfer the 1.5 mL Eppendorf tubes from ice to liquid nitrogen.  
15. For long-term storage, store the tubes at -80 °C.  
Note: Electrocompetent cells can be stored at -80 °C for up to 6 months without a significant loss of efficiency.  
 
B. Transformation   

1. Place two tubes of competent cells from -80 °C on ice.  
2. Put electroporation cuvettes and 2 mL Eppendorf tubes on ice.  
3. Thaw EZ-Tn5 transposon DNA and competent cells on ice for 15 min.  
4. Transfer 100 μL of the competent cells to a 0.1 cm electroporation cuvette® as a control.  
5. Wipe around the cuvette with tissue paper to prevent arcing.  
6. Use the Ec1 program (V = 1.8 kV, 2.5 ms) for electroporation.  
7. Insert the cuvette into the electroporation device and press the button to apply the pulse.  
8. Immediately add 900 μL of prewarmed SOC media (room temperature or 28 °C; Recipe 3) to the cuvette.  
9. Transfer all the liquid from the electroporation cuvette to a 2 mL Eppendorf tube and place it on ice.  
10. Add 0.5 μL of EZ-Tn5 transposon DNA to the second tube of competent cells.  
Note: EZ-Tn5 DNA is diluted in sterile water, and typically 0.5–1.0 μg is used per electroporation.  
11. Incubate on ice for approximately 10 min.  
12. Transfer 100 μL of the competent cells containing EZ-Tn5 transposon DNA to an electroporation cuvette.  
13. Wipe around the cuvette with tissue paper to prevent arcing.  
14. Use the Ec1 program for electroporation.  
15. Insert the cuvette into the electroporation device and press the button to apply the pulse.  
16. Immediately add 900 μL of SOC media to the cuvette.  
17. Transfer all the liquid from the electroporation cuvette to a 2 mL Eppendorf tube.  
18. Place both 2 mL Eppendorf tubes in the incubator at 28 °C and 220 rpm for 1.5 h.  
19. Remove the Eppendorf tubes from the incubator and work on a clean bench.  
20. Prepare LBkan plates using the kanamycin sulfate stock (50 mg/mL) (Recipe 4).  
21. Using an L-shaped loop, plate 100 μL from each tube onto an LBkan plate (final concentration: 50 μg/mL kanamycin).  
22. Centrifuge the remaining culture in the tube at 5,660× g for 3 min.  
23. Discard the supernatant.  
24. Resuspend the pellet in 200 μL of SOC media.  
25. Spread 50 μL of the suspension on LBkan plates (50 μg/mL).  
26. Incubate the plates at 28 °C for 1.5 days.  
27. Following incubation on LBkan plates, transformants appear as distinct colonies.  
Note: Typically, 300–500 colonies are obtained per electroporation, but this number may vary depending on the 
bacterial species. PCR screening or sequencing confirms that 100% of the colonies contain unique insertions.  
  
C. Preparation of the EZ-Tn5 transposon library   

1. Check the control and sample plates in the incubator.  
2. Take a 96-well plate.  
3. Pour LBkan (50 μg/mL) into a reservoir.  
4. Transfer 200 μL of LBkan to each well of the 96-well plate using a multichannel pipette.  
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5. Pick a bacterial colony from the sample plate with a sterile toothpick.  
Note: The toothpick is sterilized using an autoclave.  
6. Place the colony into a well of the 96-well plate. After finishing each row, remove the toothpicks and continue with  
the next row.  
7. Complete filling the whole plate and cover it.  
8. Place the plate in a 28 °C incubator overnight without shaking.  
9. The next day, take a new 96-well plate.  
10. Add 75 μL of 20% glycerol to each well of the new 96-well plate using a multichannel pipette.  
11. Remove the overnight 96-well plate from the incubator and transfer 75 μL from each well to the new plate for    
preparing glycerol stock.  
12. Cover the new plate and store it at -80 °C.  
  
D. Reviving the transposon library   

1. Prepare LBkan agar plates in square BioAssay plates (final concentration on the plate: 50 μg/mL kanamycin).  
2. Remove the 96-well plate from -80 °C and place it on ice.  
3. Revive the bacterial cells from the glycerol stock by placing them on the LBkan agar plate using a 96-pin microplate    
replicator.  
Note: The 96-pin replicator is sterilized by dipping it in 70% ethanol and flaming.  
4. Incubate at 28 °C overnight.  
  
E. Preparation of bacterial mutants for RATE-PCR   

1. Prepare autoclaved Milli-Q water, toothpicks, and sterile PCR tubes.  
2. Label the PCR tubes according to the position of the bacterial colonies on the 96-well plate.  
3. Add 50 μL of autoclaved Milli-Q water to the sterile PCR tubes.  
4. Take a small colony from the LBkan plate, starting from position A1 to H12, and transferring it to the PCR tubes using  
a toothpick.  
5. Heat the samples at 95 °C for 10 min using a thermocycler.  
6. Use the crude cell extract as a DNA template for the RATE-PCR protocol.  
  
F. RATE-PCR to map the insertion site   

1. Prepare the master mix for the RATE-PCR reaction (per sample: 1 μL of DNA, 0.2 μL of Phusion polymerase, 4 μL 
of 5× HF reaction buffer, 1 μL of 10 μM Inv1 or Inv2 primer (Table 1), 0.4 μL of 10 mM dNTPs, and 13.4 μL of 
nuclease-free water).  
  
Table 1. Primers used for the RATE-PCR reaction  

Primer name  Sequence (5′ to 3′)  
Inv-1  ATGGCTCATAACACCCCTTGTATTA  
Inv-2  GAACTTTTGCTGAGTTGAAGGATCA  
  
2. Set the thermocycler for the RATE-PCR conditions: Initial denaturation at 94 °C for 1 min, 20 cycles of 30 s at 94 
°C, 30 s at 55 °C, 3 min at 72 °C, 30 cycles of 30 s at 94 °C, 30 s at 30 °C, 2 min at 72 °C, 30 cycles of 30 s at 94 °C, 
30 s at 55 °C, 2 min at 72 °C, final extension at 72 °C for 5 min, and hold at 4 °C.  
  
G. Preparation of RATE-PCR products for sequencing   

1. Take 5 μL of RATE-PCR products and place them in a 96-well microplate using a multichannel pipette.  
2. Add 2 μL of ExoSap-IT to the PCR products and put the 96-well microplate on ice.  
3. Incubate at 37 °C for 15 min using the thermocycler.  
4. Incubate at 80 °C for 15 min using the thermocycler.  
5. Put the 96-well microplate on ice.  
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6. Add 5 μL of 10 μM KAN-2 forward or reverse primer (Table 2).  
7. Add 3 μL of nuclease-free water.  
8. Cover the 96-well microplate and send for Sanger sequencing.   
  
Table 2. Primers used for Sanger sequencing  
Primer name  Sequence (5′ to 3′)  
KAN-2-F  ACCTACAACAAAGCTCTCATCAACC  
KAN-2-R  GCAATGTAACATCAGAGATTTTGAG  
  
Data analysis   

RATE-PCR generates specific and nonspecific PCR products using Inv-1 or Inv-2 primers, resulting in multiple bands 
on an agarose gel. The Sanger sequencing primer (Kan-2-R or Kan-2-F) was selected based on the inverse primer (Inv-
1 or Inv-2) used in the RATE-PCR. The Kan-2 primer specifically binds to the end of the kanamycin resistance cassette 
in the RATE-PCR product. It is used in Sanger sequencing to read the genomic region adjacent to the transposon 
insertion site.   
The Sanger sequencing data were analyzed using the NCBI BLASTN tool, which compares the query sequence against 
entries in the nucleotide database to identify regions of similarity. The SA190 (CP056087.1) genome appeared at the 
top of the BLASTN results, indicating a high-confidence match. By examining the alignment between the query 
sequence and the SA190 genome, the exact gene or intergenic region disrupted by the transposon can be identified. The 
aligned sequence is then mapped onto the SA190 reference genome using the SnapGene program (Version 6.2.1), 
allowing for precise characterization of the insertion site and detailed annotation of the affected gene or genomic region.  
  
Validation of protocol   

Insertion site validation was primarily conducted using Sanger sequencing, which remains the standard for confirming 
the precise genomic location of transposon insertions amplified via RATE-PCR (Table 3). To further assess the 
robustness and accuracy of the protocol, a subset of mutants was additionally analyzed using Illumina HiSeq sequencing 
(Table 4). The concordance between both approaches confirmed the reliability of the RATE-PCR method for mapping 
EZ-Tn5 insertion sites. Detailed insertion site data, including genomic coordinates, gene annotations, and sequencing 
confirmation methods, are presented in Tables 3 and 4.  
  
Table 3. Identification of the SA190 mutants by Sanger sequencing  

Mutant ID  
Insertion 
Site (bp)  Strand  

Disrupted  
gene  

Gene function          Flanking genomic sequence  

 (NCBI annotation)         (5'–3')  
Confirmation 

method  

BET15-E8  2,168,204  –  SA190_FliD  
Flagellar filament  

…GCTCA**[Tn5]**TGGCG…  
capping protein   

Sanger 
sequencing  

BET18-H5  2,717,175  –  SA190_RpoE  
RNA polymerase  

…CGTGC**[Tn5]**GCGGC…  
sigma factor  

Sanger 
sequencing  

BET13-G8  4,458,951  +  SA190_YejK  
Nucleoid-associated  

…GTCGT**[Tn5]**ATGTA…  
protein  

Sanger 
sequencing  

BET2-A1  2,965,440  +  SA190_OmpA  
TCOOP OmpA- 

OmpF porin OOP     …TTCCG**[Tn5]**GTGAC…    
   family protein  

Sanger 
sequencing  

   
Table 3 summarizes the identification of insertion sites in individual SA190 mutants through Sanger sequencing of 
RATEPCR amplicons. The table includes the Sanger read identifier, corresponding gene name or intergenic region, 
nucleotide match identity, alignment length, and insertion coordinates on the SA190 genome. All insertions were 
confirmed by 100% identity to the reference genome (GenBank: GCA_001044605.1), validating the protocol's ability 
to reliably localize EZTn5 transposon insertions at single-nucleotide resolution. 
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Table 4. Validation of insertion sites in SA190 mutants by HiSeq Sequencing technology  
Sample ID   Mutant1  Mutant 2  Mutant 3  Mutant 4  Mutant 5  

qseqid  Tn5  Tn5  Tn5  Tn5  Tn5  

sseqid  
NODE_1_length_  
680816_ 
cov_194.442609  

NODE_1_length_  
497665_ 
cov_196.568265  

NODE_19_length_  
79072_ 
cov_140.973758  

NODE_20_length_  
79072_ 
cov_144.562517  

NODE_2_length_  
497665_ 
cov_160.085036  

  Percentage of  
  identical matches  100  100  100  100  100  

Alignment length  108  108  108  108  108  

Mismatch  0  0  0  0  0  

gapopen  0  0  0  0  0  

qstart  1  1  1  1  1  

qend  108  108  108  108  108  

sstart  214682  317444  18276  60797  34962  

send  214575  317551  18383  60690  349728  

evalue  9.2E-52  9.2E-52  9.2E-52  9.2E-52  9.2E-52  

bitscore  200  200  200  200  200  
  
Table 4 summarizes the alignment results of Tn5 insertion site flanking sequences from five representative mutants 
mapped against the SA190 genome. For each sample, query and subject sequence identifiers (qseqid and sseqid), 
alignment statistics (percentage identity, alignment length, mismatches, gaps), and mapping coordinates (start and end 
positions) are shown. All insertions displayed 100% identity with the reference genome, confirming the accuracy of the 
RATE-PCR amplification and insertion mapping. The e-value and bit score further confirm the significance of each 
alignment. Sequencing was performed using Illumina HiSeq technology.  
    
General notes and troubleshooting  
General notes   

  
1. Sterility: Throughout the entire procedure, ensure that all materials and work surfaces are sterile to prevent 
contamination. Use aseptic techniques, including working near a flame or in a biosafety cabinet, where applicable.  
2. Competent cells: Handle competent cells with care, as they are highly sensitive to temperature changes. Always keep 
them on ice except during electroporation. Avoid repeated freeze-thaw cycles to maintain cell competency.  
3. Electroporation: Ensure that the electroporation cuvettes are dry on the outside before use to prevent arcing, which 
can lead to the loss of your sample or damage to the electroporator.  
4. Incubation: During all incubation steps, maintain consistent temperature and shaking conditions as specified. 
Variations in these parameters can significantly affect bacterial growth and transformation efficiency.  
5. SOC media: SOC media is critical for the recovery of cells post-electroporation. Ensure that the media is prewarmed 
and that you add it immediately after electroporation to maximize recovery rates.  
6. Plating: When plating transformed cells, ensure even spreading of the culture on the agar surface for consistent colony 
growth. Use freshly prepared LBkan plates to ensure proper antibiotic selection.  
7. Glycerol stocks: When preparing glycerol stocks, ensure that the glycerol is thoroughly mixed with the bacterial 
culture to prevent cell damage during freezing. Store the glycerol stocks promptly at -80 °C to preserve viability.  
8. Labeling: Properly label all tubes, plates, and 96-well plates throughout the procedure. Mislabeling can lead to 
confusion and loss of valuable data, especially when dealing with large numbers of samples.  
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9.  RATE-PCR preparation: When preparing the RATE-PCR master mix, ensure accurate pipetting of all reagents to 
maintain the correct concentrations. Use nuclease-free water and freshly prepared dNTPs to avoid degradation of the 
PCR reaction components.  
10. PCR cycling conditions: Double-check the thermocycler settings before starting the PCR run. The specific cycling 
conditions are crucial for the success of the RATE-PCR, particularly the multiple cycling steps and temperature 
variations.  
11. Product handling: After PCR amplification, handle the PCR products carefully to avoid contamination or loss. When 
using ExoSap-IT for cleanup, ensure that the incubation times and temperatures are precisely followed for optimal 
results.  
12. Sequencing preparation: Properly prepare the samples for sequencing by ensuring accurate addition of primers and 
water. Seal the 96-well plate securely before sending it to the core lab to prevent any contamination or evaporation 
during transport.  
  
Troubleshooting  
  
Problem 1: No colony growth on plates.  
Possible cause: Inefficient electroporation or damaged competent cells.  
Solution: Verify that the electroporation conditions (voltage, pulse length) are optimal and that cuvettes are clean and 
dry. Ensure competent cells were handled properly and remain on ice.  
  
Problem 2: Low transformation efficiency.  
Possible cause: Suboptimal cell concentration or incorrect handling during electroporation.  
Solution: Ensure that the OD600 of the bacterial culture is correctly measured and falls within the range of 0.4–0.6 before 
proceeding with electroporation. Confirm that the DNA concentration and quality are adequate.  
  
Problem 3: Arcing during electroporation.  
Possible cause: Residual moisture on the outside of the cuvette or high salt concentration in the sample.  
Solution: Thoroughly dry the outside of the cuvette before electroporation. Check the composition of the sample and 
buffer to ensure low ionic strength.  
  
Problem 4: Inconsistent colony growth.  
Possible cause: Uneven spreading of bacteria on agar plates or inconsistency in antibiotic concentration.  
Solution: Use sterile technique to evenly spread the bacterial culture. Prepare fresh LBkan plates with the correct 
antibiotic concentration and ensure they are evenly poured.  
  
Problem 5: Contamination.  
Possible cause: Non-sterile equipment or materials.  
Solution: Double-check the sterility of all materials and equipment. Always use sterile pipette tips, and work in a clean 
environment. Consider using a biosafety cabinet if contamination persists.  
  
Problem 6: Poor glycerol stock viability.  
Possible cause: Inadequate mixing of glycerol or improper freezing.  
Solution: Ensure that the glycerol is thoroughly mixed with the culture before aliquoting. Immediately transfer the 
aliquots to -80 °C after preparation.  
  
Problem 7: Difficulty in colony picking.  
Possible cause: Dense or small colonies on the agar plate.  
Solution: Adjust the plating density to prevent overcrowding. If colonies are too small, consider extending the incubation 
time to allow for better growth.  
  
Problem 8: Failed or low-yield RATE-PCR.  
Possible cause: Incorrect PCR setup or degraded reagents.  
Solution: Ensure that all PCR components are fresh and properly stored. Double-check the accuracy of pipetting and 
the thermocycler settings.  
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Problem 9: ExoSap-IT cleanup issues.  
Possible cause: Incorrect incubation times or temperatures.  
Solution: Follow the exact protocol for ExoSap-IT cleanup. Ensure that the incubator or thermocycler is properly 
calibrated.  
  
Problem 10: Sequencing problems.  
Possible cause: Incorrect primer or low DNA concentration.  
Solution: Verify the primer sequences and concentrations before adding them to the PCR products. Ensure that the PCR 
products are at an appropriate concentration for sequencing.  
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Abstract  

Drought is a major consequence of climate change and significantly limits crop productivity. 

Plant growth-promoting bacteria offer a promising solution to mitigate drought stress. The 

root endophyte Pseudomonas argentinensis SA190 has been shown to enhance plant 
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performance under drought stress conditions, but the mechanistic basis of SA190’s 

beneficial effects remained unclear. Given the pivotal role of sulfur-containing compounds in 

abiotic stress responses, we investigated multiple sulfur-related Arabidopsis mutants under 

drought stress. We found that SA190 enhances sulfate uptake and promotes glutathione 

(GSH) accumulation in shoots under stress conditions. SA190 treatment improved the 

GSH/GSSG ratio, indicating an enhanced redox balance under drought. Selective inhibition 

of Arabidopsis GSH biosynthesis using buthionine sulfoximine (BSO) confirmed the 

essential contribution of bacterial GSH to drought stress. In addition, by generation and use 

of bacterial mutants deficient in the GSH synthesis pathway, we show that the bacteria 

directly provide Arabidopsis with either GSH or it’s precursor γ-EC. In summary, SA190 

promotes drought tolerance by supplying the host plant with additional GSH thereby 

maintaining cellular redox homeostasis and enhancing drought stress resilience.   

  

Keywords: Pseudomonas argentinensis SA190, Sulfur, Glutathione, Drought stress, 
Redox homeostasis.  

    

Introduction  

  

Drought is one of the most severe abiotic stresses limiting plant growth and agricultural 

productivity worldwide (1, 2). It reduces water availability, impairs photosynthesis, nutrient 

uptake, and cellular metabolism, and leads to the accumulation of reactive oxygen species 

(ROS) (3, 4). Excessive ROS disrupt membrane integrity, damage proteins, and impair 

essential cellular functions, ultimately resulting in reduced biomass and yield (5). To 

counteract drought-induced oxidative damage, plants activate a range of defense 

mechanisms, including enzymatic antioxidants such as catalase (CAT), superoxide 

dismutase (SOD), glutathione reductase (GR), and glutathione S-transferase (GST), along 

with non-enzymatic osmolytes and/or antioxidants like proline, glycine betaine, carotenoids, 

and glutathione (GSH) (6, 7). Among these, sulfur and sulfur-containing compounds play a 

pivotal role in abiotic stress tolerance (8, 9). In particular, GSH, a central sulfur-containing 

tripeptide, is essential for ROS detoxification, redox homeostasis, and cellular adaptation 

under stress conditions (10). Multiple studies demonstrated the importance of GSH in 

protection against oxidative stress across diverse species (11, 12). For instance, exogenous 

GSH treatment mitigated oxidative stress in wheat seedlings exposed to heat and drought, 

enhancing shoot growth traits, such as plant height and branch number (11). Similarly, in 

tomato, GSH application reduced H2O2 accumulation under salt stress, increased the 
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GSH/GSSG ratio, and enhanced activities of antioxidant enzymes such as SOD and CAT, 

thereby improving redox balance (12).  

In addition to intrinsic antioxidant defenses, plants can benefit from interactions with 

beneficial microbes to enhance stress tolerance. Plant growth-promoting bacteria (PGPB) 

play a key role in improving plant performance under stress by modulating key physiological 

processes, including phytohormone regulation, nutrient acquisition, and hydrolytic enzyme 

production (13, 14). For example, Piriformospora indica colonization improves drought 

tolerance in maize by enhancing root architecture, activating antioxidant pathways, and 

reprogramming gene expression, especially in sulfur and carbon metabolism (15). Similarly, 

Enterobacter sp. SA187 enhances growth in Arabidopsis thaliana under salt stress by 

supplying 2-keto-4-methylthiobutyric acid (KMBA), a sulfur-containing ethylene precursor 

that contributes to stress mitigation (16). In addition to these, Pseudomonas argentinensis 

SA190, a desert adapted bacterium, has been shown to enhance plant biomass and drought 

resilience in Arabidopsis (17, 18). However, the mechanistic basis of this beneficial 

interaction, particularly its connection to sulfur metabolism and redox regulation, remains 

poorly understood.   

Here, we investigate how SA190 modulates host sulfur metabolism under 25% polyethylene 

glycol (PEG)-induced drought stress. We show that SA190 enhances GSH accumulation 

even when the plant’s own biosynthetic capacity is impaired, indicating that the bacteria may 

contribute to the plant’s GSH pool or by modulating the plant’s pathways. SA190 also 

enhances redox balance, reduces superoxide accumulation, and activates metabolites 

involved in GSH biosynthesis. Moreover, we demonstrate that bacterial glutathione 

biosynthesis, specifically through the gshA gene, is critical for root colonization and bacterial 

fitness. These findings reveal a previously uncharacterized role for microbial sulfur 

metabolism in promoting plant drought tolerance and position SA190 as a promising 

candidate for improving crop resilience under drought stress conditions.  

 

Results  

  
SA190 Enhances Biomass of Sulfur Mutants, Sulfate Uptake, and Glutathione Levels in 
Arabidopsis  

To assess the role of sulfur metabolism in the SA190-mediated protection against PEG-

induced drought stress, we evaluated the sultr1;2, apr2, and cad2-1 mutants. Under control 

conditions, sultr1;2 and cad2-1 mutants exhibited slightly reduced biomass relative to 

Arabidopsis thaliana Col-0 (Figure 1A), reflecting impairments in sulfate uptake (sultr1;2) 

(19–21) and glutathione biosynthesis (cad2-1) (22). Under PEG-induced drought stress, 
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both sultr1;2 and cad2-1 mutants displayed heightened drought sensitivity, with pronounced 

reductions in biomass (Figure 1B). The apr2 mutant, defective in sulfate reduction (23), also 

showed reduced biomass under 25% PEG-induced drought stress. The phenotypes of the 

mutants were consistent with the biomass results (Supplementary Figure 1 and 2). 

Treatment with SA190 significantly enhanced biomass in all three mutants, particularly under 

PEG-induced drought stress. In sultr1;2, SA190 led to a 3-fold increase in biomass under 

control conditions and 35-fold increase under PEG-induced stress compared to mock 

treatment. Similarly, under PEG-induced drought stress SA190 promoted a 5-fold and 25-

fold increase in biomass in the apr2 and the cad2-1 mutants, respectively. These findings 

show that glutathione, and possibly other sulfur containing compounds, are crucial for the 

response of Arabidopsis to PEG-induced drought stress. They also suggest that SA190 may 

support plant survival under these conditions by promoting uptake or biosynthesis of sulfur-

containing compounds.  

To determine whether SA190 influences the accumulation of sulfur-containing compounds 

in plants, we measured sulfate and glutathione (GSH) levels in Arabidopsis thaliana Col-0 

under control and 25% PEG-induced drought stress conditions. Sulfate and GSH levels were 

significantly elevated in both shoot and root under PEG-induced drought stress compared 

to control condition, highlighting the potential role of sulfur metabolism in the drought 

response (Figure 1). While under control condition, SA190 treatment did not affect sulfate 

concentration, under PEG-induced drought stress sulfate levels were significantly increased 

in the shoot of SA190 treated plants relative to mock (Figure 1C). In contrast, sulfate levels 

in the root of PEG treated plants were significantly reduced with SA190 treatment (Figure 

1D), suggesting enhanced translocation of sulfate from the root to the shoot potentially to 

support increased sulfur demand in aerial tissues.  

Sulfate levels in shoots of the sulfur-related mutants (sultr1;2, apr2, cad2-1) showed that 

sultr1;2 had reduced sulfate levels compared to Col-0 under control and PEG stress 

conditions, and SA190 did not restore its accumulation in sultr1;2 (Supplementary Figure 3A 

and B). Although SA190 rescued the sultr1;2 growth phenotype under PEG stress, sulfate 

levels in shoots remained low. A similar pattern was also observed in roots (Supplementary 

Figure 3C and D). The apr2 mutant had higher shoot sulfate accumulation than Col-0 under 

control and PEG stress conditions due to lower rate of sulfate reduction, and SA190 further 

increased it. In contrast, cad2-1 showed reduced shoot sulfate compared to Col-0 under 

control and PEG stress, however, SA190 enhanced the sulfate level in cad2-1. Analysis of 

sulfate levels in the mutants suggests that SA190 may provide a sulfur-containing compound 

functioning downstream of the sulfur assimilation pathway.  

bioRxiv preprint doi: https://doi.org/10.64898/2026.06.15.732246; this version posted June 15, 2026. The copyright holder for this preprint (which was not 
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under a CC-BY-NC-ND 

4.0 International license. 

48 



	

 

Consistently, in the wild type, SA190 significantly increased GSH levels in the shoot 

compared to mock under both control and stress conditions (Figure 1E), whereas, GSH in 

the root remained unchanged (Figure 1F). These results suggest that to mitigate drought-

induced oxidative stress, SA190 promotes shoot-specific GSH accumulation, potentially 

through enhanced sulfate uptake and transport in the root, followed by preferential GSH 

synthesis in the shoot. Alternatively, SA190 might provide GSH to the plants directly.  

  

SA190 Enhances GSH Accumulation in Plants Deficient in Glutathione Biosynthesis  

In order to test whether SA190 contributes directly to the GSH pool in plants, we first 

assessed if SA190 might compensate a buthionine sulfoximine (BSO) inhibition of GSH 

synthesis in Arabidopsis. BSO is a specific inhibitor of γ-glutamylcysteine synthetase (γ-

ECS), the rate limiting enzyme in GSH biosynthesis, and thereby suppresses endogenous 

GSH production in plants (24). Treatment with 1 mM BSO markedly inhibited Arabidopsis 

growth under both control and 25% PEG-induced drought stress conditions, resulting in 

visible phenotypic alterations (Supplementary Figures 4 and 5). Primary root length was 

significantly reduced in BSO-treated plants compared to control plants under both conditions 

(Figure 2A and B), which has in turn contributed to a significant reduction in plant biomass 

(Figure 2C and D). On the other hand, BSO did not affect growth of SA190 (Supplementary 

Figure 6). The exogenous application of 0.5 mM GSH (Figure 2C and D) enhanced 

Arabidopsis survival under 25% PEG induced drougt stress, but had no effect under control 

conditions, indicating that GSH alone can improve plant survival under stress.  

Inoculation with SA190 alleviated the negative effects of BSO treatment. Compared to mock, 

plants inoculated with SA190 showed increased primary root length and higher biomass 

accumulation on BSO containing agar plates under both control and stress conditions. 

Exogenous GSH supplementation coupled with SA190 treatment resulted in an additive 

beneficial effect, as the plants treated with both, GSH and SA190, showed the highest 

biomass accumulation under stress (Figure 2D). Improved plant growth therefore suggests 

a synergistic effect between bacterial presence and GSH supplementation.   

We then quantified cysteine and GSH in the presence and absence of SA190. In control 

plants, colonization with SA190 under control as well PEG-induced drought stress conditions 

did not affect cysteine levels (Figure 2E and F). However, GSH levels were significantly 

enhanced by the colonization with the bacteria (Figure 2G and H), indicating that SA190 

affects GSH synthesis in the host plant. Under BSO treatment, non-colonized shoot samples 

accumulated cysteine under control conditions (Figure 2E) and exhibited highly diminished 

GSH levels (Figure 2G and H) compared to control. These observations confirmed the 

effective inhibition of GSH biosynthesis upon BSO treatment. SA190 inoculation further 
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increased cysteine levels in BSO-treated plants under both conditions (Figure 2E and F). 

Importantly, under both non-stressed and stressed conditions, SA190 treated plants showed 

increased GSH levels compared to non-colonized shoot samples (Figure 2G and H). 

Exogenous GSH supplementation restored shoot GSH content under both control and PEG-

induced drought stress conditions irrespective of SA190 presence (Figure 2G and H). These 

results suggest that SA190 may contribute to GSH accumulation under PEG-induced 

drought stress, by supplying GSH to the plant.   

To further examine whether SA190 may supply glutathione to the host plant, we analyzed 

the Arabidopsis glutathione-deficient mutant cad2-1 in the presence of SA190. Under PEG-

induced drought stress, cad2-1 mutants exhibited a marked reduction in GSH levels 

compared to Col-0, confirming their compromised glutathione biosynthetic capacity. Notably, 

SA190 treatment significantly increased GSH levels in cad2-1 under PEG-induced drought 

stress conditions (Supplementary Figure 7). These findings suggest that SA190 may 

contribute to the host glutathione pool, supporting the hypothesis that the bacteria may 

supply glutathione to the plant.  

Altogether, these findings demonstrate a central role for SA190 in enhancing sulfur 

assimilation and promoting glutathione accumulation under 25% PEG-induced drought 

stress. In particular, the ability of SA190 to enhance GSH accumulation even when GSH 

biosynthesis is compromised supports a mode of beneficial interaction in which the bacteria 

facilitate sulfur metabolism and contribute to improved drought tolerance in Arabidopsis.  

  

SA190 Enhances Redox Homeostasis and Reduces Superoxide Accumulation Under 
Drought Stress  

Glutathione (GSH) is a major antioxidant that plays a vital role in maintaining cellular redox 

homeostasis (25). Alongside its reduced form (GSH), the oxidized form, glutathione disulfide 

(GSSG), contributes as well to redox regulation (25, 26). Lower GSH/GSSG ratios serve as 

a key indicator of oxidative stress and redox imbalance in plants (26).   

In order to assess the impact of SA190 on redox status within the plant, we quantified GSSG 

levels and calculated the GSH/GSSG ratio in Arabidopsis in response to SA190 treatment. 

Under 25% PEG-induced drought stress, GSSG levels significantly increased in the plant 

shoots compared to control conditions (Figure 3A), indicating the presence of oxidative 

stress. SA190 treatment markedly reduced GSSG levels in the shoot under PEG-induced 

drought stress, suggesting a mitigation of oxidative damage (Figure 3A). Consistently, 

SA190 significantly enhanced the GSH/GSSG ratio in the shoot under PEG-induced drought 

stress conditions, indicating improved antioxidant capacity and restored redox homeostasis 
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(Figure 3B). In contrast, the GSSG level and the GSH/GSSG ratio in roots remained largely 

unchanged by SA190 (Figure 3C and 3D), potentially reflecting lower oxidative pressure or 

tissue-specific differences in glutathione metabolism.  

To further evaluate the impact of SA190 on reactive oxygen species (ROS) levels, we 

performed nitroblue tetrazolium (NBT) staining in SA190-colonized and non-colonized 

seedlings (Figure 3E). Strong superoxide accumulation marked by the extent of purple 

stained area was evident in the shoots of non-colonized seedlings under PEG-induced 

drought stress. In contrast, SA190 visibly reduced superoxide levels, demonstrating that 

SA190 attenuates ROS accumulation and alleviates oxidative stress in seedlings under 

PEG-induced drought stress. On the other hand, no differences were observed between the 

treatments under control conditions (Figure 3E).  

 

SA190 Activates the Host Metabolism Involved in Glutathione (GSH) Biosynthesis  

To investigate the impact of SA190 on the sulfur metabolism and glutathione (GSH) 

biosynthesis of the host, we performed metabolic profiling of colonized Arabidopsis shoot 

and root tissues under control and 25% PEG-induced drought stress conditions. In the 

absence of SA190, plants subject to drought stress showed a distinct change in metabolic 

profiles compared to non-stressed plants (Figure 4A and B). As illustrated in the heatmaps, 

under 25% PEG-induced stress, the levels of myo-inositol, 5-oxoproline, aspartate, proline, 

and glycine were significantly elevated in root and shoot samples compared with control 

conditions (Figure 4A and B). These metabolites are associated with osmoprotection, 

nitrogen storage, and redox buffering (27–30), thus their presence is attributed to the 

physiological response during adaptation to the negative effects of drought. Notably, 

treatment with SA190 suppressed the accumulation of aspartate, proline, and glycine in 

shoot tissues under PEG-induced drought stress condition, suggesting that the presence of 

SA190 may modulate plant stress metabolism. On the other hand, SA190 treatment 

significantly increased the abundance of serine, methionine, asparagine, glutamine, and 

glutamate under PEG-induced drought stress compared to mock treatment (Figure 4A). 

Metabolites involved in plant sulfur metabolism and glutathione (GSH) biosynthesis are 

shown in Figure 4C. Among the up-regulated metabolites was glutamate, which plays a 

central role as an intermediate in amino acids biosynthetic pathways by serving as a 

precursor for the biosynthesis of glutamine, proline, methionine, and aspartate (31). Another 

up-regulated metabolite was serine which indirectly contributes to GSH biosynthesis by 

supplying O-acetylserine (OAS), an intermediate to cysteine biosynthesis (32). These 

coordinated metabolic changes indicate that SA190 may enhance GSH biosynthesis by 

promoting both sulfur and nitrogen assimilation. Together, our findings suggest that SA190-
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induced metabolic reprogramming under PEG-induced drought stress enhances the plant’s 

antioxidant capacity and stress resilience through targeted regulation of GSH-associated 

pathways.  

 

Microbial gshA involved in Glutathione Biosynthesis Plays a Critical Role in Plant 
Survival under Drought Stress  

The effects of SA190 on Arabidopsis GSH levels can be explained by either stimulation of 

sulfate assimilation and GSH synthesis, or by providing GSH or its precursors directly to the 

plants. To test if bacterial GSH might be taken up by Arabidopsis to mitigate PEG-induced 

drought stress, we generated knockout mutants of the microbial GSH biosynthetic genes 

gshA and gshB. GSH measurements in both ΔgshA and ΔgshB mutants revealed a clear 

reduction in intracellular glutathione levels compared to wild-type SA190 (Figure 5A), with a 

more pronounced decrease observed in gshA. This is consistent with gshA catalyzing the 

rate limiting step in GSH biosynthesis (33). Measurement of oxidized glutathione (GSSG) 

showed comparable levels in the mutants and wild-type SA190, indicating that the 

impairment of biosynthesis did not affect GSSG levels (Figure 5B). The GSH/GSSG ratios 

were significantly lowered in both mutants (Figure 5C), indicating an impaired redox 

homeostasis and potentially a compromised capacity to detoxify reactive oxygen species 

(ROS).  

To evaluate the effects of the gene deletions on bacterial fitness, we analyzed the growth 

curves of both mutant strains as well as SA190 wild-type in LB medium. gshA showed a 

significant growth reduction indicating a vital role of gshA in bacterial fitness (Figure 5D). To 

assess how the deletions of gshA and gshB affect SA190’s plant growth-promoting ability, 

we performed plant growth assays under control and PEG-induced drought stress 

conditions. Under control conditions, seedlings colonized with the ΔgshA and ΔgshB 

mutants had biomass levels comparable to seedlings treated with wild-type SA190 (Figure 

5E). However, under 25% PEG stress, ΔgshA only partially rescued the plant phenotype 

under PEG-induced drought stress as the plants showed a significantly reduced biomass 

compared to plants colonized with either SA190 or ΔgshB.   

Next, plant colonization by the two mutants and wild-type SA190 was compared (Figure 5F). 

While loss of gshB did not affect roots colonization (based on CFU/mg) compared to wild-

type SA190, the ΔgshA mutant revealed a reduced number of bacteria associated with the 

root, as indicated by lower CFU/mg values. However, that reduction of bacterial levels does 

not seem to negatively impact the increased colonization due to PEG-induced stress, as the 
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CFU levels of ΔgshA mutant increased (Figure 5F). Together, these findings suggest that 

gshA but not gshB is critical for drought stress mitigation effect conferred by SA190.  

To further dissect the contribution of bacterial gshA and gshB and their products to 

improvement of plant growth under PEG stress, we assessed the interaction of ΔgshA and 

ΔgshB mutants with the cad2-1 mutant. Under control conditions, no obvious differences in 

phenotypes of cad2-1 inoculated with the two mutants and wild-type SA190 were observed 

(Supplementary Figure 8). In contrast, under PEG-induced drought stress, ΔgshA was 

clearly less efficient to rescue the growth inhibition by PEG compared with SA190, whereas 

ΔgshB maintained a phenotype similar to wild-type SA190 (Supplementary Figure 9).   

Fresh weight measurements further confirmed these observations. The deletion of gshA 

significantly decreased the ability to increase cad2-1 biomass under control and PEG stress 

conditions (Figure 6A and B). In contrast, treatment with ΔgshB maintained biomass levels 

comparable to SA190. Since cad2-1 has a substantially lower capacity to synthesize GSH, 

the ability of the ΔgshB mutant, which produces γ-glutamylcysteine (γ-EC) but cannot 

convert it to GSH, to partially restore biomass is notable. This result suggests that γ-EC may 

be the key bacterial metabolite supporting plant growth under PEG stress. Accordingly, 

ΔgshA, which cannot synthesize γ-EC, failed to enhance growth and biomass accumulation.  

GSH quantification from the same samples further supported our conclusion. Under control 

conditions, inoculation with none of the three strains significantly altered GSH levels in cad2-

1, while all three promoted GSH accumulation in the wild-type Col-0 (Figure 6C). However, 

under PEG stress, ΔgshA treatment failed to increase GSH accumulation compared with 

SA190, whereas ΔgshB increased GSH levels similar to SA190 (Figure 6D). To verify 

whether thiols are synthesized in sufficient quantities by the bacteria, we measured cysteine, 

γglutamylcysteine (γ-EC), and GSH levels in wild-type, ΔgshA, and ΔgshB (Figure 6E). 

Cysteine levels were comparable in the wild type and the mutants. In contrast, γ-EC levels 

were significantly elevated in the ΔgshB mutant relative to the wild type and ΔgshA, 

consistent with disruption of gshB leading to γ-EC accumulation. Both ΔgshA and ΔgshB 

mutants exhibited markedly reduced GSH levels compared to the wild type (Figure 6E). 

These results indicate that SA190-derived γ-EC may contribute to GSH accumulation and 

biomass enhancement in cad2-1 under PEG-induced drought stress.  

Taken together, these results indicate that bacterial γ-EC and GSH biosynthesis in SA190 is 

essential for the enhancement of Arabidopsis performance under PEG-induced drought 

stress. SA190-associated changes in plant sulfur-related metabolites and redox 

homeostasis further suggest direct contribution of bacterial sulfur metabolites in modulating 

host responses to PEG stress.  
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Discussion   

 

The role of sulfur metabolism in plant adaptation to abiotic stress is increasingly being 

recognized (34, 35). Numerous studies have demonstrated that plants exhibit an elevated 

demand for reduced sulfur under stress conditions (35, 36). Reduced sulfur is required for 

the biosynthesis of cysteine, methionine, and the antioxidant glutathione (GSH), which play 

central roles in plant defense, redox signaling, and detoxification of reactive oxygen species 

(ROS) (26).   

In this study, we demonstrate that the beneficial endophyte Pseudomonas argentinensis 

SA190 enhances plant drought tolerance through a mechanism involving sulfur metabolism. 

Measurements of sulfate and GSH levels in plants colonized with SA190 revealed that 

SA190 significantly increased the abundance of both metabolites in Arabidopsis under PEG-

induced drought stress. Consistent with these findings, previous studies have shown that 

cysteine and GSH levels increased threefold in Brassica napus (37), while GSH and ROS 

detoxifying enzymes, such as glutathione peroxidase, were elevated in Moringa oleifera 

Lam. under salt stress (38). Together, these observations indicate a clear involvement of 

sulfur-related metabolites in the mitigation of abiotic stress response in plants.  

The importance of sulfur metabolism in SA190-mediated stress tolerance was also 

confirmed that, under PEG-induced drought stress condition, SA190 rescued the severe 

growth phenotypes of the mutants sultr1;2, apr2, and cad2-1, which are impaired in sulfate 

uptake, sulfate assimilation, and glutathione biosynthesis, respectively. These data 

demonstrate that PGPB can influence plant sulfur metabolism, potentially through the supply 

of sulfur-containing compounds or by modulating the host’s endogenous biosynthetic 

machinery. Additional experiments revealed that SA190 may directly supply sulfur-

containing metabolites to host plant undergoing PEG-induced drought stress. Notably, 

SA190 treatment markedly increased GSH levels in Arabidopsis exposed to PEG-induced 

drought stress even when plant GSH biosynthesis was compromised either chemically 

through BSO or genetically in the cad2-1 mutant, further supporting this hypothesis.  

A growing body of literature indicates that several PGPB improve plant survival under abiotic 

stress by enhancing sulfur solubility (39), recycling (40), or by modulating the expression of 

sulfur transport and biosynthesis genes in the host. However, evidence for a direct supply of 

bacterial sulfur-containing metabolites to plants remains limited. A notable exception is the 

PGPB strain SA187, which supplies 2-keto-4-methylthiobutyric acid (KMBA) to the plant, 

leading to increased sulfur content in roots and enhanced survival under salt stress (18).   
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The elevated GSH levels observed in plants treated with SA190 in this study effectively 

alleviated oxidative stress and helped maintain cellular redox balance under PEG-induced 

drought stress conditions. Previous studies have established GSH/GSSG ratios as a reliable 

indicator of cellular redox status and oxidative stress (41, 42). Measurements of the 

GSH/GSSG ratios in Arabidopsis colonized with SA190 under PEG-induced drought stress 

showed a significant increase in reduced GSH relative to the oxidized pool. Consistently, 

SA190 colonized plants exhibited decreased superoxide accumulation and oxidative 

damage when exposed to PEG-induced drought stress, further supporting the notion that 

SA190 may contribute GSH to the plant to maintain redox homeostasis under stress 

conditions.  

SA190 treatment affects plants similarly to exogenous GSH application, which has been 

shown to alleviate water deficit stress in Phaseolus vulgaris plants grown in saline soil (43). 

Similarly, exogenous GSH application in mung bean (Vigna radiata L. cv. Binamoog-1) 

resulted in enhanced activity of antioxidant and glyoxalase systems and improved 

GSH/GSSG ratios that were otherwise reduced under PEG-induced drought stress 

conditions (44). Metabolic profiling further revealed that SA190 treatment significantly 

increased glutamate and serine levels in Arabidopsis shoots under PEG-induced drought 

stress. The biosynthetic pathways of these amino acids contribute directly to GSH 

biosynthesis, thereby linking nitrogen and sulfur metabolism within the plant. These data 

indicate a coordinated metabolic adjustment mediated by SA190 and suggest an additional 

route through which SA190 contributes to host metabolic reprogramming by increasing the 

availability of precursors required for efficient antioxidant production. Taken together, these 

findings support a model in which SA190 orchestrates a metabolic response that 

strengthens redox homeostasis in Arabidopsis under PEG-induced drought stress.  

Microbial GSH biosynthesis occurs through two ATP-dependent reactions catalysed by the 

enzymes encoded by the gshA and gshB genes (45). These genes are essential for 

maintaining cellular redox balance and are directly implicated in bacterial stress tolerance 

and virulence (46, 47). In SA190, deletion of gshA but not gshB inhibited growth, consistent 

with gshA encoding the enzyme responsible for the rate-limiting step of GSH biosynthesis 

(45). This is similar to plants, where a full knock-out of γ-ECS is embryo lethal while loss of 

GSH synthetase allows production of viable seeds, although seedlings do not reach maturity 

(48, 49). Loss of gshA and gshB not only reduced intracellular GSH levels but also impaired 

the strain’s ability to alleviate drought stress of inoculated Arabidopsis. These results indicate 

that SA190-mediated drought tolerance depends on bacterial GSH biosynthesis and 

supports the hypothesis that SA190 promotes plant stress resilience by reinforcing 

antioxidant defences.  
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While all results with the wild type plants or the sultr1;2 and apr2 mutants could be explained 

by SA190 stimulating sulfate uptake and metabolism, the results of the combined analysis 

of bacterial GSH biosynthesis mutants and the plant cad2-1 mutant can only be explained 

by a direct supply of GSH and/or related compounds from the bacteria to the plant host. 

While neither ΔgshA nor ΔgshB are disturbed in GSH synthesis, ΔgshB is able to produce 

γ-EC. Since GSH synthetase is intact in cad2-1 mutant, the PGP effect of ΔgshB under PEG-

induced stress can be explained by delivery of γ-EC to the plants. Whether γ-EC is the sole 

metabolite transferred from the bacteria to plants, or whether in wild type situation it is GSH, 

still needs to be elucidated.    

Our findings provide evidence for a potential supply of microbial sulfur metabolites to host 

plants during plant-microbe interactions. Supporting literature remains limited, although 

several studies have suggested that soil microbes alleviate drought stress by influencing 

plant sulfur assimilation or by transforming sulfur into bioavailable forms (50). For example, 

Pseudomonas putida S-313, a strain deficient in sulfonate desulfurization, failed to stimulate 

tomato growth compared with the wild-type strain (50). Similarly, the ΔgshA mutant of 

Pseudomonas sp. 6A2 exhibited reduced biomass under sulfur-deficient conditions (51). 

Importantly, this study demonstrated that extracellularly secreted GSH from rhizosphere 

bacteria enhanced plant tolerance to sulfur deficiency (51). Together, these findings 

underscore a conserved link between microbial sulfur metabolism and plant growth 

promotion.  

In conclusion, our results demonstrate that SA190’s ability to synthesize GSH is critical not 

only for its own survival and colonization but also for promoting plant drought tolerance. 

These findings highlight a microbial contribution to plant sulfur metabolism and redox 

homeostasis during stress. Future studies should investigate whether similar mechanisms 

operate in crop species under drought conditions. A deeper understanding of plant-microbe 

interactions in sulfur metabolism may ultimately facilitate the development of innovative 

strategies to engineer stress-tolerant crops.  

 

Materials and Methods  

  
Bacterial Strains and Growth Conditions  

Pseudomonas argentinensis SA190 (17), ΔgshA, and ΔgshB mutants were grown overnight 

at 28 °C on Luria-Bertani (LB, Invitrogen) supplemented with 0.9% agar (Sigma-Aldrich).   
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Plant Assays  

Plant assays were conducted as previously described by Alwutayd et., 2023 (18) with minor 

modifications. Arabidopsis thaliana ecotype Columbia-0 (Col-0) and the mutant lines sultr1;2 

(19–21), cad2-1 (22), and apr2 (23) were used in this study. Seeds were surface sterilized 

with 70% ethanol + 0.05% SDS for 10 min with shaking at 3000 rpm. The seeds were 

washed three times with 1 mL of 100% ethanol. SA190 and mutants were streaked onto LB 

plates. Plates were incubated overnight at 28 °C. A single colony from the plates was 

transferred to LB broth medium. Liquid cultures were incubated overnight at 28 °C, 220 rpm. 

100 μL was taken from the overnight culture and transferred to fresh LB broth medium. 

Incubation at 28 °C was followed by centrifugation at 3000 rpm for 15 min. The bacterial 

culture was washed with ½ MS solution (Murashige and Skoog basal salts, Sigma-Aldrich). 

The optical density of the bacterial suspension was set to OD600 0.21. 100 μL of bacterial 

suspension was added to 50 mL of ½ MS agar and poured into the square Petri plate (120 

mm x 120 mm). 100 μL of ½ MS solution was added to 50 mL of ½ MS agar for the mock 

treatment. Sterilized seeds were distributed on the plates. The plates were covered with 

aluminum foil and kept in the dark at 4 °C for two days. They were transferred to the growth 

chamber under long-day photoperiod conditions (16 h light, 8 h dark). After five days of 

germination, seedlings with 1.0–1.5 cm root length were transferred to ½ MS (non-stress) 

and ½ MS + 25% PEG plates. Six seedlings were transferred for each plate. They were 

placed into the growth chamber under the same conditions. The fresh weight of the seedlings 

was measured 15 days after the seedlings were transferred to ½ MS (nonstress) and ½ MS 

+ 25% PEG plates (PEG-induced drought stress) plates. Primary root length was measured 

using ImageJ software (Version 1.53t). Root colonization levels were quantified according 

to the method described by Saad et al. (2018) (52).  

  

Buthionine Sulfoximine (BSO) Inhibition Assay  

Five-day-old non-colonized and SA190-colonized Arabidopsis thaliana Col-0 seedlings were 

transferred to treatment plates containing control, 1 mM buthionine sulfoximine (BSO), or 

0.5 mM reduced glutathione (GSH). For the BSO and GSH treatments, stock solutions were 

added to both the ½ MS agar and the 25% PEG solution to achieve final concentrations of 

1 mM BSO and 0.5 mM GSH. As GSH lowers the pH of the media, the pH of both the ½ MS 

and the PEG solutions was measured after GSH addition and adjusted to 5.7 using sterile 1 

M KOH or 1 M HCl. Plates were kept in a growth chamber at 22 °C under long-day conditions 

(16 h light / 8 h dark). After 12 days of treatment, plants were harvested for fresh weight and 

thiol quantification.  
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Sulfate Measurement  

Sulfate quantification was performed as described by Dietzen et al. (2020) (53) with minor 

modifications. Shoot and root samples (20 mg) were extracted with 1 mL of sterile water, 

shaken at 4 °C for 1 h, incubated at 95 °C for 15 min, and centrifuged at 4 °C for 45 min. The 

resulting supernatant was diluted with sterile water and transferred to ion chromatography 

vials. Standard curves were prepared using 2 mM K2SO4. Inorganic anions were analyzed 

using a Dionex ICS-1100 ion chromatography system equipped with a Dionex IonPac AS22 

RFIC 4 × 250 mm analytical column (Thermo Scientific). An eluent containing 4.5 mM 

Na2CO3 and 1.4 mM NaHCO3 was used as the running buffer.  

 

Quantification of Cysteine and Reduced Glutathione  

For the quantification of cysteine and glutathione, 25 mg of shoot and 10 mg of root tissue 

were extracted in 0.1 M HCl at a 1:10 (w/v) ratio. After centrifugation at 15,000 rpm for 10 

min at 4 °C, 60 μL of the supernatant was mixed with 100 μL of 0.25 M CHES-NaOH buffer 

(pH 9.4) and 35 μL of 10 mM dithiothreitol (DTT), and incubated at room temperature for 40 

min. Subsequently, 5 μL of 25 mM monobromobimane (mBBr) was added for thiol 

derivatization. After 15 min incubation in the dark, 110 μL of 100 mM methanesulfonic acid 

was added to terminate the reaction. Samples were centrifuged again at 4 °C for 20 min, 

and 150 μL of the supernatant was transferred to HPLC vials. Standard curves were 

prepared using serial dilutions (0–100 mM) of 2 mM L-cysteine and 2 mM reduced 

glutathione. Thiol derivatives were separated by reverse-phase HPLC using a Eurospher 

100-3 C18 column (150 × 4 mm, Knauer) with fluorescence detection (excitation: 380 nm; 

emission: 470 nm). Two buffers were prepared for the analysis: Buffer C (10% [v/v] methanol 

and 0.25% acetic acid, pH 3.9) and Buffer D (90% [v/v] methanol and 0.25% acetic acid, pH 

3.9), at a constant flow rate of 1 mL min-1. Peaks corresponding to cysteine and GSH were 

identified and quantified based on retention times and standard curves.  

  
Bacterial Growth Assay  

Single colonies of SA190, ΔgshA, and ΔgshB were inoculated into 50 mL LB broth in 

Erlenmeyer flasks and incubated overnight at 28 °C with shaking at 200 rpm. Overnight 

cultures were refreshed, and the initial OD600 was adjusted to 0.01. Cultures were then 

transferred to 48-well plates (Greiner Bio-One, Germany), and different concentrations of 

buthionine sulfoximine (BSO) were tested to assess its effect on SA190’s growth. Final BSO 

concentrations in the wells were 0.2 mM, 0.5 mM, 1 mM, and 5 mM. Control wells contained 

no BSO. OD600 values were recorded every 10 minutes using a TECAN plate reader (Infinite 

M200 pro). Growth curves were generated based on time-course OD600 measurements.  
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Quantification of Reduced and Oxidized Glutathione by HPLC–MS/MS  

For plant samples, approximately 80 mg of shoot tissue and 50 mg of root tissue were 

homogenized using a tissue lyser. One milliliter of extraction solution was added to each 

sample, followed by shaking at 700 rpm for 30 minutes at 4 °C. For bacterial samples, 

overnight cultures of SA190, ΔgshA, and ΔgshB were grown in 50 mL LB broth at 28 °C with 

shaking at 200 rpm. The following day, 5 mL of each culture was transferred into fresh LB 

medium and incubated until reaching an optical density at 600 nm (OD600) of 0.4. Cultures 

were centrifuged at 5,000 rpm for 10 minutes at 4 °C, and the supernatants were discarded. 

Pellets were resuspended in 1 mL of extraction solution and shaken at 700 rpm for 30 

minutes at 4 °C. After extraction, all samples were centrifuged at 16,000 × g for 10 minutes 

at 4 °C. The supernatants were collected and transferred to HPLC vials. Six biological 

replicates were used for both plant and bacterial samples.  

Reduced (GSH) and oxidized (GSSG) glutathione were quantified using high-performance 

liquid chromatography coupled to tandem mass spectrometry (HPLC-MS/MS) composed by 

Vanquish UPLC (VF-P20-A Pump, VF-A10-A Sample Module and VH-C10-A Column 

Compartment) and TSQ Altis Plus Mass Spectrometer, both from Thermo Scientific. The 

analysis employed a heated electrospray ionization (H-ESI) source in negative ionization 

mode, with spray voltage set to –2500 V, sheath gas flow of 50 arbitrary units, auxiliary gas 

at 10, sweep gas at 1, an ion transfer tube temperature of 325 °C, and a vaporizer 

temperature of 350 °C. Chromatographic separation was carried out on a ACQUITY UPLC 

BEH Amide Column (2.1 x 150 mm with 1.7 um particles) at a constant flow rate of 0.4 

mL/min. The mobile phase consisted of two solvents: Water 10 mM Ammonium Formate + 

0.15% FA (solvent A) and ACN + 0.05% FA + 2% Ammonium Formate (1 M) (solvent B). The 

gradient program was as follows: from 0.0 to 12.0 minutes, the elution profile went from 20% 

to 55% of solvent A; from 12.0 to 15.0 minutes, the flow was kept at 55% of A; from 15.0 to 

15.1 minutes, it returned to 20% of A, which was maintained until 18.0 minutes when the run 

ended. The MS/MS method monitored multiple reaction monitoring (MRM) transitions for 

both GSH and GSSG over a scan window of 18 minutes. For reduced glutathione (GSH), 

two transitions were used. GSH1: m/z 308.1 to m/z 162.1 (collision energy of 16.59 V and 

RF lens voltage at 49 V), and GSH2: m/z 330.1 to m/z 201.1 (collision energy of 17 V and 

RF lens voltage at 69 V). For oxidized glutathione (GSSG), the following two transitions were 

monitored. GSSG1: m/z 613.2 to m/z 484.1 (collision energy of 15.36 V and RF lens voltage 

at 92 V) and GSSG2: m/z 613.2 to m/z 355.1 (collision energy of 21.47 V and RF lens voltage 

at 92 V) These parameters were optimized to achieve sensitive and specific detection of 

glutathione species under the described conditions.  
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Nitroblue Tetrazolium (NBT) Staining for Superoxide Detection  

Seven-day-old non-colonized and SA190-colonized Arabidopsis thaliana Col-0 seedlings 

were used for nitroblue tetrazolium (NBT) staining to detect superoxide accumulation, 

following the protocol described by Kumar et al. (2014) (54) with minor modifications. 

Seedlings were placed in 24-well plates and immersed in freshly prepared NBT staining 

solution. Plates were wrapped in aluminum foil and incubated overnight at room 

temperature. The following day, the staining solution was removed, and absolute ethanol 

was added to each well to decolorize the tissues. Plates were incubated in a boiling water 

bath for 10 minutes. Seedlings were then transferred onto microscope slides and mounted 

with 60% glycerol. Superoxide accumulation was visualized under a light microscope.  

  
Metabolite Analysis  

Approximately 90 mg of shoot tissue and 40 mg of root tissue were extracted using a solvent 

mixture of H2O:MeOH:CHCl3 (1:2.5:1, v/v/v). Samples were vortexed and shaken for 6 

minutes at 4 °C, followed by centrifugation for 5 minutes. The resulting supernatant was used 

for metabolite profiling by gas chromatography–mass spectrometry (GC-MS) using a 7200 

GCQTOF system (Agilent Technologies, Santa Clara, CA, USA), as previously described 

(55). For quantification, peak areas were normalized to Ribitol used as internal standards.  

  

Generation of Marker-Free gshA and gshB Deletion Mutants  

Marker-free deletion mutants of GshA and GshB were generated in SA190 using a two-step 

homologous recombination approach. For the construction of the deletion, ~500 bp region 

up- and downstream of gene of interest were generated by gene synthesis (GenScript, 

Singapore). The synthesized fragments were cloned into the suicide vector pK18mobsacB 

(56) via HindIII and XbaI restriction sites. Sequence of the resulting plasmids were verified 

by sequencing prior to their introduction into SA190 via electroporation. Transformants were 

selected on LB agar plates supplemented with 50 μg/mL kanamycin. For counterselection 

of double-crossover recombinants, colonies were plated onto LB agar containing 15% 

sucrose. Kanamycin sensitive and sucrose resistant clones were screened for the desired 

gene deletion by colony PCR and Sanger sequencing. Plasmids and primers used in this 

study are listed in Supplementary Tables 1 and 2.  

  
Statistical Analysis  

All statistical analyses in this study were conducted using GraphPad Prism (Version 10.2.0). 

The plant assay was performed with three biological replicates and two technical replicates 

(n = 36). Colony-forming unit (CFU) data were generated from three independent biological 

replicates. Analysis of total fresh weight, primary root length, sulfate uptake, cysteine, GSH, 
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GSSG, GSH/GSSG and CFU levels was performed using two-way ANOVA with the post-

hoc Tukey test. The heatmap were prepared using the MetaboAnalyst program (version 6.0). 

The plant assay plates were scanned using the EPSON scanner. The primary root length of 

the plants was measured using the ImageJ program (Version 1.53t). Letters on the graphs 

indicate statistically significant differences in mean values (p < 0.05). Data were presented 

in boxplot graphs, where whiskers represent the minimum and maximum values, and the 

horizontal line indicates the median.  
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Figures  

  

  
Figure 1. Effect of Pseudomonas argentinensis SA190 on sulfur-deficient Arabidopsis 
mutants, sulfate uptake, and glutathione (GSH) levels under control (non-stress) and 
25% PEG-induced drought stress conditions.  Total fresh weight of non-colonized (mock) 

and SA190-colonized Arabidopsis thaliana Col-0 grown on control (A) or 25% PEG-induced 

drought stress (B) for 15 days. Sulfate content in shoot (C) and root (D) samples under 

control and 25% PEG-induced drought stress conditions. GSH levels in shoot (E) and root 

(F) tissues of mock- and SA190-inoculated plants under the same conditions. The plant 

assay was performed in three biological replicates and two technical replicates (n=36). 

Whiskers represent minimum and maximum values, the horizontal line indicates the median. 

Different letters indicate statistically significant differences based on two-way ANOVA (p < 

0.05).  
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Figure 2. Effect of Pseudomonas argentinensis SA190 on Arabidopsis growth in the 
presence of BSO and GSH under control (non-stress) and 25% PEG-induced drought 
stress conditions. Primary root length of non-colonized and SA190-colonized Arabidopsis 

thaliana Col-0 under control, 1 mM BSO, and 0.5 mM GSH treatments on control (A) and 

25% PEG-induced drought stress (B). Root length was measured using ImageJ (version 

1.53t). Total fresh weight of non-colonized and SA190-colonized plants under the same 

treatments on control (C) and 25% PEG-induced drought stress (D) conditions. Cysteine 

levels in shoot tissue under the same treatments on control (E) and 25% PEG-induced 

drought stress (F). Glutathione (GSH) levels in shoot tissue under the same treatments on 

control (G) and 25% PEG-induced drought stress (H). The plant assay was performed in 

three biological replicates and two technical replicates (n=36). Whiskers represent minimum 

and maximum values, the horizontal line indicates the median. Different letters denote 

statistically significant differences based on two-way ANOVA (p < 0.05).   
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Figure 3. Effect of Pseudomonas argentinensis SA190 on redox homeostasis under 
control (non-stress) and 25% PEG-induced drought stress conditions. The GSSG level 

of non-colonized and SA190-colonized Arabidopsis thaliana Col-0 under control and 25% 

PEG induced drought stress conditions for the shoot (A), the GSH/GSSG ratio of non-

colonized and SA190-colonized Arabidopsis thaliana Col-0 under control and 25% PEG 

stress conditions for the shoot (B), the GSSG level of non-colonized and SA190-colonized 

Arabidopsis thaliana Col0 under control and 25% PEG-induced drought stress conditions 

for the root (C), The GSH/GSSG ratio of non-colonized and SA190-colonized Arabidopsis 

thaliana Col-0 under control and 25% PEG stress conditions for the root (D). In the boxplot, 

the whiskers represent the minimum and maximum values, while the horizontal line 

represents the median. Different letters indicate statistical differences based on two-way 

ANOVA (p < 0.05). Effect of SA190 on superoxide accumulation in 7-day-old seedlings under 

control and 25% PEG-induced drought stress asessed by nitro blue tetrazolium (NBT) 

staining (E).    
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Figure 4. Pseudomonas argentinensis SA190 modulates sulfur-related metabolites 
and glutathione biosynthesis pathways under control (non-stress) and 25% PEG-
induced drought stress. Heatmap of metabolites in shoot tissues of Arabidopsis thaliana 

treated with mock or SA190 under control (non-stress) and 25% PEG-induced drought 

stress conditions (A). Heatmap of metabolites in root tissues under the same conditions (B). 

Metabolic pathway map illustrating the connection between SA190-responsive metabolites 

involved in sulfur related and glutathione (GSH) biosynthesis (C). S, shoot; R, root; C, 

Control (non-stress); CB, bacterial treatment under control condition (non-stress); P, PEG 

stress; PB, bacterial treatment under PEG stress. Metabolite levels are color-coded based 

on statistical significance: red indicates significant up-regulation; blue indicates significant 

down-regulation. Metabolic pathway map was created using Biorender.com 

(https://BioRender.com/qr8pqwq).  
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Figure 5. Functional analysis of Pseudomonas argentinensis SA190 and glutathione 
deficient mutants. Bacterial glutathione (GSH) levels in SA190 WT, ΔgshA, and ΔgshB 

mutants (A). Bacterial oxidized glutathione (GSSG) levels in SA190, ΔgshA, and ΔgshB (B). 

GSH/GSSG ratio in SA190 and the glutathione-deficient mutants (C). For panels A–C, six 

biological replicates were used. Different letters indicate statistical differences based on one 

way ANOVA (p < 0.05). Growth curves of SA190, ΔgshA, and ΔgshB in LB medium (D). Total 

fresh weight of Arabidopsis thaliana Col-0 plants inoculated with SA190, ΔgshA, or ΔgshB, 

or mock-inoculated, grown under control (non-stress) and 25% PEG-induced drought stress 

conditions (E). The plant assay was performed with three biological replicates and two 

technical replicates (n=36). Whiskers indicate minimum and maximum values, the horizontal 

line marks the median. Statistical differences were determined by two-way ANOVA (p < 

0.05). Root colonization levels of SA190 and glutathione-deficient mutants. The boxplots 

show colony forming unit (CFU) data from three independent biological replicates, different 

letters indicate statistical differences based on two-way ANOVA (p < 0.05) (F).    
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Figure 6. Effects of Pseudomonas argentinensis SA190, ΔgshA, and ΔgshB on cad2-
1 biomass and GSH levels under control and 25% PEG-induced drought stress. Total 

fresh weight of non-colonized plants, plants colonized with SA190, and plants colonized with 

ΔgshA or ΔgshB under control (A) and 25% PEG-induced drought stress (B). Plant assays 

were performed using three biological replicates with two technical replicates per treatment 

(n = 36). Boxplot whiskers represent minimum and maximum values, the horizontal line 

indicates the median. Different letters indicate statistically significant differences based on 

two-way ANOVA (p < 0.05). Glutathione (GSH) levels in shoot tissue under the same 

treatments in control (C) and 25% PEG-induced drought stress (D). Different letters indicate 

statistically significant differences based on two-way ANOVA (p < 0.05). Cysteine, γ-

glutamylcysteine (γ-EC), and GSH levels in pellet of SA190 wild type, ΔgshA, and ΔgshB 

mutants grown in M9 medium (E). Seven biological replicates were analyzed. Different 

letters indicate statistically significant differences based on two-way ANOVA (p < 0.05).   
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Discussion  

This thesis aimed to identify key bacterial traits and mechanisms underlying the plant growth-

promoting (PGP) activity of Pseudomonas argentinensis SA190. To achieve this, a transposon 

mutant library was constructed to elucidate the roles of key SA190 genes contributing to 

bacterial PGP activity. Since SA190 exerts its beneficial effects under drought stress, mutants 

were characterized under PEG-induced drought stress conditions. The mutant screen revealed 

that biofilm formation has a significant impact on SA190 colonization and its PGP activity 

under PEG-induced stress. As a final layer, we investigated how SA190 modulates the 

metabolism of Arabidopsis thaliana to exert its beneficial effects under PEG-induced drought 

stress, focusing particularly on sulfur metabolism. 
 

Plant growth-promoting traits of SA190  
Global food demand is expected to increase substantially due to the growing world population 

(Duchenne-Moutien & Neetoo, 2021). This increasing demand creates pressure on agriculture, 

which is already challenged by climate change-induced stresses such as drought, heat waves, 

and flooding (Rizzo et al., 2021). These stresses reduce crop productivity and raise food security 

concerns (Tigchelaar et al., 2018; van Dijk et al., 2021). Although fertilizers are widely used to 

enhance yield under these conditions, their long-term application can lead to soil degradation 

and heavy metal accumulation (Wu et al., 2025). Therefore, sustainable alternatives, such as 

plant growth-promoting bacteria (PGPB), hold an indispensable place. PGPB solubilize 

phosphate, produce siderophores, indole-3-acetic acid (IAA), and 1-aminocyclopropane-1-

carboxylate (ACC) deaminase, and modulate plant hormones (Lugtenberg & Kamilova, 2009; 

Orozco-Mosqueda et al., 2018). These traits contribute to improved plant growth and 

development by enhancing nutrient uptake (Lugtenberg & Kamilova, 2009). 
 

Among PGPBs, the Pseudomonas genus is one of the dominant groups (Liang et al., 2024). Our 

model system, Pseudomonas argentinensis SA190, is capable of solubilizing phosphate and 

producing siderophores and IAA (Elkatmis, Parween, et al., 2025). While these traits indicate 

the functional potential of SA190 as a PGPB, they need to be evaluated in the context of plant 

interactions to determine their actual effects. Nevertheless, SA190's contribution to phosphate 

and iron uptake may support plant growth by enhancing physiological processes such as ATP 

production and photosynthesis. Previous studies on other PGPB have reported similar findings 

(Costa-Gutierrez et al., 2020; Goswami et al., 2013; Pieterse et al., 2021). For example, 

Pseudomonas putida KT2440 produces IAA, siderophores, and ACC deaminase, and 
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solubilizes phosphate (Costa-Gutierrez et al., 2020). It has also been reported to improve seed 

germination and root length in soybean and corn under salt stress (Costa-Gutierrez et al., 2020). 

Another well-described beneficial microbe, Pseudomonas simiae WCS417, possesses several 

PGP traits, such as siderophore production, VOC production, and biofilm formation (Pieterse 

et al., 2021). In addition, it has been shown to enhance plant tolerance to several stresses, 

including salt and drought stress (Pieterse et al., 2021). Also, Pseudomonas spp. olive green 

(OG) possesses PGP traits such as phosphate solubilization, IAA, siderophore, HCN, and 

catalase production (Goswami et al., 2013). In particular, inoculation with Pseudomonas spp. 

olive green (OG) has been reported to increase chickpea biomass (Goswami et al., 2013). 
 

In addition to these traits, PGPB are also known to induce systemic resistance and enhance 

plant tolerance to abiotic stresses (Lugtenberg & Kamilova, 2009; Orozco-Mosqueda et al., 

2018). SA190 demonstrated strong stress tolerance, surviving under high salt (up to 1 M NaCl) 

and osmotic stress conditions (10-20% PEG 8000) (Elkatmis, Parween, et al., 2025). However, 

the ability of SA190 to grow under these stress conditions does not necessarily translate into 

functional PGP effects. Therefore, the PGP effect of SA190 was further evaluated in a plant 

assay. SA190 inoculation significantly improved Arabidopsis growth under 25% PEG-induced 

drought stress (Alwutayd et al., 2023). PEG is commonly used to mimic drought stress under 

controlled conditions, as it creates a matrix on the agar surface that limits water availability to 

plant roots (Gonzalez et al., 2023). Therefore, it induces drought stress by reducing the osmotic 

potential and creating osmotic stress (Gonzalez et al., 2023). Taken together, these findings 

suggest that SA190 not only possesses key PGP traits but also maintains functional activity 

under PEG stress conditions. However, the ability of endophytic bacteria, including SA190, to 

exert these beneficial effects and confer stress tolerance depends on their successful 

colonization of the plant roots. 
 

Role of biofilm formation in SA190 root colonization and plant growth promotion 
Soil provides a dynamic environment for microbial activity, largely shaped by the region 

surrounding the root, known as the rhizosphere (Bardgett & Van Der Putten, 2014; Bulgarelli 

et al., 2013). This zone is continuously influenced by root-derived signals and exudates that 

recruit diverse microbial communities (Bardgett & Van Der Putten, 2014; Bulgarelli et al., 

2013; Ma et al., 2022). Within these communities, the ability of bacteria to successfully attach 

to and colonize plant roots is a determinant of their capacity to influence plant growth and health 

(Knights et al., 2021). Several key microbial traits support and maintain this colonization 

process (Knights et al., 2021). Motility is one of these essential traits that allows PGPB to move 
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toward and respond to root exudates (Lucero et al., 2020). In this way, it facilitates effective 

root colonization and interaction with the host plant (Lucero et al., 2020; Yang et al., 2024). In 

addition to motility, biofilm formation enables stable attachment to the root surface 

(Bhattacharyya et al., 2023; Morcillo & Manzanera, 2021). This trait becomes particularly 

important under drought stress conditions, as it can create a protective microenvironment that 

enhances bacterial survival and persistence (Bhattacharyya et al., 2023; Karimi et al., 2022; 

Morcillo & Manzanera, 2021). Since SA190 is a root endophyte that enhances plant growth 

under PEG-induced drought stress, successful root colonization is a prerequisite for establishing 

a beneficial interaction with the host. 
 

Focusing on microbial traits essential for the Arabidopsis-SA190 interaction, we constructed 

an SA190 transposon library and screened it for mutants in biofilm formation (Elkatmis, 

Parween, et al., 2025). This approach allowed us to identify candidate genes potentially 

involved in root colonization and the establishment of beneficial interactions. We found that 

wspC::Tn5, rpoE::Tn5, and fliD::Tn5 mutants exhibited reduced biofilm formation (Elkatmis, 

Parween, et al., 2025). Although disruption of these genes did not affect overall bacterial fitness, 

the mutants displayed significantly reduced root colonization under PEG-induced drought stress 

(Elkatmis, Parween, et al., 2025). These mutants also showed a diminished plant growth-

promoting effect, suggesting a direct link between biofilm formation, efficient root 

colonization, and stress tolerance in Arabidopsis. These findings indicate that biofilm formation 

is not only critical for stable root colonization by endophytic SA190 but also enables SA190 to 

influence host physiology and exert beneficial effects. Reduced biofilm formation diminished 

SA190’s ability to maintain close interaction with the host, thereby limiting colonization 

efficiency and plant growth-promoting effects. 
 

We then applied a root surface sterilization step to remove epiphytic bacteria and to investigate 

the contribution of loosely and stably attached colonization to the PGP effect. This approach 

allowed us to link the effects of biofilm-related mutants to the stable colonization ability of 

SA190 and to evaluate the importance of attachment strength for its PGP activity. The reduction 

in colonization after this treatment suggests that these genes contribute to stable root attachment 

under PEG-induced drought stress conditions. Their disruption weakens bacterial adherence to 

the Arabidopsis root surface. This interpretation is supported by the functional roles of these 

genes. The fliD gene is associated with motility (Huang et al., 2019; Ratthawongjirakul et al., 

2016), rpoE with stress response (Gao et al., 2016), and wspC with chemotaxis and biofilm 
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regulation (Li et al., 2024; O’Neal et al., 2022). Together, these functions highlight the need for 

coordinated regulation of movement and surface attachment for successful colonization. 

Consistent with our findings, a study in other PGPB reported a similar relationship between 

biofilm formation and colonization (Budiharjo et al., 2014). For example, in Bacillus 

amyloliquefaciens ssp. plantarum FZB42, disruption of the degU gene impaired biofilm 

formation and reduced bacterial colonization of lettuce roots (Budiharjo et al., 2014). Taken 

together, these results indicate that biofilm formation is a key microbial trait required for 

successful root colonization and SA190-mediated plant growth promotion under PEG-induced 

drought stress conditions. 
 

Although our findings demonstrate the importance of bacterial traits for successful root 

colonization, colonization is not determined only by bacterial factors. Since colonization 

represents a bidirectional interaction between the host and the bacteria, host-derived factors can 

also play an important role in shaping bacterial colonization in the root. For example, a study 

on Pseudomonas simiae WCS417 showed that Arabidopsis mutants deficient in root defense 

barriers, including cutin, suberin, callose, and lignin deposition, showed altered bacterial root 

colonization and growth-promotion responses (Zhou et al., 2025). These findings suggest that 

successful root colonization depends on a complex interplay between host and bacterial factors.  
 

In conclusion, in this thesis, we identified biofilm-related genes involved in SA190 root 

colonization and plant growth promotion under PEG-induced drought stress. However, further 

investigation of both bacterial and host factors is necessary to achieve a more comprehensive 

understanding of colonization and this beneficial interaction. 
 

Role of sulfur metabolism in SA190-mediated drought tolerance 
Despite the essential role of colonization and biofilm formation in SA190-mediated plant 

growth promotion, these factors alone cannot fully explain the increase in plant biomass under 

PEG stress. This suggests that SA190 may modulate metabolic and physiological processes in 

Arabidopsis, thereby contributing to the observed drought tolerance. In this context, we focused 

on sulfur metabolism, as sulfur metabolism contributes to plant stress tolerance through the 

production of several important molecules, including glutathione (GSH), hydrogen sulfide 

(H2S), and PAP (3’-phosphoadenosine 5’-phosphate), a signaling molecule generated during 

sulfation reactions (Noctor et al., 2011, Kopriva, 2006; Liu et al., 2021; Gigolashvili et al., 

2012; Estavillo et al., 2011). GSH functions as a critical antioxidant and redox buffer (Noctor 

et al., 2011, Kopriva, 2006). It protects cells from oxidative damage by detoxifying reactive 
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oxygen species and maintaining cellular redox homeostasis (Kopriva, 2006). H2S acts as a 

signaling molecule that affects stress tolerance by regulating antioxidant defenses, stomatal 

closure, and stress-responsive gene expression (Liu et al., 2021). On the other hand, PAP plays 

a role in retrograde signaling from the chloroplast to the nucleus and accumulates during 

drought stress (Estavillo et al., 2011; Gigolashvili et al., 2012). In this way, it inhibits 

exoribonucleases to modulate the expression of stress-responsive genes (Estavillo et al., 2011; 

Gigolashvili et al., 2012). Consequently, mutants in SAL1 phosphatase accumulate PAP and 

show incresed tolerance to drought stress (Estavillo et al., 2011). Together, these molecules 

highlight the role of sulfur metabolism in coordinating antioxidant defense, cellular signaling, 

and stress adaptation. 
 

We, therefore, investigated sulfur metabolism mutants and found that sultr1;2, apr2, and cad2-

1 exhibit reduced biomass under PEG-induced drought stress. The increased drought sensitivity 

of these mutants highlights the critical role of sulfur metabolism in plant adaptation to drought 

stress. The sulfate transporter mutant sultr1;2 exhibited significantly reduced biomass under 

PEG-induced drought stress. This finding is consistent with its established role in high-affinity 

sulfate uptake from the rhizosphere (Vidmar et al., 2000). Impaired sulfate uptake in sultr1;2 

restricts sulfur availability for downstream metabolic processes (Shibagaki et al., 2002; Vidmar 

et al., 2000), thereby limiting the synthesis of sulfur-containing compounds required for stress 

adaptation. Similarly, the apr2 mutant, defective in APS reductase activity (Weber et al., 2000), 

showed growth inhibition under PEG stress conditions. This finding suggests that sulfate 

reduction may contribute to plant stress tolerance by supporting the production of downstream 

sulfur-containing compounds such as cysteine and glutathione under PEG stress conditions. 

Notably, the cad2-1 mutant, carrying a loss-of-function allele of the γ-glutamylcysteine 

synthetase gene (GSH1) (Cobbett et al., 1998), displayed severe growth reduction under PEG 

stress. This phenotype is consistent with the central role of GSH in plant stress tolerance, as 

mentioned above. Therefore, reduced GSH biosynthesis in cad2-1 likely compromises the 

plant's ability to cope with PEG-induced oxidative stress, resulting in increased sensitivity to 

PEG treatment. 
 

Collectively, the enhanced drought sensitivity observed in sultr1;2, apr2, and cad2-1 indicates 

that an intact sulfur metabolic pathway, from sulfate uptake and assimilation to glutathione 

biosynthesis, is essential for maintaining growth and stress resilience under PEG-induced 

drought stress conditions. These findings are consistent with previous studies linking sulfur 
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nutrition and glutathione metabolism to abiotic stress tolerance (Andrés-Barrao et al., 2021; 

Mukherjee et al., 2025; Shekhawat et al., 2024) and further support a central role for sulfur 

metabolism in PEG-induced drought stress adaptation in Arabidopsis thaliana.  
 

Treatment with SA190 rescued the phenotype and enhanced the biomass of these mutants under 

PEG stress. These findings suggest that SA190 positively influences sulfur metabolism and/or 

downstream antioxidant pathways in the host plant. Supporting this result, SA190 treatment led 

to increased GSH levels and an elevated GSH/GSSG ratio under PEG stress, indicating 

improved redox balance. Chemical inhibition of GSH synthesis using BSO and genetic 

impairment in the cad2-1 mutant reduced GSH levels in Arabidopsis, whereas SA190 treatment 

enhanced GSH accumulation under PEG stress conditions. These findings suggest that SA190 

contributes to maintaining cellular homeostasis by promoting GSH biosynthesis or 

regeneration. In addition, these results are consistent with increased sulfate accumulation in 

shoots under PEG stress. This observation suggests that SA190 may enhance host sulfur 

assimilation and redirect metabolic flux toward GSH biosynthesis, thereby contributing to 

improved antioxidant capacity and stress tolerance. In this way, SA190 may improve ROS 

detoxification capacity under PEG stress. Consistent with these observations, beneficial 

microbes have been shown to regulate sulfur metabolism and antioxidant responses in plants 

under abiotic stress (Azeem et al., 2025; Koźmińska et al., 2024). For example, sulfur-oxidizing 

bacteria (SOB), such as Halothiobacillus halophilus, enhance sulfur accumulation in Plantago 

coronopus under drought and high salinity (300 mM NaCl) (Koźmińska et al., 2024). SOB 

treatment also increased GSH levels under salt stress, suggesting that microbe-mediated sulfur 

metabolism can contribute to improved redox homeostasis (Koźmińska et al., 2024). Another 

study showed that inoculation with Pseudomonas strains (P. monteilii SHA_AHK, P. 

aeruginosa PS3, P. aeruginosa SAHK, P. putida AHK_SHA007) increased GSH accumulation 

in sorghum under salt stress, further supporting the role of beneficial microbes in strengthening 

the plant antioxidant machinery (Azeem et al., 2025). Together, our findings support the idea 

that SA190-mediated enhancement of drought tolerance may involve modulation of sulfur 

metabolism and GSH-dependent redox regulation. 
 

As shown in our model and supported by examples in the literature, PGPB can modulate sulfur 

metabolism and GSH levels in plants under stress conditions. To dissect the contribution of 

bacterial GSH metabolism to the Arabidopsis-SA190 interaction, we generated bacterial 

knockout mutants in gshA and gshB. Similar to Arabidopsis, SA190 possesses a two-step GSH 
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biosynthesis pathway. The first step is the production of γ-glutamylcysteine (γ-EC), the rate-

limiting step, catalyzed by γ-glutamylcysteine synthetase (γ-ECS), encoded by gshA (Forman 

et al., 2009). The second step is the conversion of γ-EC to GSH, catalyzed by glutathione 

synthetase (GS), encoded by gshB (Forman et al., 2009). When these mutants were tested in the 

cad2-1 plant mutant under PEG-induced drought stress, treatment with the gshA mutant resulted 

in reduced biomass and lower GSH levels compared to wild-type SA190. In contrast, the gshB 

mutant showed biomass and GSH levels comparable to SA190 under PEG stress. These results 

suggest that the intermediate molecule γ-EC may play an important role in drought stress 

tolerance. The observed increase in GSH levels in cad2-1 plants treated with the gshB mutant 

may be explained by the supply of γ-EC from the bacteria. Since the second step of GSH 

biosynthesis remains functional in cad2-1, the plant can convert γ-EC into GSH. Accordingly, 

gshB treatment in cad2-1 result in GSH levels comparable to those observed with SA190 

treatment. These findings underscore the functional importance of the gshA gene in the plant 

growth-promoting effect of SA190. The importance of the gshA gene is also highlighted in 

another study (Mukherjee et al., 2025). In that study, the generation of a gshA mutant from 

Pseudomonas sp. 6A2 reduced biomass under sulfur-deficient conditions (Mukherjee et al., 

2025). These findings also support that sulfur metabolism, particularly GSH, is a key 

component of plant-microbe interactions (Mukherjee et al., 2025). 
 

Taken together, our findings in this thesis highlight that SA190 employs multi-layered 

mechanisms to exert its PGP activity. First, phosphate solubilization, IAA and siderophore 

production, and the stress tolerance of SA190 contribute to its PGP activity. Second, transposon 

library screening and analysis of biofilm mutants under PEG stress revealed that biofilm 

formation is essential for SA190 colonization and its ability to exert beneficial effects under 

PEG stress. Finally, we investigated how SA190 influences host metabolism and physiology to 

enhance PEG stress tolerance. Our results indicate that SA190 may modulate host sulfur 

metabolism, leading to enhanced GSH-mediated redox homeostasis under PEG stress. These 

findings highlight the importance of integrating microbial traits with host metabolic pathways 

to fully understand plant-microbe interactions under stress conditions. 
 

Limitations and future directions 
This thesis highlights the multilayered mechanisms underlying the PGP activity of 

Pseudomonas argentinensis SA190, including transposon library construction, biofilm 

formation analysis, and the investigation of sulfur metabolism during plant-microbe 

interactions under PEG-induced drought stress. Although these findings provide important 
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insights into the beneficial interaction between SA190 and Arabidopsis thaliana, several 

limitations remain and provide important directions for future research.  
 

Experimental limitations and ecological relevance 
This study was primarily conducted using a PEG-based agar plate system. PEG-induced 

osmotic stress is widely used to mimic drought conditions because it reduces water availability 

to plant roots under controlled experimental conditions (Gonzalez et al., 2023). The PEG plate 

system offers several advantages, including easy monitoring of root architecture, precise control 

of water availability, and high reproducibility between experiments. However, PEG-based plate 

systems cannot fully reproduce the complexity of soil drought conditions. Therefore, this 

represents a major limitation of the present study. To determine whether our findings are 

consistent under soil conditions, future studies should validate these results in soil-based 

drought experiments to better assess the ecological relevance of SA190-mediated drought 

tolerance. In addition, validating SA190-mediated drought tolerance in crop plants under soil-

based conditions could also provide essential data bridging the gap between controlled 

laboratory findings and real-world agricultural applications. These data could represent a key 

step toward establishing SA190 as a potential bioinoculant for sustainable crop protection under 

drought stress. 
 

Unresolved mechanisms of sulfur metabolism in the Arabidopsis-SA190 interaction 
One of the main findings of this thesis is that sulfur metabolism is one of the components of the 

beneficial interaction between Arabidopsis and SA190. Mutant analyses and metabolite 

measurements suggest that GSH or γ-EC contributes to SA190-mediated PEG stress protection. 

However, the precise mechanism by which GSH and/or γ-EC contribute to PEG stress 

protection remains unresolved. 
 

SA190 is an endophytic bacterium that colonizes internal root tissues, which makes it 

technically difficult to monitor the direct supply of sulfur-containing compounds to plant 

tissues. This technical challenge is the second main limitation of this project. Although our 

physiological and genetic data strongly suggest the involvement of bacterial sulfur metabolism 

in enhancing plant stress tolerance, direct molecular evidence for GSH or γ-EC transfer is still 

lacking.   
 

Future work should focus on isotope-labeling approaches, such as feeding SA190 with stable 

isotope-labeled sulfur or labeled γ-EC/GSH precursors. Feeding experiments using isotope-
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labeled sulfate, cysteine, γ-EC, or GSH could provide insights into which sulfur-containing 

molecules are transferred from SA190 to the plant. Therefore, combining isotope labeling with 

genetic analyses and targeted metabolite measurements may help elucidate the role of sulfur-

containing compounds during the Arabidopsis-SA190 interaction. 
 

Sulfur flux analysis and future perspectives 
In this thesis, we quantified thiol and sulfate contents in samples treated with SA190. However, 

these measurements represent only snapshots of metabolite pools at specific time points. 

Therefore, they do not provide information about sulfur flux, and it remains unclear whether 

SA190 affects sulfur redistribution between roots and shoots. Future studies should employ 

isotope-labeling approaches to quantify sulfur flux and trace the incorporation of sulfur into 

cysteine, GSH, and other sulfur-containing metabolites in roots and shoots. These experiments 

could provide a deeper understanding of how SA190 reshapes host sulfur metabolism to 

enhance PEG-induced drought stress tolerance. 
 

Future directions for biofilm and colonization studies 
Another important finding of this thesis was the identification of genes contributing to biofilm 

formation and root colonization in SA190. Characterization of the Tn5 transposon mutants 

revealed that stable root attachment is critical for the beneficial effects of SA190. Through plant 

assays under PEG-induced drought stress, we demonstrated that wspC, rpoE, and fliD are 

important for SA190-mediated drought stress tolerance (Elkatmis, Parween, et al., 2025). 

However, the molecular mechanisms underlying the contribution of these genes to plant growth 

promotion and stress tolerance remain unclear. Future studies should investigate how these 

biofilm-related genes affect bacterial persistence, nutrient exchange, and signaling processes at 

the root-microbe interface. Comparative transcriptomic and metabolomic analyses of plants 

colonized by SA190 and these biofilm mutants could help identify the bacterial pathways 

required for efficient root attachment and beneficial plant-microbe interactions. 
 

Conclusion  
Overall, this thesis provides a framework for understanding how microbial colonization traits 

and sulfur-mediated redox regulation contribute to plant stress resilience. Future studies 

integrating soil and isotope-labeling experiments will further advance our understanding of the 

mechanistic basis of beneficial plant-microbe interactions under abiotic stress conditions. 
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Supplementary Table 3. Average nucleotide identity (ANI) of Type Strain Genome Server (TYGS). 

 

 

 

Supplementary Table 4. Average Amino Acid identity (AAI) from EzAAI (V.1.2.2). 

 

 

 

  

qseqid Sample 
ID sseqid Percentage of 

identical matches
Alignment 

length mismatch gapopen qstart qend sstart send evalue bitscore

tn5 B5 NODE_2_length_497665_cov_160.085036 100 108 0 0 1 108 3E+05 349728 9.2E-52 200
tn5 B4 NODE_20_length_79072_cov_144.562517 100 108 0 0 1 108 60797 60690 9.2E-52 200
tn5 B3 NODE_19_length_79072_cov_140.973758 100 108 0 0 1 108 18276 18383 9.2E-52 200
tn5 B2 NODE_1_length_497665_cov_196.568265 100 108 0 0 1 108 3E+05 317551 9.2E-52 200
tn5 B1 NODE_1_length_680816_cov_194.442609 100 108 0 0 1 108 2E+05 214575 9.2E-52 200

Label 1 Label 2 AAI CDS count 1 CDS count 2Matched countProteome cov. ID param. Cov. param.
SA190 Pseudomonas argentinensis LMG 22563 93.526839 4545 4648 3970 0.863701 0.4 0.5
SA190 Pseudomonas straminea JCM 2783 93.084034 4545 4588 3808 0.833899 0.4 0.5
SA190 Pseudomonas punonensis CECT 8089 92.321749 4545 4485 3745 0.829457 0.4 0.5
SA190 Pseudomonas seleniipraecipitans LMG 25475 88.842435 4545 4224 3556 0.811039 0.4 0.5
SA190 Pseudomonas daroniae FRB 228 88.733516 4545 4943 3552 0.748735 0.4 0.5
SA190 Pseudomonas flavescens LMG 18387 88.392457 4545 5326 3679 0.745416 0.4 0.5
SA190 Pseudomonas dryadis FRB 230 84.733416 4545 5006 3407 0.713433 0.4 0.5
SA190 Pseudomonas guguanensis JCM 18416 77.722042 4545 4609 2958 0.646275 0.4 0.5
SA190 Pseudomonas yangonensis JCM 33396 77.565477 4545 4909 3011 0.636979 0.4 0.5
SA190 Pseudomonas hydrolytica DSWY01 77.563802 4545 4853 2938 0.625239 0.4 0.5
SA190 Pseudomonas turukhanskensis VKM B-2935 74.818816 4545 5380 2931 0.59063 0.4 0.5
SA190 Pseudomonas fulva DSM 17717 73.013539 4545 4325 2707 0.610372 0.4 0.5
SA190 Pseudomonas parafulva DSM 17004 73.009593 4545 4499 2726 0.602831 0.4 0.5

The name of the primer Sequence 
Inv-1 ATGGCTCATAACACCCCTTGTATTA
Inv-2 GAACTTTTGCTGAGTTGAAGGATCA

KAN-2-F ACCTACAACAAAGCTCTCATCAACC
KAN-2-R GCAATGTAACATCAGAGATTTTGAG
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Supplementary Table 5. The API 50 CH analysis of Pseudomonas argentinensis SA190. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reaction Suger Suger type
1 D-Arabinose
1 L-Arabinose
1 D-Ribose
3 D-Xylose
3 L-Xylose
3 D-Galactose
1 D-Glucose
1 D-Fructose
1 D-Mannose
3 L-Sorbose
3 L-Rhamnose
3 N-Acetylglucosamine
3 D-Lyxose
1 D-Tagatose
3 D-Fucose
3 L-Fucose
1 Methyl-beta-D-xylopyranoside
3 Methyl-alpha-D-mannopyranoside
3 Methyl-alpha-D-glucopyranoside
1 D-Cellobiose
1 D-Maltose
3 D-Lactose (bovine origin)
1 D-Melibiose
3 D-Saccharose (sucrose)
3 D-Trehalose
3 Gentiobiose
3 D-Turanose
3 Amygdalin
2 Arbutin
3 Esculin /ferric citrate
3 Salicin
3 Inulin
1 D-Melezitose
1 D-Raffinose
3 Amidon (starch)
1 Glycogen
1 Glycerol
1 Erythritol
3 D-Adonitol
3 Dulcitol
1 Inositol
1 D-Mannitol
2 D-Sorbitol
1 Xylitol
1 D-Arabitol
1 L-Arabitol
2 Potassium gluconate
1 Potassium 2-ketogluconate
1 Potassium 5-ketogluconate

Salts

Monosacharides 

Mono-Derivatives

Disaacharides

Glycosides

Polysacharides

Polyols
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Supplementary Figure 1.  Phosphate solubilization and siderophore production by Pseudomonas 

argentinensis SA190. 

(A–B) Siderophore production on Chrome Azurol S (CAS) agar. 
(A) Control bacteria without siderophore activity. 
(B) SA190 inoculated on CAS agar showing a distinct orange halo (blue arrow) around the colony, 
demonstrating siderophore secretion and iron-chelating activity 

 (C–D) Phosphate solubilization on Pikovskaya (PVK) agar. 
(C) Control bacteria without visible halo. 
(D) SA190 inoculated on PVK agar showing a clear halo zone around the colony (blue arrow), indicating 
inorganic phosphate solubilization. 

Scale bars = 0.5 cm. 
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Supplementary Figure 2. Secondary metabolite biosynthetic gene clusters (BGCs) predicted in 
Pseudomonas argentinensis SA190 using antiSMASH analysis (version 8.0.4)  

Eight secondary metabolite biosynthetic gene clusters (Regions 1–8) were identified in the complete genome of 
P. argentinensis SA190 using antiSMASH (v6.0) under “relaxed” detection strictness. The BGCs span diverse 
classes of metabolites, including: 

• Region 1: RiPP-like, arylpolyene, and resorcinol biosynthesis, with low similarity to known APE (aryl 
polyene) clusters. 

• Region 2: Redox cofactor cluster, with no close match to known references. 

• Region 3: Terpene-precursor pathway, with undefined similarity. 

• Region 4 & 5: NRPS-metallophore hybrid clusters, including pyochelin-like (low confidence) and 
azotobactin D-like (medium confidence) siderophore-related BGCs. 

• Region 6: Betalactone-type cluster. 

• Region 7: Terpene cluster, similar to carotenoid biosynthesis pathways (high similarity). 

• Region 8: NAGGN-like BGC with unknown functional annotation. 
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Supplementary Figure 3. MIBiG comparisons of regions 1, 2, and 3 generated using antiSMASH (version 

8.0.4). (A) Region 1, (B) Region 2, and (C) Region 3. 
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Supplementary Figure 4. MIBiG comparison was shown for the regions 4, 5 and 6 by using antiSMASH 

(version 8.0.4). (A) Region 4, (B) Region 5, and (C) Region 6. 
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Supplementary Figure 5. MIBiG comparison was shown for the regions 7 and 8 by using antiSMASH (version 

8.0.4). (A) Region 7 and (B) Region 8. 
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Supplementary Figure 6. Growth curves of SA190 and the wspC::Tn5, rpoE::Tn5, and fliD::Tn5 mutants. 

SA190 and the biofilm mutants were grown in LB medium, and the optical density at 600 nm (OD600) was measured 

every 10 minutes. 
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Supplementary Data 

 

Supplementary Table 1. Plasmids used in this study 

Plasmids Characteristics Reference 

pK18mobsacB Suicide and narrow-broad-host vector (Schäfer et 
al., 1994) 

 

Supplementary Table 2. Primers used for the generation of marker-free gshA and gshB 
deletion mutants 

Primers Sequence (5'-3') Usage 

gsha_iF GCCATTCGCCGTCTTTCTTG 

Deletion of gsha 

gsha_iR CTGCCTGAAGAGGAGGTCAT 

gsha_oR GCGACGTGGTCAAGGTCAAG 

gsha_oF GATCACCATGGCGGTGAATT 

gsha_sF GTGCTTGCAATCCATCCTAG 

gshb_iF GGCACCCTGGTGGTCAAC 

Deletion of gshb 

gshb_iR CCGCGCATTGAGCTTTTCG 

gshb_oR GGACAACTGCGCGCTGTC 

gshb_oF  CGGTCGGCGAGTCATCAA 

gshb_sF GAAACCAATGGGCCCGGC 
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Supplementary Figure 1. Effect of Pseudomonas argentinensis SA190 on Arabidopsis sultr1;2, apr2, and 

cad2-1 mutants under control (non-stress) conditions. Representative phenotypes of Arabidopsis thaliana Col-

0 seedlings and the mutants after 15 days of growth under control conditions: non-colonized Arabidopsis thaliana 

Col-0, mock (A), non-colonized sultr1;2, mock (B), non-colonized apr2, mock (C), non-colonized cad2-1, mock 

(D), SA190-colonized Arabidopsis thaliana Col-0 (E), SA190-colonized sultr1;2  (F), SA190-colonized apr2  (G), 

SA190-colonized cad2-1 (H). The scale bar is 1 cm. 
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Supplementary Figure 2. Effect of Pseudomonas argentinensis SA190 on Arabidopsis sultr1;2, apr2, and 

cad2-1 mutants under 25% PEG-induced drought stress conditions. Representative phenotypes of Arabidopsis 

thaliana Col-0 seedlings and the mutants after 15 days of growth under 25% PEG-induced drought stress: non-

colonized Arabidopsis thaliana Col-0, mock (A), non-colonized sultr1;2, mock (B), non-colonized apr2, mock 

(C), non-colonized cad2-1, mock (D), SA190-colonized Arabidopsis thaliana Col-0 (E), SA190-colonized 

sultr1;2  (F), SA190-colonized apr2  (G), SA190-colonized cad2-1 (H). The scale bar is 1 cm. 
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Supplementary Figure 3. Effect of Pseudomonas argentinensis SA190 on sulfate uptake in Arabidopsis 

thaliana Col-0 and sulfur pathway-deficient Arabidopsis mutants under control and 25% PEG-induced 

drought stress conditions. Sulfate content in shoot samples of Arabidopsis Col-0 and the sultr1;2, apr2, and 

cad2-1 mutants under control conditions (A) and 25% PEG-induced drought stress conditions (B). Sulfate content 

in root samples of Arabidopsis Col-0 and the sultr1;2, apr2, and cad2-1 mutants under control conditions (C) and 

25% PEG-induced drought stress conditions (D). Whiskers represent minimum and maximum values, the 

horizontal line indicates the median. Different letters indicate statistically significant differences based on two-

way ANOVA (p < 0.05). 

 

 

112 



	

 

 

Supplementary Figure 4. Effect of Pseudomonas argentinensis SA190 under 1 mM buthionine sulfoximine 

(BSO) and 0.5 mM glutathione (GSH) treatments in control (non-stress) conditions. Representative 

phenotypes of Arabidopsis thaliana Col-0 seedlings after 12 days of growth under control conditions: non-

colonized control (A), non-colonized + 1 mM BSO (B), non-colonized + 0.5 mM GSH (C), SA190-colonized (D), 

SA190-colonized + 1 mM BSO (E), and SA190-colonized + 0.5 mM GSH (F). The scale bar is 1 cm. 
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Supplementary Figure 5. Effect of Pseudomonas argentinensis SA190 on Arabidopsis under 1 mM 

buthionine sulfoximine (BSO) and 0.5 mM glutathione (GSH) under 25% PEG-induced drought stress 

conditions. Representative phenotypes of Arabidopsis thaliana Col-0 seedlings after 12 days of growth under 25% 

PEG-induced drought stress conditions: non-colonized control (A), non-colonized + 1 mM BSO (B), non-

colonized + 0.5 mM GSH (C), SA190-colonized (D), SA190-colonized + 1 mM BSO (E), and SA190-colonized 

+ 0.5 mM GSH (F). The scale bar is 1 cm. 
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Supplementary Figure 6. Effect of buthionine sulfoximine (BSO) on the growth of Pseudomonas 

argentinensis  SA190. BSO stock solution was added to SA190 liquid cultures to achieve final concentrations of 

0.2 mM, 0.5 mM, 1 mM, and 5 mM in M9 medium. Bacterial growth was monitored every 10 minutes using a 

TECAN plate reader (Infinite M200 pro). 

 

 

 

 

 

115 



	

 

 

Supplementary Figure 7. Effect of Pseudomonas argentinensis SA190 on glutathione (GSH) levels in 

Arabidopsis cad2-1 mutant under control (non-stress) and 25% PEG-induced drought stress conditions. 

GSH concentrations measured in shoot tissues of Arabidopsis thaliana cad2-1 seedlings, non-colonized or 

colonized with SA190, grown under control (non-stress) and 25% PEG-induced drought stress conditions. 

Boxplots show data from two technical replicates. Whiskers represent minimum and maximum values, the 

horizontal line indicates the median. Different letters denote statistically significant differences based on two-way 

ANOVA (p < 0.05).  
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Supplementary Figure 8. Effect of Pseudomonas argentinensis SA190 glutathione deficient mutants on 

Arabidopsis cad2-1 mutant under control (non-stress) conditions. Representative phenotypes of Arabidopsis 

thaliana Col-0 and cad2-1 mutant seedlings after 15 days of growth under control conditions: non-colonized 

Arabidopsis thaliana Col-0, mock (A), SA190-colonized Col-0 (B), Δgsha-colonized Col-0 (C), Δgshb-colonized 

Col-0 (D), non-colonized cad2-1, mock (E), SA190-colonized cad2-1 (F), Δgsha-colonized cad2-1 (G), Δgshb-

colonized cad2-1 (H). The scale bar is 1 cm. 
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Supplementary Figure 9. Effect of Pseudomonas argentinensis SA190 glutathione deficient mutants on 

Arabidopsis cad2-1 mutants under 25% PEG-induced drought stress conditions. Representative phenotypes 

of Arabidopsis thaliana Col-0 and cad2-1 mutant seedlings after 15 days of growth under PEG stress conditions: 

non-colonized Arabidopsis thaliana Col-0, mock (A), SA190-colonized Col-0 (B), Δgsha-colonized Col-0 (C), 

Δgshb-colonized Col-0 (D), non-colonized cad2-1, mock (E), SA190-colonized cad2-1 (F), Δgsha-colonized 

cad2-1 (G), Δgshb-colonized cad2-1 (H). The scale bar is 1 cm. 
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