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ABSTRACT 

Mechanisms of the interaction between beneficial endophytic bacteria and plants 

conferring enhanced drought and salt stress tolerance 

Khairiah Alwutayd 

 

Drought and salt stress are the main global factors that reduce the average yield of most 

major crops. In order to meet global demands, we will need to double food production by 

2050 (Tilman, Balzer, Hill, & Befort, 2011). Plant growth-promoting bacteria (PGPB) are 

a group of bacteria that alleviate the harmful effects of abiotic stresses such as salt, heat 

and drought stress on plants and decrease the global dependence on hazardous agricultural 

chemicals. We identified that beneficial microbes isolated from desert plants (indigfera 

argentea) from Jizan region, in 2012 enhance the tolerance of a variety of crop plants to 

drought and salt stresses under laboratory conditions and in field trials. We analyzed the 

interaction of these bacteria with the plants by genetic, biochemical and imaging 

techniques. The goal of this dissertation is to ultimately improve our understanding of the 

mechanisms of drought and salt stress tolerance conferred by beneficial microbes that can 

be used as a sustainable solution for plants and crops in degrading lands (deserts) and land 

affected by abiotic stresses. Outlines how each of chapter of this dissertation will contribute 

to the discovery of novel drought and salt stress tolerance strategies using a desert-specific 

bacterial endophyte.   
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Chapter 1: Introduction 

1.1 Impact of abiotic stresses on plant growth 

Abiotic stress, such as drought, salt and heat stress are responsible for the loss of major 

crop yields worldwide. (Istudor, Ion, Petrescu, & Hrebenciuc, 2019). Research has shows 

that abiotic stresses reduce the average yield for most major crops by 70% (Mantri, 2012). 

Among these abiotic stresses, drought and salt stresses are one of the major factors that 

reduce the production and quality of food supplies (Kaushal and Wani, 2016b). Plants can 

experience drought stress in different forms, such as limited water supply to the plant roots 

or when the transpiration rates of plants become excessive (Mohajan, 2017). Similaryly, 

salinity reduces plant growth and development via cytotoxicity due to excessive 

accumulation of salt ions such as sodium (Na+), chloride (Cl−), and nutritional imbalance 

(Isayenkov and Maathuis, 2019). Drought and salt stress, have negative effects on plants 

and result in morphological, physiological, biochemical and molecular changes. In this 

context, physiological changes can be detected in the process of stomata closure due to 

increasing ABA levels, decrease in the photosynthesis machinery, a reduction in 

chlorophyll content, and a reduction of leaf carbon dioxide leading to more electrons that 

form reactive oxygen species (ROS) (Yahya, Lisar, Bakhshayeshan-agdam, Li, & Huang, 

2016). The morphological changes induced by abiotic stress are reduced leaf size, number 

and shoot and root length; however, in drought stress the root growth increases to absorb 

more water and nutrients from the soil (Ghatak et al., 2017). Although, plants have 

developed several strategies to manage with abiotic stress, in extreme climate conditions 

with more drought and salt stress, plants fail their management strategies which results in 

severe crop yield reduction. Hence, in these times of global climate change and an 
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increasing world population, abiotic stress tolerant crops and sustainable solutions in 

agriculture are urgently needed to respond to growing food demands. (Jaleel et al., 2007b-

e; Nakayama et al., 2007). Therefore, this PhD thesis aims to provide sustainable solutions 

to improve global crop productivity under extreme environmental conditions by using 

beneficial microbes.  

 

Figure 1. Abiotic stress reduces crop yield. Environmental stress factors, such as heat, 

cold, drought, salinity, and the presence of heavy metals such cadmium, copper, and 

chromium, elicit stress responses in plants, including accumulation of reactive oxygen 

species (ROS) and reduced photosynthetic activity, which ultimately lower plant growth 

and thus crop yields (Godoy et al., 2021). 
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1.2 Effect of PGPB on plant growthunder abiotic stresses 

Plant growth promoting bacteria (PGPB) is a group of soil bacteria that colonize plant 

roots. The use of PGPBs in the form of biofertilizers has been used since decades and have 

considerable positive effects on field agricultura. Compare to chemical fertilizers, 

biofertilizers are easily available, less costly, decreases nutrient deficiency and decreases 

environmental pollution. PGPB can directly or indirectly improve plant growth under 

abiotic stress. Direct mechanisms of PGPB on plants include nitrogen fixation, nutrient 

uptake, phytohormone production, osmolyte accumulation, and antioxidant metabolism; 

while the indirect mechanisms of PGPB include induction of systematic resistance (ISR) 

against pathogens and production of ACC deaminase which reduces ethylene levels in 

plants (Ojuederie et al., 2019).  

 

1.2.1 Phytohormone production by PGPB 

Plant phytohormones act throughout the life of a plant, they are capable of dynamically 

modifying plant growth under ‘normal’ growth conditions as well as under adverse 

environments. Drought, salt, flooding, extreme high or low temperatures, and strong 

irradiation are some conditions that challenge plant survival. Plant responses are defined 

by genetic programming and the actual physiological capacities developed upto the point 

of the onset of stress. These responses are orchestrated by various hormones. The hormones 

with the most prominent roles are ABA, jasmonic acid (JA), salicylic acid (SA), ethylene, 
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auxins, and brassinosteroids (BRs). These hormones play important roles in plants under 

abiotic stress, depending on the plant species, age, and duration and strength of the stresses. 

Beneficial microbes can modify the concentration or action of plant hormones locally or 

systematically, and stimulate plant growth in response to abiotic stress. 

 

1.2.1.1 Abscisic acid  

ABA is a key hormone observed at significantly increased levels in plants under abiotic 

stresses, such as drought and salt. In higher plants, ABA synthesis takes place in 

chloroplasts via cleavage of C40 carotenoids. The intermediate product Neoxanthin is 

converted to Xanthoxin (C15) by the enzyme 9-cis epoxycarotenid dioxygenase (NCED). 

Xanthoxin C15 is then converted to ABA by Abscisic Aldehyde in the cytosol (Xiong & 

Zhu, 2003). In the presence of ABA, the PYR/PYL receptor protein interacts with ABA to 

inhibit type 2C Protein Phosphatase (PP2C) activity and disrupt its interaction with SNF1-

related protein kinase 2 (SnRK2). The phosphorylation and activation of SnRK2 activates 

downstream ABA signaling components, such as transcription factors, ion transport (K+),. 

The main function of ABA under abiotic stress is to promote stomatal closure, minimizing 

transpiration rates and water loss (Daszkowska-Golec & Szarejko, 2013). ABA triggers 

enhanced uptake of calcium ions (Ca2+) into the cytosol, resulting in activation of 

potassium (K+) efflux from guard cells and efflux of water. This leads to loss of guard cell 

osmotic pressure and concomitant closure of stomata. The production of hydrogen 

peroxide (H2O2) also plays an important role in the stomatal closure by activating Ca2+ 

channels (Singh et al. 2017). Spollen et al. (2000) reported that at low water potentials, 

ABA accumulation leads to maintenance of root elongation in maize plants by limiting 
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ethylene production. PGPBs can improve drought tolerance by moderating the levels of 

ABA content. For example, inoculation of Arabidopsis plants with Phyllobacterium 

brassicacearum STM196 alleviates the effects of drought stress by increasing ABA levels, 

and decreasing leaf transpiration (Bresson et al 2013). Zhang et al. (2020) showed that 

PGPR decreased the levels of ABA in plants under drought stress. Colonization by Dietzia 

natronolimnaea enhances the growth of wheat plants by modulating ABA levels under salt 

stress (Bharti et al., 2016). 

 

1.2.1.2 Auxin 

Indole acetic acid (IAA) is an active auxinic molecule that plays important roles in most 

the developmental processes including embryo, root, leaf, and flower development, and 

seedling growth, by influencing cell differentiation and elongation (Zhao, 2010). IAA  is 

also essential for tropic responses such as phototropism (growth response to light) and 

gravitropism (growth response to gravity) (Nakajima et al., 2017). There are four main 

pathways for production of IAA from Tryptophan (Trp), dependent on the intermediate 

products and enzymes: the Indole-3-Pyruvic Acid (IPA), Indole-3-AcetaMide (IAM), 

Indole-3-AcetaldOxime (IAOx), and Tryptamine (TAM) pathways (Mashiguchi et al., 

2011). Auxin Transport Inhibitor Response1 (TIR1) is the main receptor of IAA, and 

constitutively inhibits AUX/IAA (AUXin/Indole-3-Acetic Acid) proteins, which are 

negative regulators of auxin signaling. Binding of IAA to the TIR1 receptor leads to higher 

affinity to and degradation of AUX/IAA proteins. The degradation of AUX/IAA allows 

Auxin Response Factors (ARF) to interact with auxin-inducible elements and the 

expression of auxin-inducible genes (Tian, Lv, Ding, Bai, & Ding, 2017). Under drought 
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stress, low levels of auxin and cytokinins induce root elongation and activates inward 

potassium ions from subsidiary cells to guard cells, which leads to opening of stomata. 

Higher levels of auxin and cytokinins instigate lateral root formation and promote efflux 

of potassium ions to close stomata (Daszkowska-Golec & Szarejko, 2013; Ghosh et al. 

2013).  Production of auxin by PGPBs ha sbeen descriped by Raheem, Shaposhnikov, 

Belimov, Dodd, & Ali (2018), the authors demonstrated that bacterial auxin production 

leads to improved drought-tolerant growth of wheat (Triticum aestivum L). 

 

1.2.1.3 Ethylene 

Ethylene is an important hormone that regulates plant growth and stress responses (Abeles 

et al., 2012). For the production of ethylene, the amino acid methionine is converted to S-

Adenosyl-Methionine (SAM) by SAM synthase. SAM is subsequently converted Amino-

Cyclopropane Carboxylic acid (ACC) by ACC synthase (ACS). Then, in the presence of 

ACC Oxidase (ACO), ACC is converted to ethylene. Arabidopsis has five ethylene 

receptors, ETR1, ETR2, ERS1, ERS2, and EIN4, which are located in the ER membrane 

(Hua et al., 1998). In the presence of ethylene, these receptors bind ethylene and CTR1 

kinase becomes deactivated (Clark, Larsen, Wang, & Chang, 1998), and the C-terminal 

domain of EIN2 is cleaved and migrates from the ER to nucleus, leading to activation of 

EIN3/EIL1 transcription factors. EIN3/EIL1 activate other transcription factors such as 

Ethylene Response Factors to induce Ethylene-responsive genes (Alonso, Hirayama, 

Roman, Nourizadeh, & Ecker, 1999). The accumulation of ethylene under drought stress 

has a negative effect on plant growth, mainly visualized as root length inhibition (Sharp & 

LeNoble, 2002). PGPB have been investigated as a way to alleviate drought stress by 
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providing/inducing ACC deaminase activity and leading to a significant reduction in 

ethylene levels (Gupta & Pandey, 2019). (Gupta and Pandey, 2019) demonstrated that 

inoculating French Bean (Phaseolus vulgaris) plants with ACC-deaminase-producing 

rhizobacteria improves plant productivity under salt stress. Colonization with SA187 

bacteria improved salt stress tolerance in Arabidopsis thaliana by increasing production of 

bacterial 2-keto-4-methylthiobutyric acid (KMBA), which can be converted into ethylene 

(de Zelicourt et al., 2018). 

 

1.2.1.4 Jasmonic acid 

Jasmonic acid (JA) plays a significant role in regulating the responses of plants to biotic 

and abiotic stresses, such as pathogen defense, wounding response, and drought tolerance. 

In addition, JA has a prominent role in plant growth and development, being involved in 

root elongation, stomata development, flowering development, and trichome development 

(Ali & Baek, 2020). Jasmonate resistant 1 (JAR1) is the enzyme responsible for the 

formation of the bioactive jasmonate, Jasmonoyl Isoleucine (JA-Ile), in the cytoplasm. 

Chini et al. (2007) demonstrated that coronatine-insensitive 1 (COI1) is the JA-Ile receptor, 

which is able to induce proteasomal degradation of the JAZ1 suppressor in the presence of 

high levels of JA-Ile. Degradation of JAZ1 releases transcription factors such as MYC2 

(Chini et al., 2007) to induce drought tolerance (Shinozaki & Yamaguchi-Shinozaki, 2007). 

JA regulates stomatal opening and closing to minimize the water loss rate (Savchenko et 

al., 2014) and activates antioxidant enzymes (peroxidase, NADPH-oxidase) (Karpets, 

Kolupaev, Lugovaya, & Oboznyi, 2014). Under drought stress, accumulation of JA in the 
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monocot Agropyron cristatum enhances the levels of antioxidant enzymes and regulates 

ascorbate and glutathione metabolism (Shan & Liang, 2010). 

 

1.2.1.5 Brassinosteroids  

Brassinosteroids are steroid hormones that are essential for cell elongation, vascular 

development, and required for the growth of pollen tubes and resistance to drought stress 

(Anwar et al., 2018). Constitutive Photomorphogenic Dwarf (CPD) is involved in 

brassinosteroid biosynthesis (Szekeres et al., 1996). Zhiponova et al (2013) showed that 

the BR-deficient mutant cpd has strong dwarfism, characterized by decreased leaf size, as 

a result of reduced epidermal and mesophyll cell numbers and sizes. In Arabidopsis, 

Brassinosteroid binds to BRI, which is localized to the plasma membrane, inducing its 

association with BRI1-Associated Receptor KINASE1 (BAK1). This leads to 

dephosphorylation and accumulation of the nuclear proteins BZR1 and BZR2/BES1 by 

inactivation of brassinosteroid insensitive 2 (BIN2), allowing transcription factors to bind 

to target cis elements in BR-induced genes in response to different stress conditions (Anwar 

et al., 2018). Fabregas et al. (2018) reported that BRs induce root hydrotropic response. 

BRs can act in coordination with ABA to close stomata through BIN2-induced 

phosphorylation of SNF1-related protein kinase 2 (SnRK20) and consequent activation of 

the downstream BR pathway (Gupta et al., 2020). 

 



21 
 

1.2.2 PGPB-induced osmolyte accumulation  

Abiotic stresses cause osmotic stress at the cellular level due to cell turgidity losses. PGPB 

can enhance plant tolerance to drought stress via metabolic adjustments that help to 

maintain cell turgor and result in the accumulation of osmolytes such as proline, betaines, 

sugars, and amino acids to protect the cell from the effects of abiotic stresses 

(Vardharajula et al., 2011). Beneficial microbes can secrete osmolytes in response to 

drought stress for osmoprotection. Bacillus spp.-colonized maize have increased levels of 

proline, sugars, and free amino acids and decreased activity of antioxidant enzymes such 

as ascorbate peroxidase, catalase, and glutathione peroxidase (Vardharajula et al., 2011). 

Pseudomonas putida MTCC5279 (RA) in Cicer arietinum L accumulate osmolytes and 

ROS scavenging leads to help plants to cope with drought stress (Tiwari et al., 2016). 

Osmoregulation by Azospirillum brasilense improves the maize plants grown under salt 

stress conditions, as reported by (Hamdia et al., 2004). 

 

1.2.3 Role of PGPB in nutrient uptake in plants  

PGPB can help plants to overcome the negative effects of nutrient deficiency by facilitating 

the nutrients uptake from the soil and delivering it directly in plant cells through symbiotic 

interactions. Phosphate-solubilizing bacteria such as species from the genera Micrococcus, 

Pseudomonas, Bacillus, and Flavobacterium have the ability to dissolve and enhance plant 

uptake of the soluble form of phosphate. Nitrogen is the one of the most important elements 

for plant development. Several nitrogen-fixing PGPBs, such as Pseudomonas, 

Azotobacter, and Beijerinckia significantly improve nitrogen assimilation from roots in 

form of ammonium ions by direct conversion of atmospheric nitrogen to ammonia by 
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nitrogenase enzyme. Potassium (K) is another major nutrient for plants, and is found in soil 

but not in bioavailable forms. Several PGPBs improve potassium uptake, by enriching the 

soil microenvironment with alternative forms of potassium. For example, Bacillus 

edaphicus has been reported to increase potassium uptake in wheat. Iron also is important 

for plant development, iron deficiency decreases crop productivity (Waraich et al., 2011). 

Rhizobia strains provide one strategy to improve plant growth and enhance plant defense 

responses, as they produce siderophores that enhance iron uptake under iron-limiting 

conditions and improve plant defense against pathogens (Ojuederie et al., 2019). Sulfur (S) 

is an essential nutrient for plant, which is taken up from soil by the root in the form of 

sulfate (SO4
2−). Sulphur is very important in forming proteins, enzymes, vitamins, 

chlorophyll and to improve antioxidant defense. There are several sulfur compounds in 

plants  such   as   methionine   (Met),   S-adenosylmethionine,  glutathione  (GSH),  homo-

GSH  (h-GSH),  phytochelatins  (PCs),  sulfolipids,  iron-sulfur  clusters, and  

glucosinolates,  which  play  role  in  plant  developmental  processes  and   stress  adaptation  

processes  (Rausch  and Wachter 2005; Khan et al. 2014; Anjum et al. 2015). SA187 

enhances plants growth under salt stress by coordinating the regulation of the sulfur 

metabolic pathways in both beneficial microbe and host plant (Andres-Barrao et al, 2021) 

 Overall, the uptake of nutrients by PGPB crucially enhances plant tolerance to abiotic 

stress. 
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Figure 2. Roles of S derivatives in abiotic stress tolerance (Hasanuzzaman et al., 2018). 

 

 

1.2.4 Antioxidant Metabolism 

Exposure of plants to drought and salt stresses decreases the photosynthetic rate and 

increases photorespiration, and subsequently increases the activity of reactive oxygen 

species (ROS) enzymes (Kaushal and Wani, 2016a). There are several types of ROS, 

including superoxide anion radicals (O−
2), hydroxyl radicals (•OH), hydrogen peroxide 

(H2O2), alkoxy radicals (RO), and singlet oxygen (1O2) (Munné-Bosch and Penuelas, 

2003). ROS has significant negative impact on plant development as they damage 

functional systems, such as the photosynthetic apparatus, bio-molecules, proteins, lipids, 

and cause DNA oxidation (Vurukon da, Vardharajula, Shrivastava, & Sk, 2016). PGPRs 

can alleviate the negative effects of drought stress by activating antioxidant metabolism.  
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There are two classes of antioxidants: enzymatic and non-enzymatic antioxidants. The 

enzymatic antioxidants are superoxide dismutase (SOD), catalase (CAT), and peroxidase 

(POD)(Ahmad et al., 2014). Examples of non-enzymatic antioxidants are vitamins E, C, 

and A (Flora, 2009). Bacillus pumilus- and Bacillus firmus-colonized potato plants exhibit 

increased drought stress tolerance due to higher levels of antioxidants enzymes such as 

POD and CAT (Sayed, Arora, Reddy, 2019). Pseudomonas pseudoalcaligenes and 

Bacillus pumilus reduce the negative effect of salt stress  in GJ17 rice by increasing lipid 

peroxidation and superoxide dismutase activity (Jha and Subramanian, 2014). PGPB 

(BHU-AV3) lower reactive oxygen species (ROS) in tomato plants to enhance salt 

tolerance (Vaishnav et al., 2020). 

 

1.2.5 Induced systemic resistance (ISR) 

PGPB exert biocontrol activity to protect plant against diseases via induced systemic 

resistance (ISR) against fungi, bacteria, and viruses in different plant species. This defense 

response is activated by non-pathogenic microorganisms in the roots. The ISR is regulated 

through jasmonic acid and ethylene signaling. In contrast, systemic acquired resistance 

(SAR) in shoots is activated in infected plants by pathogens that require salicylic acid 

(Beneduzi et al., 2012). (Matthijs et al., 2007) reported PGPB that produce siderophores 

can protect plants against Pythium sp. via reducing the availability of iron to fungi. 
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Figure 3: Schematic representation of systemically induced immune responses. 

Systemic acquired resistance (SAR) is typically activated in the healthy systemic tissues of 

locally infected plants. Upon pathogen infection, a mobile signal travels through the 

vascular system to activate defense responses in the distal tissues. Salicylic acid (SA) is an 

essential signal molecule for the onset of SAR, as it is required for the activation of a large 

set of genes that encode pathogenesis-related proteins (PRs) with antimicrobial properties. 

Induced systemic resistance (ISR) is typically activated upon colonization of plant roots by 

beneficial microorganisms. Similarly to SAR, a long-distance signal travels through the 

vascular system to activate systemic immunity in the above-ground plant parts. The ISR is 

commonly regulated by jasmonic acid (JA) and ethylene (ET) dependent signaling 

pathways and is typically not associated with the direct activation of PR genes. Instead, 

ISR-expressing plants are primed for accelerated JA and ET dependent gene expression, 

which only becomes evident after pathogen attack. Both SAR and ISR are effective against 

a broad spectrum of virulent plant pathogens (Pieterse et al., 2009). 
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1.2.6 Production of antibiotics and enzymes  

The production of antibiotics is one mechanisms by which PGPB protect plants against 

pathogens (Chin-A-Woeng et al., 2000). PGPB produce different types of antibiotics such 

as 2,4 diacetylphloroglucinol, pyrrolnitrin, pyoluteorin, phenazine, and iturin (Haas and 

Defago, 2005). Inoculation of alfalfa seedlings with Bacillus cereus UW85 suppressed 

disease caused by Phytophthora medicaginis via antibiotic production by Bacillus (Silosuh 

et al., 1994). PGPB also secrete lytic enzymes such as chitinase, hemicellulose, and 

cellulose that can reduce pathogen activity (Yuen et al., 2006). In addition, Bacillus 

thuringiensis UM96 produced chitinase against Botrytis cinerea (Martinez-Absalon et al., 

2014). 

 

1.2.7 Production of Volatile Organic Compounds (VOCs)  

In nature, PGPB also produce VOCs to improve plant growth and induce systemic 

resistance (ISR) against pathogens and nematodes. PGPB including Bacillus, 

Pseudomonas, Serratia, Arthrobacter, and Stenotrophomonas produce VOCs such as 2,3-

Butanediol, Benzaldehyde, Acetoin, and 1-Hexanol to enhance plant growth. 

Pseudomonas chlororaphis O6- colonized roots produce 2R, 3R-butanediol to protect 

plants against drought stress (Cho et al., 2008). Streptomyces spp. produce caryolan-1-ol, 

which inhibits the negative effect of fungi by disrupting the fungal endomembrane system 

(Cho et al., 2017). Release of VOCs by Pseudomonas simiae AU can decrease root Na+ 
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accumulation in soybean (Glycine max) to induce salt-tolerance under salt stress (Vaishnav 

et al., 2015). 

 

1.2.8 Exopolysaccharide production 

Exopolysaccharides (EPSs) are components of bacterial biofilms and produced at higher 

levels in response to abiotic and biotic stress (Freitas et al., 2017). Exopolysaccharides play 

important roles in protecting plants under abiotic stress by improving soil aggregation, 

plant root-microbe interactions, and biofilm formation around the roots to protect plants 

against desiccation (Aslim et al., 2005). Bacillus amyloliquefaciens increased EPS 

production in water-stressed compared to normal conditions (Vardharajula et al., 2011). 

Under drought stress, inoculation of sunflower plants with an EPS-producing rhizobacteria 

(strain YAS34) increased root soil adherence and decreased the negative effects of water 

stress on growth (Alami et al., 2000). Colonization of chickpea plants with Halomonas 

variabilis (HT1) and Planococcus rifietoensis (RT4) increased plant biomass by increasing 

the production of exopolysaccharides under salt stress (Sandhya et al., 2010). 
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Figure 4: Mechanisms of plant salt tolerance induced by plant growth-promoting 

rhizobacteria (PGPRs)  
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Chapter2: Beneficial microbe mediated drought tolerance of host plant by 

aquaporin hydropriming 

 

The contents of this chapter are in preparation as a research article in Cell: 

 

Khairiah M. Alwutayd1,7*, Anamika A. Rawat1,*, Arsheed H. Sheikh1,*, Ihsanullah Daur2, 

Mohamed E. Abdelaziz3,4, Abdulaziz Alharbi4,5, Marilia Almeida-Trapp1, Alaguraj 

Veluchamy1, Michael Karampelias1, Rewaa Jalal6, Maged M. Saad1, Heribert Hirt1,# 

 

 

Objectives of Chapter 2 

Drought stress, a major abiotic stress, is generally defined as an imbalance in the ratio of 

water and dry matter of the plant. Several mechanisms can help plants to cope with drought 

stress, such as drought escape, avoidance, and tolerance. Drought Escape is the mechanism 

that enables plants to complete their life cycle before the upcoming drought event (Gupta 

et al., 2020). Early flowering and reducing the vegetative period is an important mechanism 

for plants to adapt to water stress (Medeiros et al., 2012). b) In contrast to drought escape, 

drought avoidance is defined as maintaining the water potential under drought stress. Plants 

have the ability to avoid drought stress in both the shoot and root systems. In leaves, avoid 

drought stress by closing the stomata to reduce the transpiration rate, and thicker cuticles 

diminish water loss. In roots, a deeper root helps to absorb more water to avoid drought 

stress (Fathi & Tari, 2016). c) Drought Tolerance is defined as the ability of plants to 



30 
 

withstand periods when drought stress is expected to occur (Fathi & Tari, 2016). Our 

results indicate show that a beneficial symbiotic bacterium P. argentinensis SA190 isolated 

from the root nodules of a desert legume enhances tolerance to drought stress via 

reprograming aquaporin expression and water use efficiency. 
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Highlights: 

● Beneficial root endophyte Pseudomonas argentinensis sp. SA190 confers water 

stress tolerance in plants 

● SA190 alters host plant physiology by enhancing water use efficiency 

● SA190 primes aquaporin genes via H3K4me3 histone mark enrichment 

● SA190 enhances crop yield in open field and greenhouse conditions with limited 

irrigation 

 

Summary  

The use of beneficial microbes is one of the key sustainable strategies to mitigate drought 

severity in plants. Here, we report an endophytic bacterium Pseudomonas argentinensis 

sp. SA190 which enhances drought stress tolerance in plants via differential expression of 

multiple aquaporin genes. SA190 colonized Arabidopsis plants show improved water-use 

efficiency (WUE) and growth under drought stress. SA190 constitutively deposits 

H3K4me3 marks on aquaporin genes, here called ‘Hydropriming’, predisposing the host 

plant to differential aquaporin expression under stress conditions. Field trials of SA190 

with alfalfa (Medicago sativa) and cucumber (Cucumis sativus) showed enhanced crop 

yield under limited irrigation regimes, highlighting the agronomic potential of SA190. In 

a nutshell, a single beneficial root bacterial strain enhances water use efficiency of crops 

thereby enabling agriculture in arid environments and under drought conditions. 
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Graphical Abstract 

 

 

Keywords: Hydropriming, aquaporins, drought stress, water use efficiency (WUE), 

microbiome, beneficial bacteria, H3K4me3 
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Introduction  

Climate change is increasing the frequency, severity, and duration of drought in many parts 

of the world (FAO, 2017), making crop resistance to drought stress a major goal of 

agricultural biotechnology. The percentage of the planet affected by drought has doubled 

in the last 40 years which affected humanity more than any other natural hazard. Drought 

stress adversely affects the plant growth which results in reduced crop yield and ultimately 

to critical food shortages or famines (Seleiman et al., 2021). Although enormous progress 

has been made to understand and identify important molecular players of drought stress in 

model plants, success in knowledge transfer to economical crops is still limited (Cominelli 

et al., 2013). This is partially due to the fact that drought stress is a complex trait causing 

dramatic changes in many physiological plant parameters (Zhu, 2002). After all, the 

different stress conditions that coexist in open field agriculture go beyond simple arithmetic 

of single stress tolerance traits (Suzuki et al., 2014). 

Drought stress drastically changes plant morphology, biochemistry and physiology leading 

to sever impact on plant growth and yield (Kapoor et al., 2020).The first physiological 

response of plants to drought is the closure of stomata to avoid water loss via transpiration 

(Pirasteh-Anosheh et al., 2016). The decrease in transpiration rate leads to a decrease in 

relative water content (RWC) of plants (Giday et al., 2014). Stomatal closure also decreases 

plant photosynthetic efficiency by decreasing intracellular CO2 concentrations (Lisar et 

al., 2016). 

Abscisic acid (ABA) is one the key phytohormones that regulates the plant response to 

drought stress. ABA acts through a conserved signal transduction pathway, comprised of 

a PYRABACTIN RESISTANCE 1-Like (PYL)–PROTEIN PHOSPHATASE 2C (PP2C) 
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and SNF1-RELATED PROTEIN KINASE 2 (SnRK2) module. ABA binding to PYL 

protein triggers a conformational change in receptors which allows it to bind and inhibit 

the PP2C that normally represses ABA signaling (Melcher et al., 2009, Melcher et al., 

2010, Miyazono et al., 2009, Park et al., 2009, Nishimura et al., 2009, Yin et al., 2009, 

Peterson et al., 2010). The formation of the PYL–ABA–PP2C complex releases SnRK2 

from the otherwise inhibitory complex with PP2C, initiating phosphorylation of 

transcription factors which regulate gene expression involved in ABA output responses 

(Fujii et al., 2009, Umezawa et al., 2009, Cutler et al., 2010). ABA also regulates the early 

production of reactive oxygen species (ROS) after drought perception (Cruz de Carvalho, 

2008). ROS serves as a stress signal to activate downstream processes, but accumulation 

of ROS can lead to cell damage and growth penalty. 

Water movement across the cellular membranes is largely regulated by a family of water 

channel proteins called aquaporins. In Arabidopsis there exist 35 aquaporin genes 

(Johanson et al., 2001) which can be broadly divided into plasma membrane intrinsic 

proteins (PIPs) and tonoplast intrinsic protein (TIPs) genes. Some of the Arabidopsis PIPs 

and TIPs proved to be active water channels in Xenopus oocytes (Maurel et al., 1993, 

Johansson et al., 1998, Daniels et al., 1994, Kammerloher et al., 1994, Weig et al., 

1997).The biological significance of aquaporins in plants is their ability to modulate 

transmembrane water transport in situations where adjustment of water flow is 

physiologically critical (Baiges et al., 2002, Luu and Maurel, 2005, Ermawati et al., 2009, 

Johnson et al., 1990). PIPs play an important role in controlling the transcellular water 

transport and are subdivided into the two subfamilies PIP1 and PIP2 (Schäffner, 1998, 

Chaumont et al., 2000, Tyerman et al., 1999). The overexpression of PIP isoforms 
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increased the root osmotic hydraulic conductivity, transpiration and shoot to root ratio 

(Aharon et al., 2003, Katsuhara et al., 2003, Lian et al., 2004) while PIP downregulation 

leads to drought stress susceptibility (Kaldenhoff et al., 1998, Siefritz et al., 2002, Martre 

et al., 2002).  

The transcriptional responsiveness of drought stress regulated genes is correlated with 

changes in histone modifications (Kim et al., 2012, Kim et al., 2008, To and Kim, 2014). 

Two of the important histone modifications, H3K4me3 and H3K9ac, are enriched on 

drought stress-regulated genes like RD20 and RD29A). The levels of these modifications 

change from mild to severe drought stress, suggesting that epigenetic responsiveness 

depend on the intensity of the drought stress (Kim et al., 2008, Kim et al., 2012). 

Beneficial plant microbes have been used to overcome abiotic stress challenges of plants 

(Bisseling et al., 2009, de Zelicourt et al., 2013, Busby et al., 2017). Indeed, plants and 

their rhizosphere host diverse microbial communities, selected from bulk soil (Bulgarelli 

et al., 2012), and the beneficial bacteria, defined as Plant Growth-Promoting Bacteria 

(PGPB), can establish symbiotic associations to promote plant growth under optimal 

conditions or in response to biotic and abiotic stresses (Finkel et al., 2017, de Zelicourt et 

al., 2018, Saad et al., 2020, Rana et al., 2020, Synek et al., 2021). A number of PGPBs 

have been reported to mitigate drought stress in a variety of plant species implicating a 

number of processes, such as modification of phytohormonal levels, production of heat-

shock proteins and dehydrins, detoxification of reactive oxygen species (ROS) and the 

accumulation of compatible solutes like sugars, amino acids and polyamines (Vardharajula 

et al., 2011, Wang et al., 2012, Lim and Kim, 2013, Gusain et al., 2014, Gagne-Bourque et 

al., 2016, Gontia-Mishra et al., 2016, Kumar et al., 2016, Cura et al., 2017, Carlson et al., 
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2020). However, a detailed molecular and genetic analysis of the underlying molecular 

mechanisms has not been done so far. 

The ideal natural reservoir for the isolation of beneficial bacteria which help in drought 

stress tolerance is the desert. To this end, a number of rhizo- and endosphere bacterial 

strains from desert plants were isolated and abiotic stress screens were conducted on 

Arabidopsis under controlled lab conditions (Bokhari et al., 2020, de Zelicourt et al., 2018, 

Lafi et al., 2016). Here, we report on Pseudomonas argentinensis sp. SA190, an endophytic 

bacterium isolated from root nodules of the indigenous desert plant Indigofera argentea 

(Lafi et al., 2016), that massively increases drought tolerance in plants. Physiological and 

genetic analysis showed that SA190 maintains growth and photosynthesis by enhancing 

plant water use efficiency. The SA190 colonized plants showed reduced levels of drought-

stress induced ABA levels, nevertheless, the protection effect was mediated via an ABA-

dependent process. Transcriptome analysis uncovered that SA190 induces the expression 

of multiple aquaporin genes in roots as well as in shoots of Arabidopsis. Inhibition of 

aquaporin function abrogates SA190-induced plant drought tolerance. The expression of 

aquaporins is epigenetically regulated by SA190 in a process termed hydropriming. SA190 

hydropriming occurs constitutively on aquaporin genes, whereas the expression of 

aquaporin genes is only induced under drought stress conditions. The agronomic potential 

of SA190 was tested in field trials with alfalfa (Medicago sativa) under desert agriculture 

and cucumber in greenhouse production conditions with both normal and reduced 

irrigation. Even under limited irrigation, SA190 colonized plants surpassed the 

productivity of alfalfa biomass and cucumber fruit yield, demonstrating that SA190 is a 

powerful agent to reduce water consumption in agriculture.   
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Results  

Pseudomonas argentinensis sp. SA190 enhances drought tolerance of Arabidopsis 

To identify desert PGPBs with the potential to enhance drought stress tolerance in plants, 

we set up a laboratory screening system using the model genetic plant Arabidopsis thaliana 

ecotype Col-0 by assessing the capacity of various microbial strains to maintain plant 

growth on media infiltrated with 25% PEG as a proxy for drought stress. We identified 

Pseudomonas argentinensis sp. SA190 as one of the top candidates in the screen. To 

quantify the effect of SA190 under drought mimicking conditions, plants were germinated 

on ½ MS agar medium containing 108 cfu of Pseudomonas argentinensis sp. SA190 and 

incubated for 5 days before transfer to fresh ½ MS plates infiltrated with two concentrations 

of PEG (0 and 25%). After 16 days, plant morphology, total fresh and dry weight, root 

length and lateral root density were determined (Figure 1A). Our results show that SA190 

did not significantly influence the morphology or development of Arabidopsis under non-

stress conditions (Figure 1B). On 25% PEG treatment, the growth of non-colonized plants 

was severely inhibited (Figure 1B) resulting in a reduction of fresh and dry weight by more 

than 90% (Figure 1C and 1D). In contrast, Arabidopsis colonized with SA190 showed 

growth maintenance, resulting in a 6-fold enhancement of fresh and dry weight on 25% 

PEG media (Figure 1C-D and S1). Moreover, compared to non-colonized plants, the shoot 

and root system was significantly more developed in SA190 colonized plants (Figure 1C-

F). 

To see the effect of SA190 on the growth of adult plants under drought conditions, 5 day-

old non-colonized and SA190-colonized Arabidopsis seedlings were transferred to jiffy 

pots for two weeks. Thereafter, watering was stopped and plants were subjected to drought 
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stress for three weeks. While the non-colonized plants showed a drop in survival by more 

than 70%, the SA190-colonized plants were affected by less than 10% (Figure 1G and 1H). 

One week after re-watering, less than 50 % of non-colonized plants survived in comparison 

to a 100% survival rate of SA190-colonized plants (Figure 1G and 1H). These results 

indicate that SA190 significantly enhances drought stress tolerance of Arabidopsis plants. 

Drought stress induces root colonization in Arabidopsis 

To characterize the interaction between SA190 and Arabidopsis in detail, SA190 was 

genetically labeled with the GFP expressing cassette (SA190:GFP). Confocal microscopy 

revealed that SA190:GFP preferentially colonized the root epidermis in the elongation zone 

(Figure 1I). Interestingly, the roots of plants grown on 25% PEG showed enhanced 

colonization than plants grown only on ½MS agar (Figure 1I). In contrast to roots, 

cotyledons showed lower colonization under both non-stress and stress conditions (Figure 

1I). We also observed an increased bacterial load in roots of PEG stressed plants as 

compared to shoots (Figure 1J). These results suggest that drought stress favors root 

colonization by SA190. 
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Figure 1 Pseudomonas argentinensis sp. SA190 enhances drought tolerance in 

Arabidopsis  

(A) Graphical representation of procedure for plant screening assay under 25% PEG.  

(B) Growth of non-colonized and SA190-colonized 16-day-old Arabidopsis plants grown 

under drought stress (½ MS + 25% PEG).  

(C-F) Total fresh weight (C), Total dry weight (D), Primary root length (E)  and  lateral 

roots density (F) of 16-day-old, mock- and SA190-colonized plants under ½ MS +/- 25% 

PEG.  

(G and H) Growth (G) and survival percentage (H) of mock- and SA190-colonized plants 

in jiffy pots grown under normal conditions for 2 weeks (left panel), 3 weeks of no watering 

(middle panel) and after one week of rewatering (right panel).  

(I) Confocal microscopy showing the colonization of SA190:GFP on five days-old 

seedlings grown on ½ MS and 25% PEG. Plant cells are stained purple with PI and green 

for SA190:GFP. Bar indicates 100 nm.  

(J) SA190 colonization levels in Arabidopsis under normal and drought conditions as 

quantified by colony forming units of bacteria per mg of plant fresh weight. 

All plots represent the mean of 3 biological replicates (n= 36). Error bars represent SE. 

Asterisks indicate the statistical differences based on the Student’s t-test (* P < 0.05; ** P 

< 0.01; *** P < 0.001). 

 

SA190 changes plant physiology during drought stress 
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a. SA190 maintains stomata open during water limiting conditions  

Stomatal closure is a common adaptation response of plants to drought conditions to reduce 

water loss (Shimshi, 1963). We therefore measured stomatal opening under non-stress and 

drought in SA190-colonized and non-colonized plants. Under non-stress growth 

conditions, no statistically significant differences in stomatal aperture were observed 

between SA190-colonized and non-colonized plants (Figure 2A and 2B). However, under 

drought stress conditions, non-colonized plants rapidly induced stomatal closure, whereas 

SA190-colonized plants showed significantly more open stomata (Figure 2A and 2B). 

b. SA190 maintains plant transpiration under water limiting conditions 

Plants commonly react to drought stress by reducing transpiration to save water (Basu et 

al., 2016). However, reduced transpiration also means reduced photosynthesis and growth. 

Under non stress conditions, we observed a slightly lower transpiration rate in SA190-

colonized plants when compared to non-colonized plants. In contrast, whereas growth on 

medium containing 25 % PEG resulted in a strongly reduced transpiration rate in non-

colonized plants, SA190-colonized plants showed a much higher transpiration rate, 

consistent with greater stomatal aperture under stress conditions (Figure 2C). 

c. SA190 enhances plant water use efficacy 

The observation that SA190-colonized plants showed more open stomata and higher 

transpiration rates under water limiting conditions made perfect sense when considering 

that SA190-colonized plants maintain significantly higher growth rates than non-colonized 

plants. However, this also suggested that SA190 plants might make better use of the limited 

water availability. We therefore measured whether SA190 altered the water use efficiency 
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of its host plant. We observed no significant change in water use efficacy between mock- 

and SA190-colonized plants under normal conditions (Figure 2D). However, when plants 

were exposed to drought stress, the water use efficacy strongly decreased in non-colonized 

but to a much lesser degree in SA190-colonized plants (Figure 2D). 

d. SA190-colonized plants have enhanced leaf relative water content  

Improved water use efficiency of SA190-colonized plants under water limiting conditions 

should also be reflected in the water content of leaves. We therefore investigated the water 

status of leaves in SA190-colonized and non-colonized plants under non-stress and drought 

conditions. In non-stress conditions, no significant differences in the relative water content 

of leaves were observed in SA190-colonized and non-colonized plants (Figure 2E). 

Drought stress caused a reduction in the relative leaf water content in non-colonized plants, 

while SA190-colonized plants maintained leaf relative water content to the same level as 

seen in plants grown under non-stress conditions (Figure 2E). These results strongly 

suggest that the enhanced water use efficiency of plants colonized by SA190 is the basis 

for maintaining growth of Arabidopsis plants under limiting water conditions. 



43 
 

 

Figure 2 SA190 changes plant physiology during drought stress 

(A-B) Comparison of stomatal aperture with SA190- and non-colonized 16 days old plants 

grown under non-stress and drought stress conditions. Scale bar = 20 µm.  

(C) Transpiration rate of mock- or SA190- colonized plants after transfer of 5-day-old 

seedlings from ½MS to ½MS +/- 25 % PEG. Transpiration rate was quantified as rate of 

water loss by calculating the changes in fresh weight for 30 min with reading at every 5 

min interval. 

(D) Water use efficiency (WUE) of 4-weeks old mock- or SA190-colonized plants. WUE 

was calculated as mg of dry weight produced per ml of water used. 

(E) The percentage of leaf relative water content (RWC) of 16- old mock- or SA190-

colonized plants under normal and drought stress conditions. The RWC was calculated as 
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the formula RWC (%) = [(FW-DW)/(TW-DW)]x100, where FW is fresh weight, DW is 

dry weight and TW is the weight of fully turgid leaves. 

All plots represent the mean of 3 biological replicates. Error bars represent SE. Asterisks 

indicate a statistical difference based on the Student’s t-test (* P < 0.05; ** P < 0.01; *** 

P < 0.001). 

 

SA190 reprograms the drought stress response of Arabidopsis  

To understand the molecular mechanism of altered plant physiology observed in SA190- 

colonized Arabidopsis after drought stress, we performed RNA-seq analysis of 16-day old 

non- or SA190-colonized plants under normal and drought stress conditions. This resulted 

in four different conditions, non-colonized and SA190-colonized plants under normal 

conditions, as well as non-colonized and SA190-colonized plants under drought stress 

(PEG), shortly denoted as Mock, SA190, PEG and PEG+SA190 respectively. 

The plant transcriptome data were organized by hierarchical clustering into 10 groups of 

differentially expressed genes (DEGs) according to their expression patterns affected by 

SA190 colonization, PEG stress or the combination of both PEG+SA190. To understand 

the mechanisms involved in SA190 colonization under normal and drought conditions, we 

assessed the gene ontology enrichment for each cluster (Figure 3A). 

Cluster analysis of the shoot transcriptomes identified 3553 DEGs comparing all 

conditions. SA190-colonized plants showed only 36 DEGs when compared to mock-

colonized plants on ½ MS, indicating that SA190 barely influenced gene expression of 

Arabidopsis under these conditions. In contrast, drought alone resulted in 2729 DEGs when 
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compared to non-stress conditions and 1080 DEGs were identified comparing SA190-

colonized to non-colonized plants under these stress conditions. 

Cluster 1 and 2 are comprised of 584 and 291 DEGs, both of which are specifically induced 

under drought conditions in control plants. The stress-induced upregulation of these 

clusters in non-colonized plants was reduced by SA190 to levels observed in plants grown 

under non-stress conditions. Importantly, the expression levels of these clusters are not or 

only mildly affected by SA190 in plants grown under normal conditions. The genes of 

cluster 1 are involved in response to ABA, water deprivation, glucosinolate and iron 

homeostasis. The GO terms of cluster 2 refer to response to transmembrane transport, 

abiotic stimulus (osmotic stress), stress (oxidative stress), chemical (cadmium ion), water 

deprivation and nutrient starvation. The strong effect by PEG on these GOs and the 

corrective effect of SA190 under these conditions, corresponds well to the strong inhibition 

of nutrient transport in drought stressed plants. The connection of osmotic and oxidative 

stress to drought conditions is well established as much as the enhanced sensitivity to 

cadmium ions which is a marker of elevated reactive oxygen species (ROS) (Sandalio et 

al., 2012). 

Clusters 4 and 10 have 740 and 429 genes, respectively, which are strongly downregulated 

upon drought stress conditions in non-colonized but not in SA190-colonized plants. Both 

clusters are enriched in genes with roles in photosynthesis and are only slightly modified 

in their expression in SA190-colonized plants when grown under non-stress conditions. 

Cluster 4 is enriched in carbohydrate metabolism and photosynthesis genes. In colonized 

plants, expression of genes for photosynthesis and carbohydrate metabolism are 

maintained under stress conditions, explaining why these plants can continue to grow and 
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develop. The Cluster 8 is comprised by 194 mildly upregulated genes in SA190-colonized 

plants with enrichment in gene families involved in response to defense to bacterium and 

organic substances (jasmonic acid (JA) and salicylic acid (SA)). Interestingly, this cluster 

is strongly downregulated in non-colonized plants under drought stress conditions. 

In summary, cluster analysis of DEGs in the four experimental conditions revealed that 

SA190 regulates a large set of genes exclusively under drought stress conditions with a 

particular emphasis on photosynthesis, carbohydrate metabolism, hormones and oxidative 

states. 

SA190 modulates Arabidopsis phytohormone levels under drought stress  

Our transcriptome analysis indicated possible roles of several hormonal pathways in the 

SA190-induced growth promotion under drought stress, we measured the levels of key 

drought-related plant hormones like ABA and JA (Bandurska et al., 2003) from SA190- 

and non-colonized plants. 

Under normal conditions, there was no significant difference of ABA contents between 

SA190- and non-colonized shoots and roots (Figure 3B, S2A). In non-colonized shoots, 

ABA levels strongly increased upon drought stress (Figure 3B), but only to a much lower 

degree in SA190-colonized plants. In roots, ABA levels also increased under drought 

conditions, but to the same level in colonized and non-colonized plants. 

Then, we determined the levels of cis-(+)-12-oxo-phytodienoic acid (OPDA) as a proxy 

for JA. Under normal conditions, OPDA levels were slightly higher in SA190-colonized 

compared to control plants. Drought stress enhanced OPDA levels in shoots but decreased 
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them in roots. SA190-colonization of plants under drought stress resulted in suppression 

of the shoot OPDA levels but to a further decrease in roots (Figure 3C, S2B). 

Taken together, the shoot data suggest that SA190 actively alters levels of several plant 

hormone levels related to drought tolerance.  

SA190 regulates reactive oxygen species biosynthesis 

Generation of ROS is one of the major and key responses in plants under drought stress, 

which cause oxidation of cellular components and thus leading to severe cellular damages 

(Kar, 2011). To detect the H2O2 levels in SA190 colonized and non-colonized plants, the 

leaves of 16d old PEG stressed seedlings were stained with DAB (3, 3’-

Diaminobenzidine). Under normal conditions, the WT and SA190 colonized plants showed 

similar staining, thus showing no differences in H2O2 production. However, after growth 

on PEG, SA190-colonized plants showed a substantial decrease in H2O2 accumulation, as 

seen by reduced DAB staining in leaves compared to non-colonized control plants (Figure 

3D). Respiratory burst oxidase homologues (RBOHs) are critical enzymes that produce 

ROS in response to environmental signals in plants (Kwak et al., 2003). We observed a 

lower expression of two of the key ROS producing RBOHs namely RBOHD and RBOHF 

in SA190 colonized plants after PEG stress (Figure 3E and 3F). These results suggest that 

SA190 colonized plants produce less ROS during PEG stress than the non-colonized ones. 
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Figure 3 Transcriptome analysis of SA190 mediated reprogramming of the drought 

stress in Arabidopsis  

(A) Heatmap of hierarchical clustering, expression profiles of shoot DEGs with GO terms 

for each cluster. Quantified read counts are normalized for genes. Colors indicate 

expression levels. q < 0.05 and a fold change with a cut-off was set to log2>1.  

(B-C) Quantification of the levels of phytohormones ABA (B) and OPDA (C) in shoot 

under normal and drought stress conditions. The levels indicate the µg amounts of 

hormones present per 1g of fresh weight. 

(D) Detection of hydrogen peroxide accumulation by DAB staining in 16-day-old non- or 

SA190-plants colonized under normal and drought stress.  

(E-F) qPCR expression analysis of ROS marker genes RBOHD (E) and RBOHF (F) 

normalized to Tubulin levels in 16-days-old mock- and SA190-colonized Arabidopsis 

seedling grown on ½ MS with or without 25% PEG. Values represent means of three 

biological experiments. Error bars indicate SE. 

 

SA190 modulates the expression of aquaporin genes under drought stress 

RNAseq analysis of SA190-colonized and non-colonized plants revealed that under 

drought stress conditions, a set of aquaporin-related genes PIP1-1, PIP1-3, PIP1-5 and 

PIP2-7 and TIP2-1, TIP2-2 (Cluster 4) were differentially regulated in SA190-colonized 

plants (Figure 4A). To validate the transcriptome data, we conducted qRT-PCR analysis 

for these genes. The transcript levels of all aquaporin genes did not show any significant 

changes under non-stress conditions. However, under drought stress conditions, transcript 
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levels were significantly higher in SA190-colonized compared to mock-inoculated plants 

in both shoot and root samples (Figure 4B, S3).  

Aquaporin inhibitors compromise SA190-induced drought tolerance in Arabidopsis 

Given that all plants, including Arabidopsis, contain a very large aquaporin gene family, 

mutant analysis for multiple aquaporin genes is complicated. We therefore used a more 

general approach using the two aquaporin inhibitors mercury chloride (HgCl2) and silver 

nitrate (AgNO3) (Niemietz and Tyerman, 2002). Under non-stress conditions, the two 

inhibitors did not affect the growth while under drought the beneficial activity of SA190 

was strongly compromised by both inhibitors (Figure 4C and 4D). These results indicate 

that aquaporins are necessary for SA190-induced drought stress tolerance in Arabidopsis 

plants. 

The fact that one of the aquaporin inhibitors was AgNO3, which is also an inhibitor of 

ethylene signaling, made us suspicious of its role in the beneficial interaction of SA190 

with Arabidopsis. We therefore tested a number of ethylene biosynthesis and signaling 

mutants for a possible role in the SA190-Arabidopsis interaction. None of the mutants 

affected the fresh weight of SA190-colonized plants when compared to non-colonized 

plants under non-stress conditions (Figure S4). Compared to the beneficial activity in wild 

type Arabidopsis, drought stress tolerance was only mildly affected in ethylene mutants 

under water limiting conditions (Figure S4). These results suggest that ethylene does not 

play a major role in mediating drought stress tolerance of Arabidopsis plants by SA190. 
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Figure 4 SA190-induced drought tolerance is mediated by aquaporins  

(A) Expression profile of indicated PIPs and TIPs in shoot RNA seq analysis. 

(B) Relative gene expression of aquaporin genes as shown by qPCR expression analysis 

normalized to Tubulin levels in 16-days-old mock- and SA190-colonized shoots of 

Arabidopsis seedling grown on ½ MS with or without 25% PEG. Values represent means 

of three biological experiments. Error bars indicate SE.  

(C-D) Total fresh weight of mock- and SA190-colonized 16-day-old Arabidopsis seedlings 

on ½ MS (C) or on PEG plates (D) supplemented with the aquaporin inhibitors HgCl2 or 

AgNO3.  
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All plots represent the mean of 3 biological replicates (n= 36). Error bars represent SE. 

Asterisks indicate a statistical difference based on the Student’s t-test (* P < 0.05; ** P < 

0.01; *** P < 0.001).  

 

ABA biosynthesis and signaling mutants are compromised in SA190-induced drought 

tolerance 

ABA plays a key role in drought stress tolerance and both our transcriptome and 

phytohormone analysis showed that SA190 colonization of plants strongly affects shoot 

ABA levels under drought stress. To validate the role of ABA in SA190 functioning under 

drought stress, Arabidopsis mutants impaired in ABA biosynthesis (aba2-1) and signaling 

pyr1 pyl4 pyl5 pyl8 (qpyr/pyl) were tested. In non-stress conditions, we observed no 

significant differences in the fresh or dry weight of SA190-colonized and non-colonized 

plants in both the mutants (Figure 5A). Under drought stress however, the SA190-induced 

drought stress tolerance was strongly compromised in both aba2-1 and qpyr/pyl mutants 

(Figure 5B), indicating a central role of the ABA pathway in the beneficial interaction of 

SA190 and Arabidopsis under drought stress. 

Given the importance of ABA in drought stress and its implication in mediating the 

beneficial activity of SA190 on Arabidopsis under these conditions, we next analyzed the 

expression of aquaporin genes in aba2-1 and qpyr/pyl mutants. Interestingly, whereas the 

aquaporin gene expression levels were negatively affected to some degree under non-stress 

conditions in the mutants, drought stress conditions showed similar aquaporin transcript 

levels in aba2 and qpyr/pyl mutants as in WT (Figure 5C). In most cases, a similar pattern 
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was observed under non-stress conditions for SA190-colonized plants (Figure 5C). 

Surprisingly, both aba2-1 and qpyr/pyl mutants strongly compromised the SA190-

enhanced expression of all tested aquaporin genes under drought stress conditions (Figure 

5C). These results indicate that the ABA pathway is an essential element in mediating 

SA190-induced drought stress tolerance. 

 

Figure 5 SA190-induced drought stress tolerance is compromised in ABA mutants  
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(A-B) Total fresh weight of 21 days old mock- and SA190-colonized plants grown on ½ 

MS medium (A) and ½ MS+PEG medium (B). 

(C) qPCR expression analysis of aquaporin genes in 16-days-old mock- and SA190-

colonized Arabidopsis seedling exposed to ½ MS with or without 25% PEG.  

Error bars represent SE and asterisks indicate a statistical difference based on the Student’s 

t-test (P < 0.05; P < 0.01; P < 0.001). 

 

Epigenetic priming of aquaporin genes by SA190 

Since aquaporin transcript levels are not constantly increased in SA190-colonized plants, 

but only show differential expression levels under drought stress conditions, we tested 

whether SA190 colonization induces a lasting epigenetic state in the differentially 

regulated aquaporin genes. H3K4me3 was found as a priming mark for genes in drought-

trained plants (Ding et al., 2012a), we therefore tested different regions of aquaporin genes 

for their H3K4me3 enrichment. We observed a significant enrichment of H3K4me3 mark 

in aquaporin genes, especially near transcription start sites (Figure 6). Since ABA was 

essential for mediating SA190-induced aquaporin gene expression and drought tolerance, 

we analyzed the epigenetic status of the aquaporin genes in the ABA-deficient aba2-1 

mutant. Interestingly, in non-colonized (mock) plants aba2 mutant showed similar levels 

of H3K4me3 as wild type plants, however, aba2-1 mutants completely compromised the 

enhancement of H3K4me3 levels in aquaporin gene loci in SA190-colonized plants. We 

conclude that SA190 primes aquaporin genes in an ABA-dependent manner by enhancing 

H3K4me3 levels. 



55 
 

 

Figure 6 SA190 primes aquaporin genes via H3K4me3 enrichment 

Relative enrichment of H3K4me3 mark at the indicated gene loci of selected PIPs and TIPs 

between non-colonized (Mock) and SA190 colonized plants in Col-0 and aba2-1 mutant 

as determined by the chromatin immunoprecipitation-qPCR (ChIP-qPCR). The regions 

targeted for amplification are labelled as R1, R2 and R3. R1 encompasses 5’-UTR, R2 

around the transcription start site (TSS) while R3 is outside the gene body either upstream 

or downstream. Amplification values were normalized to input and H3 and region 3 (R3) 

of Col-0 Mock plants. 
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The plots represent the means of 2 biological replicates. Error bars represent SE. (ns) non-

significant Asterisks indicate a statistical difference based on 2way ANOVA (*P≤0.05; 

**P≤0.01; ***P≤0.001 for P value differences between the conditions when compared to 

Col-0 Mock using Dunnett’s multiple comparison test). 

 

SA190 maintains crop growth under reduced irrigation conditions in the field  

We evaluated the agronomic potential of SA190 to enhance crop productivity under open 

field and commercial greenhouse production conditions. For open field trial, we tested the 

beneficial activity of SA190 on growth parameters of alfalfa which is largely used as an 

animal feed in different regions of the world. Alfalfa seeds were coated with SA190 and 

tested in parallel with mock-coated seeds in an experimental field station near Jeddah, 

Saudi Arabia. A randomized complete block design with a split-split plot arrangement with 

different replicates was used in the growth seasons 2015–2016 with full or 75% of the 

water irrigation. SA190-inoculated alfalfa plants exhibited a yield increase by 21.1% under 

full irrigation (Figure 7A). In terms of greenhouse production conditions, the effect of 

SA190 was evaluated on cucumber grown in pot sand culture. SA190-treated plants 

increased the total yield by 10% under full irrigation conditions (Figure 7B). 

We next assessed the effect of SA190 on the productivity of these two crops under limited 

water irrigation. A reduction of water irrigation by 25 and 30 % decreased alfalfa and 

cucumber production by 9.4% and 17.1%, respectively. In comparison, SA190-colonized 

alfalfa and cucumber enhanced productivity by 14.4 % and 12%, respectively (Figure 7A 
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and 7B). These results show that SA190 can efficiently enhance the yield of two important 

crops in open field and greenhouse production conditions. 

 

 

Figure 7 SA190 enhances production of crops under normal and limiting irrigation  

(A-B) Alfalfa (A) and cucumber (B) crops were subjected to 25% and 30% less water 

irrigation, respectively. Alfalfa was grown on sandy soil open field agriculture, while 

cucumber was grown in sand soil-less greenhouse culture conditions. The differences in 

yield between different treatments are indicated in percent (%) and significance at P<0.05 

is indicated by asterisks (*).  
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Discussion 

 

Water is critical for life on earth and is a major determinant of food production worldwide. 

In simpler terms, water shortage can cause drought stress, which induces dramatic 

morphological, biochemical and physiological changes in plants. Therefore, improving 

drought tolerance is among the most important targets in agricultural engineering, which 

is a costly and long-term endeavor. A cheap and rapidly available way to enhance drought 

tolerance of crops might be the application of PGPBs such as SA190 reported in this work. 

The SA190 endophytic bacterium isolated from the desert plant Indigofera was found to 

maintain growth of Arabidopsis during limiting water conditions. Other desert plant 

associated beneficial microbes like Enterobacter sp. SA187 are known to enhance salt and 

heat tolerance in plants (Shekhawat et al., 2021, de Zelicourt et al., 2018), showing that 

different desert microbes can provide particular abiotic stress tolerance traits to their host 

plants.  

Tolerance to environmental stresses can be achieved via different modes of cellular and 

biochemical changes conferred by the beneficial microbes. Among the physiological and 

molecular responses to drought conditions, the plant phytohormone ABA plants plays a 

central role in drought adaptation. ABA levels rapidly rise upon water limitation, resulting 

in stomatal closure to reduce transpiration and save water at the cost of growth (Zhu, 2002). 

Interestingly, under drought stress conditions, SA190-colonized plants showed lower ABA 

levels, maintaining transpiration and open stomata and most importantly continuing to 

grow. Our analysis revealed that these physiological features as SA190 increased the water 

use efficiency of the bacterially colonized plants. These experiments were conducted under 
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maximally controlled conditions using the genetic model plant Arabidopsis. Since it 

frequently happens that crops behave completely different in truly agricultural conditions, 

we tested whether these findings can also be translated to two important agricultural 

production systems: biomass production of the fodder plant alfalfa in open field agriculture 

and the food plant cucumber under greenhouse production conditions. Experimental field 

trials with SA190-inoculated alfalfa plants under 100% irrigation showed 21 % superior 

biomass production when compared to productivity of non-colonized plants. Moreover, 

under reduced irrigation at 75%, production of SA190-treated alfalfa plants reached levels 

of non-colonized plants under 100% irrigation. In addition, greenhouse cucumber fruit 

production of SA190-inoculated plants surpassed the productivity of non-inoculated plants 

under both full and reduced water irrigation schemes. These results support the concept 

that SA190 enhances water use efficiency of plants. 

The analysis of the interaction between SA190 and Arabidopsis in the context of limited 

water availability revealed many of the known players of drought stress tolerance in plants, 

but one of the most interesting findings was the behavior of aquaporins. Seven aquaporin 

genes were identified to be differentially regulated in SA190-colonized plants when 

subjected to drought stress. Intriguingly, expression of all of these genes was strongly 

suppressed under drought stress conditions in non-colonized plants, but none of these 

aquaporin genes were found to have significantly altered expression under non-stress 

conditions in SA190-colonized or non-colonized plants. These results suggested a 

potentially epigenetic priming mechanism. Since H3K4me3 enrichment is associated with 

transcriptionally active gene regions of drought responsive genes (van Dijk et al., 2010), 

we investigated the set of differentially regulated aquaporin genes in the context of SA190 
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colonization. We found that SA190 primes aquaporin genes by enhancing H3K4me3 levels 

in the regions near the transcription start sites of the aquaporin genes. Priming by SA190 

occurs already in the absence of drought stress. Therefore, SA190 interaction functions via 

priming aquaporin genes for enhancing their expression under water limiting conditions by 

a mechanism, which we hereby call hydropriming. Interestingly, the H3K4me3 mark is 

broadly distributed on many ABA inducible genes (van Dijk et al., 2010). We observed a 

loss of SA190-mediated drought stress tolerance in ABA biosynthesis mutant aba2. 

Interestingly, a key enzyme in the ABA biosynthesis pathway NCED3 shows enriched 

H3K4me3 levels under drought stress conditions (Ding et al., 2011). This modification is 

mediated by the histone methyl transferase ATX1 (Arabidopsis  trithorax-like 1), as 

transcript levels of several ABA and drought-upregulated genes like RD29A and RD29B 

were reduced during drought treatment in the atx1 mutant (Ding et al., 2012b). However, 

the actual mediator of H3K4me3 in the case of SA190 is not known and requires further 

studies in the future.  

The discovery of aquaporins resulted in a paradigm shift in our understanding of plant 

water dynamics, showing their key role in transmembrane water transport in transpiration 

and environmental stress responses (Maurel et al., 2015). Overexpression of a variety of 

aquaporin genes in different plant species in many cases resulted in enhanced stress 

tolerance to water limiting conditions and osmotic stress (Singh et al., 2020). However, 

aquaporin channels are also regulated by post-translational modification including 

phosphorylation, methylation, acetylation, glycosylation, and deamination. Altogether, it 

seems that fine-tuning aquaporin expression plays a key role in all functions related to the 

water status of plants, but the multitude of genes in all land plants and their potential 
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redundancy makes genetic analyses a complicated matter. Using the aquaporin inhibitors 

(AgNO3 and HgCl2), we could show aquaporins mediate SA190-induced drought stress 

tolerance. Our results are in agreement with the recently discussed importance of 

aquaporins in regulating transpiration and photosynthesis in drought stress and its 

importance in water use efficiency, growth and yield in crops (Moshelion et al., 2015).  

Drought stress massively alters many physiological parameters in plants, with ABA 

playing one of the primary roles in abiotic stress tolerance (Zhu, 2002, Nakashima and 

Yamaguchi-Shinozaki, 2013). A cluster of ABA-related genes was found in the 

transcriptome of SA190-colonized plants under drought stress and our genetic analysis 

showed that the ABA pathway is essential for mediating SA190-induced drought tolerance 

by hydropriming the aquaporin genes. We conclude that SA190 hydropriming is mediated 

by enhancing H3K4me3 levels of aquaporin genes thereby enhancing water use efficiency 

and drought tolerance of plants. 
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Conclusion 

In this work, our results prove that a single bacterial strain “SA190” can significantly 

enhance water use efficiency with aquaporins playing a central role in this mechanism. The 

fact that differential aquaporin gene expression only occurs under water limiting conditions 

in SA190-colonized plants revealed that a priming mechanism underlies SA190-induced 

drought tolerance. Hydropriming by beneficial microbes bears an enormous potential in 

agricultural engineering which suffers from the problem that expressing stress-related 

genes often comes with a cost in growth and yield. Overall, beneficial microbes such as 

SA190 might present an affordable and readily available technology to ensure food 

production in many countries with limited water availability and help to cope limit yield 

losses in regions suffering from intermittent drought stress periods. 

Limitations of the study: 

The potential of a single beneficial bacteria SA190 in water stress tolerance is an important 

aspect of this work. We show that SA190 uses ABA for H3K4me3 priming of the 

aquaporin genes as aba2 mutant plants lose hydropriming. However, the actual mediators 

of this priming are not known and will need further studies in future. Also, by using 

aquaporin inhibitors, we observed compromised stress tolerance by SA190, however we 

lack genetic data to support our conclusions. This is because of the fact that Arabidopsis 

has a large aquaporin gene family and producing multiple gene mutants is difficult. Finally, 

the promising field trials with alfalfa and greenhouse cucumber need to be extended to 

other important crops growing in arid conditions to further validate the results. 
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Materials and Methods 

Plant material, seedling colonization, and stress assay 

Seeds of A. thaliana Col-0 were surface sterilized for 10 min in a solution of 70% ethanol 

with 0.05% Triton X-100, washed three times with 100% ethanol and dried in a laminar 

flow hood. Sterilized seeds were scattered on half strength MS (½ MS) medium 

supplemented with 100 µl of Luria Broth (LB) medium (Mock) or a fresh culture of SA190 

grown in LB to an optical density of 0.21, at final concentration of 108 cfu/ml. Plants were 

stratified in the dark for 2 days at 4 °C and then transferred in a growth chamber set to 22 

°C with a long-day photoperiod (16 h light/8 h dark) for 5 days. The germinated seedlings 

(∼1.0–1.5 cm in root length) were then transferred to ½  MS as a normal condition or to ½ 

MS infiltrated with 25% Polyethylene-glycol (PEG) 8000 (Fisher Scientific, Belgium) to 

induce drought stress. Six seedlings were used per square petri plate. The number of lateral 

roots (LR) was evaluated under a stereomicroscope and the root length was measured using 

ImageJ on the 9th day of stress treatment. Lateral root density (LRD) was calculated by 

dividing the number of lateral roots by the primary root length. The fresh weight (FW) 

measurements of shoots and roots were taken after 16 days of stress. Dry weight (DW) was 

measured after drying the shoot and root tissues for 2 days at 80°C. All assays were 

performed in three biological replicates (bacterial colonies) and two technical replicates 

(petri plates).  

The following mutant lines were used in this study: abscisic acid (aba2-1, pyr1pyl4,5,8) 

and ethylene (ein2-1, ein3-1 and acs1-1). 

Aquaporin inhibitors 5 µM AgNO3 (silver nitrate, Sigma) and 38.2 µM HgCl2 (mercury 

chloride, Sigma) were added to pre-cooled ½MS agar medium together with 25% PEG. 
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Laser scanning confocal microscopy imaging 

For confocal microscopy we used the Green Fluorescent Protein (GFP) genetically 

integrated to the wild type P. argentinensis SA190 strain, termed SA190:GFP. 

The  SA190: GFP strain was generated previously  described in de Zelicourt et al. (2018). 

The GFP was introduced by the E.coli SM10λpir strain carrying the GFP donor plasmid, 

pUX-BF13 and the pRK600 mobiliser plasmid. Five day old seedlings were used to 

visualize the colonization of SA190:GFP on roots, hypocotyl and cotyledons. Embedding 

medium was 100 µg/ml Propidium Iodide (PI) in distilled water. We used the confocal 

microscope ZEISS LSM880 with Airyscan with the Plan-Apochromat 10x (n.a. 0.45) 

objective lens for small magnifications (100 nm) or the Plan-Apochromat 63x (n.a 1.4) oil 

immersive objective lens for higher magnifications (20 nm). For excitation of both GFP 

and PI, we used the argon-based laser with power output 6.5 or 9 % for 10x or 63x objective 

lens, respectively. Pinhole was set to 1A.U. Emission filters were set to 493-584 nm for 

GFP and 604-718 nm for PI. For Z-stacking, we used a minimal number of scans (12-20) 

in order to have at least 10 % overlap between channels. We used, the ZEN black edition 

3.0 SR for assembly of images and the ZEN blue lite edition 3.0 was used for annotations, 

image cropping and extraction. 

Bacterial colonization  

Shoots and roots of control and PEG-treated plants grown for 16 days were separated, in 

1.5 ml Eppendorf tube. Fresh weight was recorded using sensitive balance (METTLER 

TOLEDO). Samples were grinding using Qiagen Tissue Lyser II Sample (Disruption -

11843) for 2 minutes with 500 μl of extraction buffer (10mM MgCl2+ 0.01% silwet 77), 

samples were incubated for 1hour at 28°C with shaking at 300 rpm (eppendrof, 
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ThermoMixer C). Samples were diluted 10-fold, and then spread on LB agar or LB agar 

and colony forming units (CFUs) were counted after overnight incubation at 28 ̊C. 

Calculated number of CFUs was normalized to plant fresh weight. 

Stomatal aperture measurement assay 

To measure the stomatal parameters, 5d old seedlings inoculated with ± SA190 on ½ MS 

were transferred and grown further for 16d on ½ MS ± 25 % PEG plates. The leaves from 

same developmental stage were excised from the plants and a section from middle part of 

the lamina excluding the mid rib was cut and mounted on a double sided tape, sticked to a 

microscopic glass slide, with the abaxial surface in contact with the tape. The upper green 

tissues were then scraped than off by scalpel and the remaining lower epidermis was 

imaged using an Axio Imager Z2 microscope (Zeiss) equipped with DIC optics and EC 

Plan-Neofluar. For measuring the stomatal aperture, the aperture width and total stomatal 

length of each stoma were manually measured using ImageJ and their ratios were analyzed 

statistically. A minimum of 30 stomata was measured from each leaf. The experiments 

were repeated thrice and samples were prepared from at least 3 leaves from each genotype 

per biological replicate.  

Transpiration changes 

Water loss rate was estimated at different time points. The fresh weights of the rossett area 

of 16-day-old plants inoculated and non-inoculated with SA190 and treated and non-treated 

with PEG, were weighed every 5 mins for 25 mins. The water loss rates were calculated 

using the formula: WL (mg) = FWi (initial FW) − desiccated weight.  

Leaf relative water content 



66 
 

Leaf number 4 of 6 plants from each treatment were selected to measure the relative water 

content (RWC). After measuring the fresh weights, leaves were placed in distilled water 

for 3 h in the darkness and the turgid weight was recorded. The samples were oven-dried 

at 70 °C for 24 h and then the dry weight was measured according to the formula: LRWC 

(%) = [(FW−DW)/ (TW−DW)] ×100. 

Hydrogen peroxide staining 

To determine H2O2 accumulation, Arabidopsis seedlings colonized with +/- SA190 and 

grown for 16d on +/- PEG plates in plant growth chambers (Percival Scientific) under 16h 

light : 8h dark condition at 22°C, were used. After a gentle vacuum infiltrated with 1 mg/ml 

DAB in water (D8001, Sigma-Aldrich), the leaves were incubated under dark for 4-5 hours 

at room temperature on a shaker at 80-100 rpm. The samples were destained in a bleaching 

solution (ethanol: acetic acid: glycerol, 3: 1: 1) and mounted on microscopic glass slides in 

-30% glycerol and pictured- using a Nikon SMZ25 stereomicroscope.  

Water Use Efficiency (WUE) 

To determine the WUE for plants, sterilized 50 mL tubes were filled with a sterilized soil-

perlite mixture (w:w 1:1) and 35 ml of water was added to each tube. Single 5-day-old 

Arabidopsis that had been cultured on plates with or without SA190 were then transferred 

to the hole in the lid of individual tubes. The plants were treated as described by 

(Wituszynska and Karpiński, 2014). For the drought condition samples, the plants were 

cultivated for an extra 14 days. 

Drought assays in soil  
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Arabidopsis seeds were sterilized for 10 min in 70% ethanol + 0.05 Triton X-100, washed 

in 100% ethanol three times, then spread on ½MS plates and ½MS inoculated with SA190, 

the OD was adjusted to 0.21. The plates were stratified for 2 days in the dark at 4 °C then 

moved to the Percival for 5 days. The seedlings were transferred from the plates to jiffy 

pots in four biological replicas (36 plants, nine plants in each replicate). The plants were 

grown in Percival growth chambers and watered twice a week for two weeks, then watering 

was stopped for 3 weeks to induce drought conditions, before rewatering again for 7 days 

to allow the plants to recover. 

RNA extraction 

Total RNA was extracted from the shoots or roots of 16 days stressed plants (describe in 

1.1) with the Nucleospin RNA plant kit (Macherey-Nagel) following the manufacturer’s 

recommendations. We used a Nanodrop-6000 spectrophotometer, 2100-Bioanalyzer (RNA 

integrity number greater than 8.0) and QubitTM 2.0 Fluorometer with the RNA BR assay 

kit (Invitrogen) to assess the quality and quantity of the RNA samples. 

RNAseq Library Construction and Sequencing 

In order to prepare the cDNA library, we used 1 μg total RNA per sample. The ribosomal 

RNA was removed using a Ribo-Zero Magnetic Kit with a 1:1 mixture of Ribo-Zero 

Magnetic Kit (Bacteria) and Ribo-Zero Magnetic Kit (Plant) following the manufacturer’s 

recommendations. The quality of the library was assessed on the Agilent Bioanalyzer 2100 

system. Sequencing was performed using Illumina HiSeq deep sequencing (Illumina HiSeq 

2000, Illumina). 

Transcriptome analysis 
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We performed transcriptome sequencing for each library of Arabidopsis to generate 101-

bp paired-end reads on Illumina HiSeq4000 Genome Analyzer platform. Low quality reads 

were trimmed using the Trimmomatic version 0.32 (Bolger, Lohse, and Usadel 2014). 

(http://www.usadellab.org/cms/?page=trimmomatic) with the following parameters: 

Minimum length of 36 bp; Mean Phred quality score greater than 30; Leading and trailing 

bases removal with base quality below 3; Sliding window of 4:15. After pre-processing the 

Illumina reads, the reads are mapped on to transcripts using TopHat (Trapnell, Pachter, and 

Salzberg 2009) (ver. 2.1.1; http://tophat.cbcb.umd.edu/) for aligning with the genome. For 

TopHat, the Reference-Arabidopsis thaliana (TAIR10) genome 

(https://www.arabidopsis.org) was used as the reference sequences with maximum number 

of mismatches as 2. We used count-based normalization implemented in DESEQ2 (Love 

et al., 2014). To quantify the reads from the mapped alignment, featureCounts package was 

overlapped with each gene co-ordinates (Liao et al., 2013). 

To identify the differentially expressed genes, the following parameters were used: p-value 

of 0.05 with a statistical correction using Benjamini Hochberg FDR of 0.05 in DESEQ2. 

A cut-off of 2 fold up- or down-regulation has been chosen to define differential 

expression. After processing the data, visualization of differential expression was done 

using cummerbund v2.14.0 

(http://bioconductor.org/packages/release/bioc/html/cummeRbund.html). 

Hierarchical clustering of the quantified genes were performed using MeV 4.9.0 version 

(TM4, https://sourceforge.net/projects/mev-tm4/files/mev-tm4/MeV%204.9.0/) utilizing 

the Pearson correlation method. GO term enrichment in each gene list was carried out using 

AgriGO (Du et al. 2010) 
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qPCR analysis 

Total RNA was extracted from 16d old +/- PEG stressed seedlings, colonized with +/- 

SA190 using NucleoSpin Plant RNA (Macherey Nagel) kit following the manufacturer’s 

protocol. First strand cDNA was synthesized from 1μg of total RNA using tSuperScript III 

First-Strand Synthesis SuperMix kit (Invitrogen). The diluted cDNA was used to perform 

quantitative RT-PCR (qRT-PCR) using SsoAdvanced Universal SYBR Green Supermix 

(Bio-Rad). All reactions were amplified in a CFX96 Touch Real-Time PCR Detection 

System (BIO-RAD) at 50 °C for 2 min, 95 °C for 10 min, and 40 cycles of 95 °C for 10 

sec and 60 °C for 40 sec, followed by a dissociation step to validate the PCR products The 

data was analyzed using. The data was analyzed Bio-Rad CFX manager software. Tubulin 

was used as a house-keeping gene for normalization of gene expression levels. Analyses 

were performed in triplicate and were repeated thrice with independent RNA 

samples.  Primers used in this study are listed in Supplementary Table 1.  

Phytohormone analysis 

Abscisic acid (ABA) and 12-oxo-phytodienoic acid (OPDA) were extracted according to 

Trapp et al. 2014, using a solution of 80% methanol in water containing 10 ng/mL of the 

internal standards d6-ABA and d6-JA. 

The compounds were quantified by HPLC-ESI-SRM on a Thermo Fisher TQS-Altis Triple 

Quadrupole Mass Spectrometer coupled to a Thermo Scientific Vanquish MD HPLC 

system. Chromatographic separation was carried out using an UPLC column (Agilent 

Eclipse Plus C18, RRHD, 1.8 µm, 2.1 x 50 mm), and the compounds were eluted using 

water (A) and acetonitrile (B) as the mobile phases at 0.6 mL/min in a gradient elution 
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mode, as follows: 10% B for 0.5 min, 10-55% B at 4.5 min, 55-100% B at 4.7 min, 100% 

until 6.0 min, 100-10% B at 6.1% and 10% until 8 min. The column was kept at 55 °C. 

 

Chromatin Immunoprecipitation (ChIP) qPCRs 

We conducted ChIP as described in previous studies (Shekhawat et al., 2021). In short, 

roughly 1g of 16-day-old seedlings were cross-linked by vacuum-infiltrating 1% 

formaldehyde for 15 min and subsequent quenching by 2 M glycine. Nuclei were extracted 

from the frozen ground powder using NIB (0.4 M Sucrose, 10 mM Tris-HCl pH8, 10 mM 

MgCl2, 5 mM ß-mercaptoethaol and 1x Proteases Inhibitor cocktail). Nuclei were lysed in 

NLB (50 mM Tris-HCl pH8, 10 mM EDTA, 1% SDS and 1x Proteases Inhibitor cocktail. 

Chromatin was sonicated using a Diagenode Bioruptor (40 Hz, 14 cycles each with 30s 

on/30 s off with ice cooling), yielding fragments with a size of around 250-350 bp. 

Antibodie (anti-H3, ab1791; anti-H3K4me3, from Abcam, 

ab8580 http://www.abcam.com) were incubated with protein A-coated agarose beads 

(Invitrogen) for at least 2 h at 4°C in IP buffer (1.1 % Triton X-10, 1.2mM EDTA, 16.7 

mM Tris-HCl pH8, 167 mM NaCl and 1x Proteases Inhibitor cocktail. 

Immunoprecipitations were done in IP buffer at 4°C for overnight. After, washing with 

low  (containing 150 mM NaCl) and high salt (500 mM NaCl)  IP buffers and reverse 

crosslinking, resulted DNA was extracted using the phenol–chloroform method and 

precipitated with ice chilled ethanol and glycogen (Invitrogen), and then re-suspended in 

20 µl of water. ChIP-PCR was performed for three regions of indicated gene loci. 

Amplification values were normalized to H3 (normalized signal modification/normalized 

signal H3). The given values in graphs are the means of two biological replicates, with 

http://www.abcam.com/
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each replicate was normalized to the respective Col-0 with no treatment (mock) sample 

before averaging. 

Field trials  

Open field trials were conducted at the experimental station in Hada Al-Sham (N 

21°47'47.1" E 39°43'48.8"), Saudi Arabia, in the winter seasons 2015–2016. The 

experiment were performed in  a randomized complete block design with a split-split plot 

arrangement of four replicates, plots (2 × 1.5 m) with seed spacing 20 cm row-to-row. The 

field was irrigated using groundwater as full irrigation or by a 25 % reduction of irrigation. 

The soil had an average pH 7.74 and salinity EC = 1.95 dS·m-1. The yield was recorded 

every 25–30 days from each harvest; three harvests were done. Field trials data were 

analyzed as a randomized complete block design, the analysis of variance (one-way 

ANOVA) of four replicates, was performed and LSD (Duncan’s test, P< 0.05) was 

calculated to test the significance of differences between means. To inoculate alfalfa 

(Medicago sativa var. CUF 101) seeds was done according to Daur et al. (2018). In brief, 

a slurry was prepared consisting of sterilized peat, a broth culture of SA190, and sterilized 

sugar solution (10%) in the ratio 5:4:1 (w/v/v). Subsequently, alfalfa seeds were coated 

with the slurry at a rate of 50 mL/kg. As a control, seeds were coated with a similar mixture 

without bacteria.  

Greenhouse experiments 

The experiments were carried out at the National Research and Development Center for 

Sustainable Agriculture (Estidamah) in Riyadh, Saudi Arabia (24.7◦N, 46.7◦E). The 

glasshouse, 480 m2 Venlo type with 8 crop growing gutters, was fully automated with high 
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pressure fogging system, shading screen, PAR sensors and a cooling plastic pad and fan 

system. Seeds of cucumber (Cucumis sativus cv. Zahran) were washed 5 times with water 

to remove the coated fungicides. Thereafter the seeds were mixed with the bacterial 

solution of SA190 (5.5x107) with 5% sucrose for 3 hours. The seeds were left to dry for 

one hour at room temperature over three layers of 3MM paper. The seeds were sown in 

October 2020 in germination pots filled with sterilized mixture of peat moss: sand: 

vermiculite (1:1:1). Three weeks post germination, plants were set on Dutch buckets 

container filled with clean sand (16 kg per container) as a soilless culture system. For the 

pot irrigation 50 ml of SA190 solution (1.25x108) per plant were used every 20 days for 6 

different irrigation doses during plant growth. All plants were grown on a high wire system 

with a 3.75 plants per m2. The mature cucumber fruits were harvested twice a week to 

calculate total yield as kg/m2. The climate and fertigation control as well as the data 

collection were arranged through a greenhouse HortiMaX MultiMa control unit. For 

irrigation treatments, plants were divided to two groups: well irrigated (Control set at 

100%) and water stress (30% less water). The average day/night glasshouse temperature 

was 25◦C and 18◦C, respectively, with a 70-80% relative humidity. However, pH and EC 

of the nutrient solution were monitored regularly according to the commercial production 

requirements. Greenhouse experiments were arranged in a randomized block de-sign based 

on a factorial experiment. Analysis of variance (one-way ANOVA) of three replications, 

was performed and LSD (Duncan’s test, P< 0.05) was calculated to test the significance of 

differences between means. 
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Supplementary Figures 

 

Figure S1 SA190 enhances Arabidopsis drought stress tolerance.  

(A-B) Shoot fresh weight (A) and Root fresh weight (B) of 16-day-old mock- and SA190-

colonized plants grown on ½ MS medium and ½ MS+PEG medium.  

(C-D) Shoot dry weight (C) and Root dry weight (D) of 16-day-old mock- and SA190-

colonized plants grown on ½ MS medium and ½ MS+PEG medium.  
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All plots represent the mean of 3 biological replicates (n > 39). Error bars represent SE. 

Asterisks indicate the statistical differences based on the Student’s t-test (* P < 0.05; ** P 

< 0.01; *** P < 0.001). 

 

Figure S2 SA190 modifies the levels of ABA and OPDA in roots.  

(A-B) Quantification of the levels of phytohormones ABA (B) and OPDA (C) in roots 

under normal and drought stress conditions. The levels indicate the µg amounts of 

hormones present per 1g of fresh weight. 

 

 

Figure S3 Aquaporin expression in roots 
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Relative gene expression of aquaporin genes as shown by qPCR expression analysis 

normalized to Tubulin levels in 16-days-old mock- and SA190-colonized roots of 

Arabidopsis seedling grown on ½ MS with or without 25% PEG. Values represent means 

of three biological experiments. Error bars indicate SE. 

 

 

Figure S4 Arabidopsis-SA190 interaction is independent of ethylene pathway 
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(A-B) Total fresh weight of mock- and SA190-colonized 16-day-old ethylene mutant 

pathways on (A) ½ MS (B) 25%PEG. Error bars represent SE and asterisks indicate a 

statistical difference based on the Student’s t-test ( P < 0.05; P < 0.01; P < 0.001). 

 

 

Table 1: 3.1.5 Oligonucleotides 

 

Bacteria strains used in this study are listed below 

Primers for qPCR

Gene Code Gene name Primer code Primer sequence F Primer sequence R

AT3G61430 PIP1-1 AR-402 TGGGATGACCACTGGGTGTTT GGGATGGCTCTGATGACAACC

AT1G01620 PIP1-3 AR-404 GGAATCTCTGGTGGGCACAT CTCCGAGACATTGCATCACG

AT4G23400 PIP1-5 AR-406 GCTGGAATCTCAGGAGGACATATT AGCTCCAAGGCACTGCATTACT

AT4G35100 PIP2-7 AR-408 CGTGGGATGACCAATGGATC TGCGTTGCTTCGGAACGAG

AT3G26520 TIP1-2 AR-410 TTTGTCGCTGTCTCTGTTGG CCACGGAGGAGAGTGATGTT

AT3G16240 TIP2-1 AR-412 ACTGGGTTGGACCACTCATC TCGGAAGAACCCATGAAGAC

AT4G17340 TIP2-2 AR-414 TAGGAGCTATTGAAGGAGTAG ATGAGTCCAGCAAGTGCACCA

AT5G47910 RBOHD AR-19 CCGAAGGTCCTTATCGACGG GTTCTCAATGTCGCTGTCGC

AT1G64060 RBOHF AR-21 TGACACGCCAAGACGAAAGA GAGCAGAACGAGCATCACCT

Primers for ChIP

Gene Code Gene name Primer code Primer sequence F Primer sequence R

AT1G01620 PIP1-3 UTR R1 TAGCCAACGCAACAGAAT CATCATCAAGTAGTAGGCTATTAC

TSS R2 GGAAGGGAAAGAAGAGGAT AGTTCGTGGTCCTTCTAC

3OUT R3 AGTGAATGTTTATGATAAGTTTGT GGTAATTTATCTCAAACACACAT

AT4G23400 PIP1-5 UTR R1 TGCCTAAATGAACCAAACTAT AAGTTGGTGGTGATAGAGT

TSS R2 CCAACAAGTTCCCAGAGA ACTATAAGGAACCACCACC

3OUT R3 TCTGTTCCACATGGTAGG AGCAACTTGTAATATGGATGAT

AT3G16240 TIP2-1 UTR R1 ACCACACCACAGAAACTC AAGGTCTTATCATCTTCTTCACTA

TSS R2 TACAACAATGGCTGGAGT TTCATCTCCACTTTACTCTTTG

5OUT R3 GAACTAATAATGCAAGTCAACAG AAGATTCGTATAATTCCACCG

AT4G17340 TIP2-2 UTR R1 CATCTATCATAATTGGTGTGAGA GACAACAGAACACTCTTATCTT

TSS R2 TGGTGAAGATTGAGATAGGAA CTCTTCTCTTTGTGTTTGCT

3OUT R3 GGAATGAATCGTGTGAGAG TCTTAACCATAACATTATCCTCTC

AT3G61430 PIP1-1 UTR R1 TCTGTCCAAAGTCCAAAC TTACTACGAAGATAACATTAACAA

TSS R2 AAGATATGGAAGGCAAGGA GACAACCAATCGGAACATC

5OUT R3 TGTTAGGAGGACATTGGTAA ATGAATAGCAGCCACAATAA

AT4G35100 PIP2-7 UTR R1 TCCAAGGAACATTTAGTAGTTTA AAGCAGAATTATGTAGACTATACA

TSS R2 AGAAGTGAGCGAAGAAGG GTTCATCGCTACACTCCT

3OUT R3 CCCTCTGCTTATCCCTAAA AACTTGAAACAGACAGCAG
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Strain Source 

Pseudomonas argentenensis sp. SA190 (Lafi et al., 2016) 

GFP-expressing SA190 In this study 
 

Antibodies used in this study 

H3K4me3 abcon ab8580 
H3 abcon ab1791 

 

 

Chemicals used in this study are listed below  

Luria Broth (LB) medium  SIGMA  12795 

Triton X-100 SIGMA  T8787 

Basal Sault (MS ) Sigma  M-5524 

FREE ACID MONOHYDRATE 

(MES)  VWR E169 

Agar Plant Cell Culture tested Type 

E  Sigma A-1296 

Polyethylene Glycol (PEG) 8000  Fisher Scientific BP233 

Silver nitrate (AgNO3) Sigma 27860.231 

Mercury chloride (HgCl2) Sigma M1136 

MAGNESIUM CHLORIDE Sigma M8266 

Sucrose Sigma S5 

Tris hydrochloride Ultra pure Sigma 816100 

Glycine Sigma G8898 

Igepal CA-630 Sigma I3021 

Formaldehyde Sigma   

Sodium acetate anhydrou Sigma S93351 

Sodium chloride Sigma S3014 

Silwet L-77 Sigma 30630216-4 

3,3′-Diaminobenzidine (DAB) Sigma D8001 

acetic acid  Sigma   
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glycerol Sigma G5516 

ethanol  VWR 20821.33 

Methanol HiPerSolv VWR 83638.32 

Acetonitrile Sigma A955-1 

EDTA     

Tris hydrochloride Ultra pure Sigma 816100 

Lithium chloride Sigma 62480-100G-F 

KMBA Aldrich K6000 

MgSO4 Sigma M7506 

L-cysteine Sigma C7352 

L-methionine Sigma M9626 

D-methionine Sigma M9375 

 

 

3.1.1. Plant materials 

 

REAGENT or 

RESOURCE 
SOURCE IDENTIFIER 

Col-0 NASC ID: N1092  Columbia 

qpyr/pyl Park, Fung et al. 2009 
quattuordecuple Arabidopsis PYL 

ABA receptor mutants 

aba2-1 
Schwartz et al. 

1997 ABA deficient 2 

ein2 Guzmán and Ecker 1990 
Ethylene 

insensitive2 

ein3 Roman et al. 1995 
Ethylene 

insensitive3 

acs Tsuchisaka et al. 2009 
1-Aminocyclopropane-1-

carboxylate synthase 
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Data Availability 

 

The raw data of RNA-sequencing have been deposited in NCBI with GSE Number 

GSE184355. Any additional information required to reanalyze the data reported in this 

study is available from the lead contact upon request. 
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Objectives of Chapter 3 

Among other abiotic stresses, salt stress also affects major crop yield worldwide as salinity 

known to affect nearly one fourth of arable land globally. Salt stress causes reduction in 

photosynthesis rate of plants, leading to a decrease of plant growth and crop yield. To 

overcome salt stress, use of beneficial microbes is one of the best and ecofriendly approach. 

In this context, we previously isolated and sequenced a number of endophytic bacterial 

strains from nodules of desert plants. Among these bacterial strains, Enterobacter sp. 

SA187, an endophytic bacterium isolated from root nodules of the indigenous desert plant 

Indigofera argentea, significantly increased yield of the agronomically important crop 

alfalfa and wheat in field trials as well as laboratory meliue under salt and heat stress 

conditions, respectively, demonstrating that SA187 has a high potential to improve 

agriculture under harsh desert conditions. SA187 reprograms plants transcriptome under 

salt and heat stress. More interestingly, SA187 mediates thermotolerance involves 
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chromatine modification which primes the plants for subsequent heat stress.  For both 

stresses, SA187 needes an active ethylene signaling pathway as ein2 and ein3 mutants were 

compromised in their beneficial effect (de Zélicourt et al., 2018; Shekhawat et al., 2021). 

We further studied bacterial as well as plant trancriptome in salt stress. In this study, we 

show that the sulfur metabolisms in both PGPB Enterobacter sp. SA187 and Arabidopsis 

plants plays an important role in plant salt stress tolerance. Upon salt exposure, plants face 

a sulfur starvation which is attenuated by SA187. Arabidopsis sulfur metabolic mutants are 

hypersensitive to salt stress, but can be rescued by SA187. Most plant sulfur metabolism 

occurs in chloroplasts and is linked to stress-induced accumulation of reactive oxygen 

species (ROS) that is suppressed by SA187. Our results reveal that plant salt stress 

tolerance requires the coordinated regulation of the sulfur metabolic pathways in both 

beneficial microbe and host plant.  

 

 

 

Abstract  

 

Enterobacter sp. SA187 is a root endophytic bacterium that maintains growth and yield of 

plants under abiotic stress conditions. In this work, we compared the metabolic wirings of 

Arabidopsis and SA187 in the free-living and endophytic interaction states. The interaction 

of SA187 with Arabidopsis induced massive changes in bacterial gene expression for 

chemotaxis, flagellar biosynthesis, quorum sensing and biofilm formation. Besides 

modification of the bacterial carbon and energy metabolism, various nutrient and 
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metabolite transporters and the entire sulfur pathway were upregulated. Under salt stress, 

Arabidopsis resembled plants under sulfate starvation, but not when colonized by SA187 

which reprogramed the sulfur regulon of Arabidopsis. In accordance, salt hypersensitivity 

of multiple Arabidopsis sulfur metabolism mutants was partially or completely rescued by 

SA187 as much as by the addition of sulfate, L-cysteine or L-methionine. Many 

components of the sulfur metabolism that are localized in the chloroplast, monitoring the 

chloroplast sulfur levels in FRY1 mutants, were partially rescued by SA187. Finally, salt-

induced accumulation of reactive oxygen species (ROS) as well as the hypersensitivity of 

LSU2 mutants were suppressed by SA187. LSU2 encodes a central regulator linking sulfur 

metabolism to chloroplast superoxide dismutase (SODs) activity. The coordinated 

regulation of the sulfur metabolic pathways in both the beneficial microorganism and the 

host plant is required for salt stress tolerance in Arabidopsis and might be a common 

mechanism utilized by different beneficial microbes to mitigate the harmful effects of 

different abiotic stresses on plants.  

 

Significance Statement 

Although plant growth promoting bacteria (PGPB) enhance the performance of plants, only 

a few mechanisms have been identified so far. We show that the sulfur metabolisms in both 

PGPB Enterobacter sp. SA187 and Arabidopsis plants play a key role in plant salt stress 

tolerance. Salt stress induces a sulfur starvation response in plants that is attenuated by 

SA187. Arabidopsis sulfur metabolic mutants are hypersensitive to salt stress, but can be 

rescued by SA187. Most plant sulfur metabolism occurs in chloroplasts and is linked to 

stress-induced accumulation of reactive oxygen species (ROS) that is suppressed by 
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SA187. This work reveals that plant salt stress tolerance requires the coordinated regulation 

of the sulfur metabolic pathways in both beneficial microbe and host plant. 

 

Introduction 

  

Plant growth-promoting bacteria (PGPB) have the capability to establish mutualistic 

associations with plants resulting in the increase of plant growth. PGPB can use different 

strategies to reduce the vulnerability of plants to biotic and abiotic environmental stresses 

(de Zélicourt et al. 2013). PGPB can live in the soil (rhizosphere) surrounding the plant 

roots, epiphytically attached to roots, stems or leaves surfaces, or as endophytes inside 

plant tissues. PGPB are able to promote the growth of plants by different mechanisms such 

as nutrient uptake from soil (phosphate, nitrogen, iron, etc.) or modulation of plant 

hormone levels (auxins, ethylene, abscisic acid, etc.), or enhancing plant resistance to 

pathogens by production of antimicrobials or through the activation of defense pathways 

referred to as induced systemic resistance (ISR) (Glick 2012; Yang et al. 2009; Lugtenberg 

and Kamilova 2009). During the last decades, PGPB have gained interest as 

biotechnological tools with application in agriculture as alternatives to traditional chemical 

fertilizers and pesticides (Saad et al. 2020).  

Monitoring the modifications in metabolic pathways is a powerful approach to identify 

factors and regulatory processes involved in beneficial plant-microbe interaction 

(Rodriguez et al. 2019). Upon interaction of PGPB with host plants, a global alteration of 

gene expression and metabolic pathways is triggered in both interacting organisms. RNA-
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Seq has proved to provide highly accurate and sensitive transcriptional profiling of both 

microbes and host plants and has contributed to substantial gain in biological insight on 

both sides of the interaction (Nuss et al. 2017; Naidoo et al. 2018; Nobori et al. 2018). 

Nevertheless, the application of RNA-Seq in the context of plant-microbe interactions has 

focused on the host plant responses (Camilios-Neto et al. 2014; Liu et al. 2017; Oeser et 

al. 2017; de Zélicourt et al. 2018). A number of studies have investigated transcriptome 

changes in different PGPB species cultured under conditions intended to mimic an 

endophytic life-style (Fan et al. 2012; Vargas et al. 2014; Zhang et al. 2015; Taghavi et al. 

2015; Sheibani-Tezerji et al. 2015; Kröber et al. 2016; Paungfoo-Lonhienne et al. 2016; Yi 

et al. 2017). However, studies on the transcriptional changes in PGPB upon host-interaction 

under in planta conditions remains limited (Stringlis et al. 2018). 

During the last years, the potential of the endogenous microbiomes of desert plants has 

been investigated for their use as biofertilizers (Eida et al. 2018; Marasco et al. 2018; Eida 

et al. 2019). Strains isolated from desert plants have proven their efficiency in promoting 

growth of agronomic important crops such as canola, cucumbers and alfalfa, (Ahmad et al. 

2016; Palacio-Rodríguez et al. 2017; Daur et al. 2018). One of these strains, Enterobacter 

sp. SA187 is an endophytic PGPB that was isolated from root nodules of the endogenous 

desert plant Indigofera argentea, from the Jizan region in Saudi Arabia (Andrés-Barrao et 

al. 2017). SA187 has been described to promote multi-stress tolerance under desert farming 

conditions in the crop plant alfalfa and under laboratory conditions in the model plant 

Arabidopsis (de Zélicourt et al. 2018). Our recent report on Arabidopsis demonstrated that 

the promotion of salt stress tolerance by SA187 is mediated through activation of the plant 

ethylene signaling pathway. Furthermore, the results suggested that SA187 induces salt 
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stress tolerance by producing 2-keto-4-methylthiobutyric acid (KMBA) (de Zélicourt et al. 

2018), which is known to be converted into ethylene in planta (Splivallo et al. 2009). To 

expand our understanding on the molecular mechanisms underlying the beneficial 

association of SA187 with Arabidopsis, we here compare the transcriptomes of SA187 and 

Arabidopsis before and after establishing functional interaction under both normal and salt 

stress conditions. We show that the endophytic colonization of Arabidopsis by SA187 is 

accompanied by a genetic reprogramming of host and bacterial primary and secondary 

metabolic pathways, revealing the bacterial and plant sulfur metabolic pathways as key 

players in the beneficial plant-microbe interaction.  

 

Results  

 

Reprogramming of the SA187 metabolic pathways by interaction with Arabidopsis 

   

SA187 transcriptome analysis upon colonization of Arabidopsis. To understand the 

processes that are induced by the endophytic interaction with Arabidopsis roots in SA187, 

RNA seq analysis was performed as shown in Fig. 1a. SA187 interaction with Arabidopsis 

roots was evaluated by electron microscopy (Fig. S1a) and bacterial proliferation levels, 

which were similar under both non-salt and salt conditions, were assessed by RT-qPCR 

(Fig. S1b). Approximately, 16-20 million paired-end reads were obtained from the single 

bacterial and 60-82 million reads from dual SA187-Arabidopsis RNA-Seq (Table S1). Due 

to the small bacteria/plant ratio in the RNA obtained of dual samples, the majority of 
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sequencing reads mapped to the Arabidopsis TAIR10 genome, with only < 1 % of bacterial 

reads (Table S1). Despite the small number of bacterial reads obtained, the analysis of 

sequencing depth confirmed the quality of all RNA-Seq libraries (Fig. S1c). Pearson’s 

linear regression coefficients, FPKM (fragment per kilobase per million mapped reads) 

profiles and the distribution of mapped reads showed a good correlation among the 

biological replicates (R2 > 0.98 and 0.90 for free-living and endophytic samples, 

respectively) with the exception of replicate SB1 (R2 = 0.73) which was hence excluded 

from further analysis (Fig. S1d, e). 

By applying a differential expression cutoff of q-value = 0.05 and fold-change > 2, RNA-

Seq data revealed that the endophytic interaction of SA187 with Arabidopsis induced 

significant changes in the bacterial transcriptome irrespective of the presence or absence 

of salt. Under non-salt conditions, endophytic SA187 showed 1050 genes upregulated and 

587 downregulated compared to free-living bacterium (PB vs. B) (Table 1, Fig.1b). Under 

salt stress, the endophytic versus free-living comparison showed 696 upregulated and 633 

downregulated genes (SPB vs. SB) (Table 1, Fig. 1b, c). The addition of 100 mM NaCl to 

the growth medium only had a minor effect on the gene expression of free-living and 

endophytic SA187 (SB vs. B, SPB vs. PB) (Table 1, Fig. S2). According to these data, a 

core set of 519 upregulated and 404 downregulated genes in SA187 is involved in the 

endophytic life style under both salt and non-salt conditions (Fig. 1d) and similar biological 

processes are modified in all endophytic samples (Fig. 1e,f). Fifty key genes involved in 

the endophytic life style of SA187 were selected for RT-qPCR validation. The large 

majority of RT-qPCR expression patterns of SA187 genes confirmed the reliability of the 

RNA-Seq results (Figs. S3a, b and S4A).  
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Figure 1. Scheme of experimental set-up: SA187 was incubated in ½ MS without (B) or 

with 100 mM NaCl (SB) for 4h at 28˚C. Arabidopsis seedlings were germinated for 5 days, 

with or without SA187 before transfer to fresh ½ MS plates for 12 days without (P, PB) or 

with 100 mM NaCl (SP, SPB) and vertically grown for 12 days (22 °C, 16/8 h light/dark 

cycle) (a). Volcano plots of SA187 DEGs in free-living and endophytic conditions with 
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and without salt: To analyze the effect of salinity, SA187 in ½MS+100 mM NaCl (salt 

stress) was compared to SA187 grown in ½MS (mock) in both free-living and plant-

associated conditions (b). MA plots: Representation of the gene expression fold change 

(M-axis) versus the mean gene expression values (A-axis) for each comparison. Dotted 

blue line marks the differential expression fold change = 2 [log2 (fold change) = 1], those 

genes showing M > 1 as up-regulated and M < -1 as down-regulated. M = log2 (log10 

(FPKM2)/ (log10 (FPKM1)), A = 1/2log2 (log10 (FPKM1)*log10 (FPKM2)). Zero values 

of FPKM were ignored. Scatter plots were generated with R (Rstudio v1.0.136) (c). Venn 

diagram showing up- and down-regulated genes that are common or specific for mock and 

salt stress conditions, comparing SA187 endophytic to free-living state (q-value < 0.05) 

(d). KEEG orthology (KO) functional analysis: Metabolic processes regulated in response 

to the adaptation to the plant-associated life-style under non-salt (PB vs. B) and salt stress 

conditions (SPB vs. SB). (e). Metabolic processes up- and down-regulated in response to 

plant-association, that are common in both control and salt stress conditions (left) or 

specific to control condition (center) or salt stress (right) (f). Y-axis = KEGG functional 

categories. X-axis = number genes or KO identifiers in KEGG knowledgebase from each 

subset of regulated genes in our analysis. Up-regulated metabolic processes are in red and 

down-regulated in blue. 

 

Genes involved in motility, chemotaxis, quorum sensing and biofilm formation are 

induced in SA187 upon interaction with Arabidopsis. To obtain insight into the biological 

functions of the identified differentially expressed genes (DEGs) we used the Kyoto 
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Encyclopedia of Genes and Genomes (KEGG) to perform KO orthologous and Brite 

mapper analyses (Fig. S5).  

Biological processes involved in the colonization of the host plant, such as chemotaxis, 

flagellar assembly, quorum sensing and biofilm formation were upregulated during the 

endophytic interaction of SA187 with Arabidopsis (Figs. S5 and S6, Dataset 4). 

Interestingly, the genome of SA187 contains 5 paralogous genes coding for flagellin (FliC) 

(Andrés-Barrao et al. 2017). While 3 out of the 5 genes were poorly expressed in all 

conditions, 2 flagellin genes showing the highest homology (77.3% identical) to 

Pseudomonas aeruginosa flg22 motif (Albert 2013), SA187PBcda_000004844 (fliC.4) 

and SA187PBcda_000004845 (fliC.5), were induced 6–8 fold upon plant interaction (Figs. 

S3a and S4A, Dataset 4). Moreover, a number of methyl-accepting chemotaxis proteins 

and the two-component system CheA/CheB, involved in the signaling cascade controlling 

flagellar assembly, together with chemotaxis proteins CheW and CheZ, were also 

upregulated upon plant interaction (Fig. S3a, Datasets 4 and 5).  

In the endophytic state, two-component systems (TCS) of SA187 involved in quorum 

sensing, QseC/QseB and FusK/FusR, were upregulated (Datasets 3 and 5). The AI-2 

transporter (LsrBCDA), together with the lsr operon transcriptional repressor LsrR and 

terminator LsrF, were also upregulated (Datasets 1 and 3). Additionally, a number of genes 

involved in biofilm formation, including subunits of the curli fibers biosynthetic complex 

were induced: CsgB and CsgC; as well as poly-N-acetyl-glucosamine (PGA) synthase 

subunits PgaA and PgaC (Dataset 6).  
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Nutrient and metabolite transport, as well as carbon metabolism and oxidative 

phosphorylation are induced in SA187 during endophytic interaction with Arabidopsis. 

In the SA187 endophytic state, the phosphotransferase systems (PTS) involved in the 

import of glucose, sucrose, 2-O-α-mannosyl-D-glycerate, cellobiose and ß-glucoside, were 

strongly upregulated (Fig. S6, Dataset 2). Many ABC transporters were also upregulated, 

including the transporters of sulfate CysPUWA, maltose/ maltodextrine MalEFGK, D-

methionine MetNIQ and the signaling molecule autoinducer 2 (AI-2) LsrABCD (Fig. S6, 

Dataset 1). Interestingly, subunits involved in the transport of osmoprotectants, such as 

glycine-betaine, proline, spermidine and putrescine, as well as ABC.SP.A, ABC.SP.P1, 

ABC.SP.S were found to be downregulated (Datasets 1 and 3). 

A large number of bacterial genes of the carbohydrate metabolism were upregulated during 

the beneficial interaction. While glycolysis/gluconeogenesis and the pentose phosphate 

pathway (PPP) were downregulated, the tricarboxylic acid (TCA) cycle and the glyoxylate 

pathways were upregulated (Fig. S5, Datasets 10 and 11). Among the downregulated 

genes, we identified fructose phosphokinase (PfkB) (Dataset 11), one of the key regulatory 

points that make glycolysis irreversible, and pyruvate dehydrogenase (PoxB), involved in 

other rate-limiting step of glycolysis (Dataset 11). On other hand, citrate synthase (CS) was 

upregulated (Dataset 11), suggesting that SA187 makes preferential use of the TCA cycle 

to produce energy in the form of GTP and NADH in planta.  

Oxidative phosphorylation, the metabolic process that generates the energy needed for 

almost all vital processes, was upregulated during the interaction, including O-cytochrome 

(CyoCDE) and several subunits of the F0/F1-ATP synthase, which convert the 

transmembrane proton gradient into ATP (Dataset 12). Similarly, several subunits of 
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NADH-dehydrogenase (complex I) and succinate dehydrogenase (SDH) (complex II), 

which are also part of the TCA cycle, were also strongly upregulated during beneficial 

interaction (Fig. S6, Datasets 11 and 12).  

 

Modification of the SA187 primary and secondary metabolic networks by Arabidopsis. 

Sugar availability was suggested to be a main determinant of the microbial metabolic 

adjustment to an endophytic state (Taghavi et al. 2015). Upon interaction with Arabidopsis, 

the strong upregulation of the SA187 ABC transporters and PTS suggests the active uptake 

of multiple nutrients from the plant host. These results agree with reports from Bacillus 

amyloliquefaciens FZB42, SQR9 or Enterobacter sp. 638 (Fan et al. 2012; Zhang et al. 

2015; Taghavi et al. 2015), showing that glucose, maltose or inositol in maize root exudates 

induced the expression of the respective bacterial ABC and PTS transport systems. To 

assess if the endophytic SA187 gene expression profile is mainly driven by sugar 

availability from the host plant, we analyzed the expression of 40 endophytic SA187 

marker genes during growth in media supplemented with 1% sucrose. Forty-three percent 

of the marker genes showed an expression profile similar to an endophytic state (Figs. S3c, 

d, e and S7), indicating that nutrient availability is a major driver in the regulation of the 

SA187 metabolism. Nonetheless, 57 % of bacterial genes did not respond to the addition 

of sucrose to the growth medium (Fig. S7), suggesting that additional factors are also 

responsible for modifying the SA187 metabolic network during Arabidopsis interaction. 
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Interaction with Arabidopsis modifies the bacterial sulfur metabolism in SA187. Our 

previous work identified the methionine salvage pathway intermediate KMBA as an 

important metabolite that is provided by SA187 to induce salt tolerance in Arabidopsis (de 

Zélicourt et al. 2018). Moreover, it was shown that an active metabolism of SA187 is 

needed as heat-inactivated bacteria had also lost its beneficial effects (de Zélicourt et al., 

2018). However, it was unclear from where the sulfur for KMBA formation originated and 

whether only the methionine salvage pathway was upregulated. Our comparative 

transcriptome analysis clearly showed that, upon interaction with Arabidopsis, the SA187 

aslA gene, mobilizing the sulfur of the soil, was upregulated in parallel with the ABC 

sulfate transporter CysPUWA (Figs. 2 and S6). Upon cellular uptake into SA187, sulfate 

adenylyltransferase (CysND) converts sulfate into APS (adenosine 5'-phosphosulfate) 

followed by adenylyl kinase (CysC) to produce PAPS (3'-phosphoadenosine-5'-

phosphosulfate), which can then be converted into sulfite (Figs. 2 and S6). Upregulation of 

the SsuABC transporter expands the possibilities of SA187 to use alkane sulfates from the 

environment. Consistently, FMNH2-dependent sulfonate monooxygenase (SsuD) and the 

FMN reducing enzyme that provides SsuD with FMNH2 (SsuE), which convert alkane 

sulfonates into sulfite were also upregulated (Figs. 2 and S6, Datasets 1, 9 and 10). Upon 

enzymatic reduction of sulfite into sulfide, cysteine kinase (CysK) catalyzes the synthesis 

of L-cysteine. The enzymes involved in the conversion of L-cysteine to L-methionine, 

CBS, TCH and MetE, together with the MetE transcriptional regulator MetR, were also 

highly upregulated upon SA187 interaction with Arabidopsis (Figs. 2 and S6, Datasets 9 

and 10). In addition, the genes encoding the enzymes of the methionine salvage pathway 

TyrB, MtnN, MtnK, MtnC, MtnD and SpeD showed significant upregulation during plant 
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interaction (Figs. 2 and S6, Datasets 9 and 10). These results show that the entire sulfur 

metabolism and not only the methionine salvage pathway of SA187 is strongly induced 

upon interaction with Arabidopsis. 

 

Figure 2. Heatmap constructed using up-regulated (red) and down-regulated (blue) SA187 

genes encoding sulfur metabolic transporters and enzymes during endophyte colonization 

of Arabidopsis compared to free-living bacteria (a). Upregulation of the SA187 sulfur 

metabolic pathway by Arabidopsis. APS = adenosine 5'-phosphosulfate, PAPS = 3'-

phosphoadenosine-5'-phosphosulfate, KMBA = 2-keto-4-methylthiobutyric acid (b). 
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Modification of the Arabidopsis metabolism upon endophytic SA187 interaction 

 

SA187 enhances sulfur levels in Arabidopsis roots. We next performed Inductively 

Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) analysis of Arabidopsis 

shoots and roots that had been cultivated under both non-salt and 100 mM NaCl conditions 

for 21d in the absence or presence of SA187. Interestingly, under salt stress, we found 

significantly higher sulfur levels in SA187 colonized Arabidopsis roots but not in shoots 

(Figs. 3a and S8a). Salt stress strongly influences plant growth and photosynthesis, possibly 

due to the number of iron-sulfur cluster proteins of the photosynthetic apparatus of 

chloroplasts, disturbances of which result in aberrant electron transport and reactive 

oxygen species (ROS) generation (Foyer and Noctor 2005). The sulfur metabolism has also 

been connected to the establishment of a successful plant-microbe interaction of both 

beneficial and pathogenic microbes (Kruse et al. 2007; Nwachukwu et al. 2012).  

 

Sulfate positively affects salt stress tolerance of Arabidopsis. Increased sulfate 

concentrations in the medium have also been reported to help plants to withstand salt stress 

conditions (Cao et al. 2014). Therefore, we compared the growth of endophytic SA187 

plants under salt stress conditions (control, ½MS+100 mM NaCl, 0 mM MgSO4) with the 

addition of MgSO4 into the medium. (Treated, ½MS+100 mM NaCl, 1 mM MgSO4). The 

addition of sulfate showed similar significant beneficial effects on plants as colonization 

with SA187 (Figs. 3b and S8b). Since our dual transcriptome analysis indicated that not 

only sulfate uptake but also cysteine and methionine synthesis are upregulated in SA187 
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(de Zélicourt et al., 2018), we determined internal cysteine and methionine levels in 

SA187-colonized Arabidopsis. In contrast to shoots, both cysteine and methionine levels 

were significantly higher in SA-187-colonized roots, especially under salt stress conditions 

(Fig. S9). We also tested whether 100 nM L-cysteine or L-methionine could have a 

beneficial effect on plant growth under salt conditions. L-methionine, L-cysteine and 

MgSO4 showed similar beneficial effects, in the same range as when plants were colonized 

by SA187 (Fig. 3b) A beneficial effect of these compounds was also observed on plants 

grown under non-salt conditions (Fig. S8b). 
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Figure 3. Effect of SA187 inoculation in Arabidopsis on ½MS+100 mM NaCl. Shoot and 

root sulfur levels of Arabidopsis grown under salt stress, in the presence or absence of 

SA187. Values represent means of 3 biological experiments, each in 3 technical replicates 
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(N = 9). Error bars represent standard error. Asterisks indicate the statistically significant 

difference based on the Mann-Whitney test (***p < 0.001) when compared to mock plants 

(a). Total fresh weight beneficial index of 21d old plants treated with SA187, 100 nM L-

methionine, 100 nM L-cysteine or 1 mM MgSO4, on 100 mM NaCl. Values represent 

means of 3 biological experiments, each in 10 technical replicates (N = 30). Error bars 

represent standard error (SE). Asterisks indicate the statistically significant difference 

based on the Mann-Whitney test (*p < 0.05; **p < 0.01) when compared to mock plants 

(b). Total fresh weight beneficial index of non-colonized (grey) and SA187-colonized 

(green) 21d old wild type, sultr1, apk1/2, apr2, fry1, sir-1 or amiR-LSUc plants, on 

½MS+100 mM NaCl. Values represent means of 3 biological experiments, each in 12 

technical replicates (N = 36). Error bars represent standard error (SE). Asterisks indicate 

the statistically significant difference based on the Mann-Whitney test (**p < 0.01; ***p < 

0.001) when compared to non-inoculated wild type plants (c). Accumulation of superoxide 

radicals (visualized by NBT staining) in 0 (control) and 100 mM NaCl (salt stress), in wild 

type and amiR-LSUc mutant plants (d). 

 

SA187 modulates Sulfur metabolism-related gene expression in Arabidopsis. To get a 

deeper understanding of the changes in Arabidopsis plants induced by the root endophyte 

SA187, we generated a root and shoot transcriptome of 21d old plants that were grown on 

100 mM NaCl either in the absence or presence of SA187, or treated with 100 nM KMBA, 

compared with plants treated with 100 nM ACC as positive control (Fig. 4a, b, c). We 

obtained a total of approximately 40-64 million paired-end reads. Pearson’s linear 

regression coefficients, FPKM profiles and the distribution of mapped reads showed a good 
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correlation among the biological replicates: 0.98 ≥ R2 > 0.87. By applying a differential 

expression cutoff of q-value = 0.05 and fold-change > 2, RNA-Seq data showed that SA187 

colonization induced the down-regulation of 813 and up-regulation of 89 genes in shoots, 

whereas 240 down- and 187 up-regulated genes were identified in SA187 colonized roots. 

The SA187 derived active compound KMBA induced the down-regulation of 910 and up-

regulation of 178 genes in shoots, whereas 343 down- and 85 up-regulated genes were 

identified in KMBA-treated roots. The ethylene precursor ACC induced the down-

regulation of 1684 and the up-regulation of 283 genes in shoots, whereas 968 down- and 

322 up-regulated genes were identified in ACC-treated roots (Fig. 4c). Notably, the 

differentially regulated genes (DEGs) were specific to the shoot and/or root tissues, with a 

low number of common DEGs between plant tissues (Fig. 4e). This observation supports 

the hypothesis of the tissue-specific effect of the beneficial microbe SA187 despite the 

overall beneficial growth under salt stress. 

A GO term analysis showed that the upregulated gene set in shoots is enriched for proteins 

with functions in jasmonic acid metabolism, whereas those of roots show enrichment in 

root morphogenesis (Fig. S8). Interestingly, the down-regulated genes in both shoots and 

roots showed significant enrichment for terms of defense responses and salicylic acid 

processes (Fig. S8). A more refined gene by gene analysis revealed a significant regulation 

of sulfur metabolic genes in roots and shoots (Fig. 4d). In shoots and roots, transcript levels 

of sulfate transporters (SULTR), ATP sulfurylases (ATPS), APS kinases (APK), APS 

reductases (APR), sulfate reductase SIR1 and several sulfur-regulated transcription factors 

such as SLIM1, EIL2, EIN3 and EIL1 were differentially regulated when compared to non-

colonized plants (Figs. 4d and S4B). Interestingly, many of these genes are part of the 
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sulfur regulon, which not only regulate sulfur metabolism, but are key factors the 

glucosinolate biosynthesis and ethylene signaling pathways (Henríquez-Valencia et al. 

2018).  
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Figure 4. Effect of SA187 inoculation in Arabidopsis shoots and roots on ½MS+100 mM 

NaCl, experimental set up (a). Phenotypic assessment of the beneficial effect on the growth 

of 21d Arabidopsis seedlings of the three treatments, on ½MS+100 mM NaCl: inoculation 

with SA187 and addition of 100 nM KMBA or 100 nM ACC to the growth medium. Col-

0 = untreated Arabidopsis as control (b). Volcano plots of Arabidopsis roots and shoots 

DEGs, on ½MS+100 mM NaCl, for each of the 3 treatments: + SA187 (SPB vs. SP), + 100 

nM KMBA (SP+KMBA vs. SP) or +100 nM ACC (SP+ACC vs. SP) (c). Heatmap 

constructed using sulfur and ethylene signaling Arabidopsis genes that are statistically 

significantly up-regulated (red) and down-regulated (blue) by each of the 3 treatments: 

+SA187, +100 nM KMBA, +100 nM ACC (d). Venn diagram showing up- and down-

regulated genes that are common or specific for Arabidopsis shoots and roots, comparing 

SA187 endophytic to free-living state (q-value < 0.05) (e). 

 

Role of sulfur assimilation in SA187-induced salt stress tolerance in Arabidopsis.  We 

found that SA187 increases sulfur levels in Arabidopsis salt stressed roots and enhances 

gene expression of a number of members of the sulfur regulon, indicating that SA187 might 

directly affect the sulfur uptake or metabolism of Arabidopsis (Fig. 4d). To test a role of 

the sulfate assimilation pathway in the beneficial SA187 interaction with Arabidopsis, we 

analyzed a number of sulfur metabolism mutants of Arabidopsis. As shown in Fig. 3c, 

sultr1;2 (Shibagaki et al. 2002), apk1 apk2 (Mugford et al. 2009), apr2 (Loudet et al. 2007) 

and sir1 (Khan et al. 2010) and fry1 (Xiong et al. 2001) mutants are hypersensitive to salt 

stress, but could be significantly rescued by colonization with SA187. It should be noted 

that all mutants were already affected to some degree in growth under normal growth 
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conditions (Fig. S8d), but SA187 only exerted substantial rescue of the strong growth 

inhibitory phenotypes under salt stress (Fig. 3c). These results indicate that SA187 and the 

sulfur metabolism are tightly linked for conferring salt stress tolerance in Arabidopsis.  

The majority of sulfur assimilation enzymes are localized in the chloroplast, suggesting 

that an intact chloroplast physiology is needed for proper functioning. In this respect, we 

noted that SA187-colonized Arabidopsis continue to grow under salt stress and show no 

downregulation of photosynthesis-related genes, as shown for the genes encoding electron 

transport carriers in photosystem I and II, such as low quantum yield of photosystem ii 1 

(LQY1), xyloglucan endotransglucosylase/hydrolase 6 (XTH6), acetyl-CoA:(z)-3-hexen-

1-ol acetyltransferase (CHAT), deficient in cutin ferulate (DCF), and haloacid 

dehalogenase-like hydrolase (HAD) superfamily protein (Fig. S4B). These results 

prompted us to explore the possibility that SA187 might also affect the retrograde signaling 

pathway linking the state of sulfur metabolism in chloroplasts to nuclear gene expression 

of the photosynthesis apparatus. 

 

SA187 suppresses salt stress-induced ROS accumulation in Arabidopsis. Salt stress 

induces the generation of ROS in chloroplasts, and one of the most dramatic effects in salt 

grown plants is the downregulation of the entire photosynthetic machinery (Foyer and 

Noctor 2005). To test the possibility that SA187 protects Arabidopsis from excessive ROS 

levels, we monitored O2
– levels in SA187-colonized plants grown at 0 or 100 mM NaCl. 

As seen by nitroblue tetrazolium (NBT) staining, SA187 did not change superoxide radical 

levels under non-stress conditions (Fig. 3d). However, previous results from our group 

show that the salt stress-induced increase in ROS levels in non-colonized Arabidopsis 
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plants was significantly reduced upon SA187 colonization (Fig. 3d) (de Zélicourt et al., 

2018). Since the sulfur metabolism is tighly linked to ROS protection via the synthesis of 

glutathione, one possible explanation for these results could be that SA187-colonized 

plants have higher redox capacity due to an improved GSH/GSSG ratio. Therefore, we 

determine GSH and GSSG levels in shoots and roots of SA187-colonized and non-

colonized plants, in the absence and presence of salt stress (Fig. S10). As expected, 

GSH/GSSG levels were strongly reduced in plants upon salt stress (Fig. S10b, e). 

Compared to non-colonized plants, shoots and roots of SA187-colonized plants showed 

higher GSH/GSSG ratios under non-stress conditions, but only roots of SA187-colonized 

plants showed strongly enhanced GSH/GSSG ratios under salt stress (Fig. S10b, e). In 

summary, these results support the notion that the SA187-induced Arabidopsis sulfur 

metabolism enhances glutathione levels to reduce damage by reactive oxygen species.  

 

SA187 suppresses the hypersensitive phenotype of lsu mutants. Recently, a role of 

members of the LOW SULPHUR UPREGULATED (LSU) gene family (LSU1-LSU4) was 

reported in protecting the photosynthetic machinery under salt stress conditions (Garcia-

Molina et al. 2017). LSU family was shown to directly interact and activate the chloroplast 

superoxide dismutase FSD2 and therefore functions in regulating plastid superoxide radical 

levels (Garcia-Molina et al. 2017). To test a potential interaction of SA187 with the LSU 

network in Arabidopsis, we tested amiR-LSUc line, expressing artificial amiRNAs 

targeting all four members of the LSU gene family in Arabidopsis (Garcia-Molina et al. 

2017). As expected, lsuC lines showed much stronger accumulation of ROS under salt 

stress conditions (Fig. 3d), confirming its role in ROS protection. Interestingly, ROS 
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accumulation of salt stressed lsuC plants was completely suppressed upon SA187 

colonization (Fig. 3d). This result is supported by the phenotypic analysis, showing that 

the growth reduction in amiR-LSUc plants is strongly complemented upon SA187 

colonization (Fig. 3c), indicating that SA187 suppresses Arabidopsis salt stress-induced 

ROS accumulation in plastids via the LSU pathway.  

 

Discussion 

 

Many PGPB have been described to interact with and exert a beneficial effect on plant 

growth and stress tolerance, but understanding the underlying molecular mechanisms has 

been hampered by the intrinsic complexity of the heterogeneous natural systems. 

Moreover, different bacterial strains and species use different strategies to help growth of 

plants under various conditions and the interacting mechanisms are not only determined by 

the interacting microbes but also by the plant species, ecotype, developmental and 

physiological status, and the abiotic or biotic environment (Saad et al. 2020). Additionally, 

a switch of controlled growth to anarchic proliferation can result in the transformation from 

a beneficial to a pathogenic bacterial lifestyle (Eaton et al. 2011). Enterobacter sp. SA187 

provides salt tolerance to the crop alfalfa in open field trials and also to Arabidopsis under 

controlled laboratory conditions and can serve as a good model system to understand how 

beneficial microbes induce stress tolerance to plants. Compared to the small (5-10%) 

beneficial effect under non-salt conditions, SA187 enhances plant growth to about 40-50% 

under salt conditions (de Zélicourt et al. 2018). Moreover, the bacterial metabolite KMBA, 

which was suggested to be transformed into ethylene in planta, promotes plant growth 
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under salt stress. Our present analysis identifies the bacterial and plant sulfur metabolic 

pathways to be of primary importance in the beneficial interaction of SA187 with 

Arabidopsis. Our work unravels the importance of the coordinated regulation of the 

bacterial and plant sulfur metabolisms in plant stress tolerance. Moreover, our data provide 

a mechanistic understanding how sulfur metabolism and chloroplast functioning are linked 

with ethylene signaling in the context of salt stress in Arabidopsis.  

The analysis of the SA187 metabolic processes during endophytic interaction with 

Arabidopsis revealed two large sets of genes. On one hand, we identified a set of genes that 

is mostly involved in the initial contact and the colonization of a host plant, such as 

chemotaxis, bacterial motility, quorum sensing and signaling and biofilm formation. The 

other set of genes is related to the transport, exchange of nutrients as well as the carbon, 

sulfur and energy metabolism.  

 

SA187 colonization of the plant host. The first steps in root endophyte colonization of 

plants consist in the chemotaxis and subsequent attachment of bacterial cells to the roots 

using cellulose-like fibers, colanic acid and adhesion proteins (Compant et al. 2010; 

Sheibani-Tezerji et al. 2015). Chemotaxis and bacterial motility are often oppositely 

regulated to biofilm formation (Zhang et al. 2015; Taghavi et al. 2015; Kröber et al. 2016) 

which is controlled by quorum sensing (QS), coordinating gene expression in a cell-

density-dependent manner (Zaytseva et al. 2019). In order to successfully colonize the 

plant roots, beneficial bacteria produce cellulose or cellulose-like fibers to form a biofilm 

(Fan et al. 2012; Zhang et al. 2015; Kröber et al. 2016). Upon stable colonization of 

Arabidopsis by SA187, a decrease in the expression of the bacterial genes for cellulose and 
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curli fibers and the upregulation of factors involved in biofilm formation was observed. 

The simultaneous upregulation of bacterial genes involved in flagella biosynthesis and 

chemotaxis suggest that a heterogeneous population of SA187 exists even after the 

establishment of the endophytic state. While a fraction of bacterial cells might have become 

sedentary and form biofilms, another motile fraction might still spread through the 

constantly growing plant tissues.  

 

Modification of the Arabidopsis stress physiology by SA187. In beneficial plant-microbe 

interactions, both partners benefit from the association showing extensive exchange of 

nutrients, metabolites and information. However, so far little is known about how the 

expression of a large number of genes is coordinated in each partner. During salt stress of 

Arabidopsis plants, inhibition of growth and development is correlated with ROS 

accumulation and the down-regulation of photosynthesis and carbohydrate metabolism. 

Importantly, SA187 colonization maintains photosynthesis and growth of plants under salt 

stress conditions (de Zélicourt et al. 2018).  

 

The sulfur metabolism plays a key role in salt stress adaptation of Arabidopsis. Apart 

from serving as a building block for the essential amino acids cysteine and methionine, 

sulfur metabolism is also linked to produce various secondary metabolites. Whereas 

cysteine serves as a building block for glutathione, methionine is the essential precursor of 

S-adenosyl-methionine (SAM), which serves as a methyl donor and precursor of a number 

of processes, including the synthesis of glucosinolates, polyamines and ethylene (Fig. 5). 
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For this purpose, sulfur uptake and metabolism are tightly controlled. In roots, sulfur is 

taken up as sulfate that is mainly controlled by the expression of the SULTR transporters. 

We found that SA187 increases sulfur as well as cysteine and methionine levels in 

Arabidopsis salt stressed roots (Figs. 3a and S8a,b), indicating that SA187 directly affects 

sulfur uptake and metabolism by Arabidopsis. Once sulfate has been taken up by plant 

roots, ATP sulfurylases (ATPS) convert sulfate to APS, which is then first converted to 

sulfide by APS reductase (APR) and sulfide by sulfite reductase (SIR1) before generation 

of cysteine and methionine in the following reactions. To test the role of the sulfur 

metabolism and in the beneficial SA187 interaction with Arabidopsis during salt stress, we 

analyzed sultr1;2 (Shibagaki et al. 2002), apk1 apk2 (Mugford et al. 2009), apr2 (Loudet 

et al. 2007) and sir1(Khan et al. 2010) mutant plants for their behavior with respect to salt 

stress and with SA187. Although all mutants were little affected in growth under non-salt 

growth conditions (Fig. S8c), they showed strong growth inhibition under salt stress 

conditions (Fig. 3c), supporting the notion that the sulfur metabolism plays an essential 

role in salt stress tolerance. Probably due to redundancy of the sulfur transporters and APS 

reductase genes, SA187 was able to almost completely rescue the salt growth inhibition 

phenotype of sultr1;2 and apr2 mutants. However, a different result was obtained with 

mutants of the sulfite reductase SIR1, which is a bottleneck in sulfur metabolism that limits 

the availability of cysteine, methionine and their derived downstream products such as 

glutathione or polyamines (Khan et al. 2010). SA187 could hardly alleviate the drastic 

growth inhibition phenotype of sir1 mutants, indicating that an intact sulfur assimilation 

pathway is necessary for SA187-induced salt stress tolerance in Arabidopsis.  
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APS can also be converted to PAPS by several APS kinases and PAPS serves as a sulfate 

donor for the enzymatic reactions of numerous sulfotransferases (SOTs) to various 

substrates, including glucosinolates and phytohormones, thereby generating the side 

product PAP (Fig. 5). Unstressed plants contain very low levels of PAP mainly due to the 

activity of FRY1 which dephosphorylates PAP to AMP. However, under stress conditions, 

PAP levels accumulate and serve as a retrograde signal in coordinating gene expression of 

nuclear chloroplast genes upon sulfate starvation (Estavillo et al. 2011). The central role of 

FRY1 in linking sulfur metabolism to PAP retrograde signaling inspired us to test whether 

SA187 mediates salt stress tolerance via the Arabidopsis PAP retrograde signaling 

pathway. Indeed, as reported before, fry1 mutant plants were hypersensitive to salt stress 

(Xiong et al. 2001). However, SA187 was able to suppress the salt stress phenotype of fry1 

plants to a significant degree, suggesting that the sulfur monitoring FRY1 pathway is also 

involved in mediating the beneficial effect of SA187 on Arabidopsis during salt stress (Fig. 

5).  
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Figure 5. Model of SA187-induced sulfur metabolism and ethylene signaling in 

Arabidopsis: Uptake of sulfate is followed by conversion into APS, sulfite, sulfide and 

cysteine, which can be converted into either glutathione (GSH) or methionine. GSH can 

block salt-induced ROS production in plastids. Methionine can be converted into SAM, 

ACC and ethylene which regulates the sulfur regulon via the transcription factors SLIM1, 

EIL2 and EIN3. The ethylene regulated sulfur regulon comprises most genes of the sulfur 

metabolism, thereby creating a feedback loop between sulfur status and genes encoding 
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sulfur metabolic enzymes. Sulfur status is conveyed by PAP level-induced retrograde 

signaling to regulate nuclear encoded plastid and sulfur metabolic genes. SULTR = sulfate 

transporter, ATPS = ATP sulfurylase, APR = APS reductase, APK = APS kinase, PAR = 

PAPS reductase, SIR1 = sulfite reductase, FRY1 = 5′-bisphosphate, nucleotide 

phosphatase, OTL = O-acetylserine thiollyase, TyrB = aromatic-amino-acid transaminase, 

BCAT4 = methionine transaminase, MAT = methionine adenosyltransferase, ACS = ACC 

synthase, ACO = ACC oxidase, ETR1 = ethylene receptor 1, SLIM1 = sulfur limitation1 

(central transcriptional regulator of plant sulfur response and metabolism), EIN3 = 

ethylene-insensitive 3, EIL2 = ethylene-insensitive 3-like 2, CRL = chloroquine-resistance 

transporter (CRT)-like protein, APS = adenosine 5’-phophosulfate, PAPS = 3'-

phosphoadenosine-5'-phosphosulfate, PAP = 3′-polyadenosine 5′-phosphate, AMP = 

adenosine 5’-monophophfate, KMBA = 2-keto-4-methylthiobutyric acid, SAM = S-

adenosyl methionine, ACC = 1-aminocyclopropane-1-carboxylic acid, GSH = glutathione, 

ROS = reactive oxygen species. 

 

 

Coordinate regulation of Arabidopsis sulfur metabolism and ethylene signaling by 

SA187. In our previous work, we found an essential role of the SA187 derived methionine 

metabolite KMBA in mediating ethylene-induced plant salt stress tolerance (de Zélicourt 

et al. 2018). Plant ethylene signaling is linked to the sulfur metabolism via SAM as a 

precursor of ethylene. There is evidence that genes related to the sulfur metabolism are also 

regulated by an alternative ethylene pathway, that is composed of the ethylene receptor 

ETR1 and the transcription factor SLIM1 (Maruyama-Nakashita et al. 2006). SLIM1 is 
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part of the family of EIN3 transcription factors and is also called EIL3. Although 

apparently only SLIM1 homo-dimers can bind to the promoters of the sulfur regulon, 

SLIM1/EIL3 can also form homo- and hetero-dimers with the other members of the EIN3 

family, allowing fine-tuning of the sulfur metabolism (Wawrzyńska and Sirko 2016). 

Recently, Dietzen et al. (2020) unraveled an important function of the EIL1 and EIL3 

transcription factors in the regulation of the sulfur metabolism under sulfur limiting 

conditions. Although the comparison of transcriptome analysis of our data with those of 

Dietzen et al. (2020) revealed only a 5% overlap in the DEGs of SA187-colonized roots 

with those of eil1 eil3 plants, a 33% overlap was found for SA187-colonized shoots. These 

results require further investigation but support the model that the EIL transcription factors 

are involved in mediating some of the beneficial responses of the Arabidopsis sulfur 

metabolism upon SA187 colonization.  

The sulfur regulon contains 27 genes that are all related to the sulfur metabolism and are 

mostly located in the chloroplast (Henríquez-Valencia et al. 2018). Our transcriptome 

analysis indicated that SA187 regulates several genes of the sulfur regulon in Arabidopsis, 

in particular ChaC-like family protein and ATSDI1, which were among the significantly 

responded genes to sulfate starvation in the meta-transcriptomic study by Henríquez-

Valencia et al. (2018) (Fig. 4d). To test the hypothesis that bacterially produced KMBA 

induces ethylene and thereby regulates the sulfur regulon, we performed transcriptome 

analysis of KMBA- or ACC-treated Arabidopsis plants under salt stress conditions. 

Comparison of the sulfur regulon transcript levels of KMBA- and ACC-treated 

Arabidopsis with SA187-colonized plants (Figs. 4a-d and S4A) supports the model that 



124 
 

KMBA produced SA187 regulates the sulfur metabolism of Arabidopsis via the ethylene 

signaling pathway (Fig. 5). 

The sulfur metabolism is not only linked to protein synthesis and ethylene signaling, but is 

also an essential precursor of glutathione biosynthesis, thereby providing a key factor for 

ROS detoxification. Salt stress is known to induce ROS accumulation in Arabidopsis and 

other plants and is considered to be one of the major detrimental factors to plants under 

these conditions. We therefore tested whether SA187 can protect Arabidopsis from 

enhanced ROS levels under salt stress. Indeed, SA187 could reduce salt stress-induced 

ROS levels in Arabidopsis. Interestingly, part of the sulfur regulon are four LSU genes, 

encoding chloroplast targeted proteins that directly interact and activate the Fe-Superoxide 

dismutase FSD2. Importantly, the hypersensitive salt phenotype of amiR-LSUc mutants 

could be almost completely suppressed by SA187. These data support the role of LSUs as 

protein hubs linking sulfur metabolism to salt stress-induced chloroplast dysfunction 

(Eaton et al. 2011) and provide a further link of SA187 and the Arabidopsis sulfur 

metabolism during salt stress tolerance.  

 

Conclusions 

 

Overall, our data suggest that upon endophytic interaction of SA187 with Arabidopsis, a 

nutrient-rich environment is provided by the host plant favoring bacterial growth and 

proliferation. In exchange, SA187 protects its host from the negative effects of salt stress 

conditions through providing the metabolite KMBA, which can be converted to ethylene 
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but also other compounds such as methionine or cysteine.  Ethylene signaling in 

Arabidopsis regulates the sulfur regulon, comprising a large fraction of the sulfur metabolic 

enzymes, thereby regulating sulfate uptake and the generation of cysteine and methionine 

that serve not only as precursors for protein synthesis but also for the synthesis of the 

important antioxidants glutathione or polyamines that can help to detoxify ROS. SA187 

thereby protects plants from the negative effects of salt stress and maintains photosynthesis 

and plant growth. Regulation of the sulfur metabolism does not seem to be unique to 

SA187. Recently, Cheng et al. (2017) have identified the APS reductase gene cysH as a 

key factor for the beneficial interaction of Pseudomonas fluorescens with Arabidopsis. 

They also found that the sulfur metabolism of Arabidopsis plays an important role in P. 

fluorescens induced systemic resistance and growth. Therefore, the coordination of the 

bacterial and the host plant sulfur metabolisms seems to be central in protecting plants from 

abiotic and biotic stress conditions.  

 

Materials and Methods  

 

Plant growth conditions and inoculation. Arabidopsis thaliana Col-0 was used as wild 

type. Mutated lines sultr1;2 (Shibagaki et al. 2002), apk1 apk2 double mutant of 

SALK_053427 (apk1-1) and SALK_093072 (apk2-1) (Mugford et al. 2009), apr2 (Loudet 

et al. 2007), fry1 (Hirsch et al., 2011), sir1 (Khan et al. 2010) and amiR-LSUc (García-

Molina et al., 2017) were also used. Arabidopsis seedlings were grown as described in Saad 

et al. (2018). Briefly, Arabidopsis seeds were surface sterilized 10 min in 70% EtOH + 

0.05% sodium dodecyl sulfate on a shaker, washed twice in 96% EtOH and air dried. 
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Sterilized seeds were sown on half-strength Murashige and Skoog (Murashige and Skoog, 

1962) (½MS) agar plates (0.9% agar) inoculated with SA187 and stratified for 2 days at 

4˚C in darkness. After stratification, seeds were germinated vertically for 5 days at 22 °C 

and 16/8 h light/dark cycle with photon flux density 150 μmol m−2 s−1 during the light 

cycle. Uniformly germinated seedlings with 1 cm root length were then transferred and 

grown vertically in ½MS plates without (non-salt, ½MS) or with 100 mM NaCl (salt stress, 

½MS+100 mM NaCl), and grown for another 12 days. Six seedlings were transferred to 

each plate. To prepare the SA187 inoculum, overnight bacterial cultures in LB broth 

(Sigma) were harvested, centrifuged 15 min at 3,000 rpm, washed twice in liquid ½MS 

and resuspended in ½MS to a final OD600 = 0.2 (~107 CFU). Plates containing 50 ml of 

cooled-down ½MS or ½MS+100 mM NaCl were inoculated with 0.1 ml of the bacterial 

suspension (~107 CFU) and let solidify. At the end of the experiment, whole 17 days-old 

plantlets where collected and immediately submerged in liquid nitrogen, then stored at -

80˚C until needed.  

 

Plant screening assays. The salt stress tolerance assays and different ethylene precursors 

treatments, ACC (100 nM) and KMBA (100 nM), were done as described in de Zélicourt 

et al. (2018) with some modifications. Briefly, 5 days-old colonized seedlings were 

transferred onto ½MS plates with or without 100 mM NaCl (Sigma). Primary root length 

was measured every 2 days using ImageJ software after scanning the plates. Lateral root 

density was evaluated as detectable number of lateral roots under a stereo microscope 

divided by the primary root length. Fresh weight of shoots and roots was measured 17 days 
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after transfer of seedlings. Dry weight was measured after drying shoot and roots for 2 days 

at 70°C. 

 

Bacterial growth conditions. For preparing bacteria only samples, Enterobacter sp. SA187 

was grown overnight in LB broth until reached exponential growth phase. A volume of this 

pre-culture was collected, centrifuged and pelleted cells were washed twice with ½MS and 

resuspended to a final OD600 = 0.2 (~107 CFU). Five hundred microliters of this bacterial 

suspension were inoculated into 50 ml of ½MS or ½MS+100 mM NaCl, and the bacterial 

culture was incubated 4h at 28˚C, in darkness. To evaluate the effect of sugar in the 

bacterial metabolism, broth was supplemented with 1% sucrose. After incubation, 20 ml 

of bacterial culture were harvested and the cell pellet (~1.4·1010 CFU) was stored at -80˚C 

until needed. 

 

Sulfur quantification. Sulfur was measured for 21 days-old shoot and root dry samples by 

digestion method, using 2 mL of freshly prepared 1% HNO3 (trace metal grade, Fisher 

Scientific) that was added to the pre-weighed shoot and root samples. After digestion, 1 

mL of samples were transferred to volumetric test tubes and diluted to a final volume of 50 

mL with 1% HNO3. The concentration of sulfur was determined using Inductively Coupled 

Plasma Optical Emission Spectrometer (Agilent 5110 - ICP-OES Agilent Technologies, 

USA) with the following conditions: 1.2 KW RF power, 0.7 L/min nebulizer flow, 12.0 

L/min plasma flow, 1.0 L/min auxiliary flow, argon gas, 8 mm viewing height and axial 

viewing mode. 
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RNA extraction. To determine gene expression in free-living SA187 (“B”, “SB”), total 

RNA of SA187 cultured in liquid medium was extracted by using RiboPureTM Bacteria kit 

(Ambion), following manufacturer’s instructions with the following modifications: During 

the cell lysis step, no beads were used and samples were disrupted using the PowerLyzer® 

24 homogenizer (Mobio) with the following set-up: 3 cycles 30 sec “on” - 30 sec “off”. To 

simultaneously capture bacterial and plant transcripts, high-quality total RNA was isolated 

from 17 days-old SA187 colonized Arabidopsis seedlings (“PB”, “SPB”), as well as 

separately shoots and roots (“SP”, “SPB”, “SP+ACC”, “SP+KMBA”), by using the 

Nucleospin RNA plant kit (Macherey-Nagel) as described in de Zélicourt et al. (2018). 

RNA concentration was assessed by using a QubitTM 2.0 Fluorometer and the RNA BR 

assay kit (Invitrogen), and total RNA integrity was verified by using a 2100 Bioanalyzer 

and the RNA 6000 Nano assay (Agilent).  

 

RNA-Seq library preparation and sequencing. As starting material, 1 µg RNA from 

bacteria samples and 1 µg RNA from dual samples (plant + bacteria) were used. Total RNA 

from bacteria only samples were depleted of ribosomal RNA (rRNA) by using Ribo-Zero 

Magnetic Kit (Bacteria) (Epicentre/Illumina). For rRNA removal of plant+bacteria 

samples, 1:1 mixture of Ribo-Zero Magnetic Kit (Bacteria) and Ribo-Zero Magnetic Kit 

(Plant Leaf) was used. After rRNA depletion, RNA-Seq libraries were prepared by using 

the TruSeq Stranded Total RNA LT kit (Illumina). Final cDNA libraries were sequenced 

by using HiSeq2500 at the Core Lab Bioscience Platform (King Abdullah University of 
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Science and Technology (KAUST), Saudi Arabia). Three biological replicates of each 

sample were used.  

 

RNA-Seq analysis and quantification of differential gene expression. Strand-specific 

paired-end sequencing of RNA-Seq samples was performed by using Illumina HiSeq2500 

with a read length of 101 bp. Reads were quality-controlled by using FASTQC 

(http://www.bioinformatics.babraham.ac.uk/projects/ fastqc/) and those with a FASTQC 

quality score > 30 were considered for further analysis. Removal of low quality sequences 

and adaptor sequences, as well as additional trimming of 5’- and 3’-ends of bacteria derived 

reads, was performed by using Trimmomatic (Bolger et al. 2014) applying the following 

parameters: Minimum length of 36 bp, mean Phred quality score (Q) greater than 30, 

leading and trailing bases removal with base quality below 3, sliding window of 4:15. 

Clean reads were then mapped to the reference genomes by using TopHat (v2.0.9) 

(Trapnell et al. 2009). Reads derived from “B” and “SB” samples were mapped to the 

Enterobacter sp. SA187 genome (CP019113) downloaded from the in-house INDIGO data 

warehouse (Alam et al. 2013), while reads derived from “PB” and “SPB” samples were 

mapped to a concatenated sequence built up by both SA187 and Arabidopsis genomes. 

Arabidopsis TAIR 10 genome was downloaded from The Arabidopsis Information 

Resource (TAIR) (https://www.arabidopsis.org). In the present study, only reads that 

mapped to the bacterial genome were taken into account from dual samples. Transcript 

assembly, quantification and differential expression analysis was performed by using 

Cufflinks v2.2.0 (Trapnell et al. 2010). To overcome the difference of sequence coverage 

between cultured bacteria and endophytic samples (Table S1), library size normalization 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.arabidopsis.org/
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was applied before DEG analysis. Sequencing saturation was analyzed to assess whether 

the sequencing depth was sufficient to ensure the quality of the RNA-Seq experiment. 

Saturation curves were generated by using the R package RNA-SeQC (Goff LA et al. 

2012). The reproducibility of the 3 biological replicates was assessed by calculating the 

Pearson’s correlation of normalized gene expression in reads per kilobase per million 

mapped reads (RFKM). Differentially expressed gene (DEG) analysis was performed by 

averaging FPKM from all 3 biological replicates for each sample. CummeRbund (v2.0.0) 

was used for visualization of DEG (Goff et al., 2012). To identify differentially expressed 

genes, the threshold of q-value ≤ 0.05 was used. Additionally, genes were considered to be 

regulated if 0.5 > fold-change > 2.  

 

RNA-Seq analysis and quantification of differential gene expression of plant tissues 

(shoots and roots). Total RNA was extracted from 21 days-old plant tissues shoots and 

roots in presence or absence of SA187, treated with KMBA or ACC under 100 mM NaCl 

using Nucleospin RNA plant kit (Macherey-Nagel) as described in de Zélicourt et al. 

(2018). RNA samples were sequenced using Illumina deep sequencing. Three biological 

replicates were sequenced per condition. Samples were sequenced using HiSeq4000 with 

a read length of 150bps. Sequenced reads were checked for quality using FASTQC 

(Andrews et al. 2012). Trimmomatic V0.36 (Bolger et al. 2014) was used to filter low 

quality reads and bps with the following parameters: Minimum length of 36 bp; Mean 

Phred quality score greater than 30; Leading and trailing bases removal with base quality 

below 3; Sliding window of 4:15. Trimmed reads were aligned to TAIR10 (Lamesch et al. 

2012) genome using Tophat V2.0.9 (Kim et al. 2013). Aligned reads were then used to 
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calculate the number of reads per gene using FeatureCounts version 1.6.5 (Liao et al. 2014), 

and FPKM was calculated using Cufflinks v2.2.1 (Trapnell et al. 2012). The differential 

expression between two samples was calculated using Cuffdiff from Cufflinks v2.2.1 

(Trapnell et al. 2012) package. To identify the differentially expressed genes, specific 

parameters (p-value 0.05 and statistical correction: Benjamini Hochberg; FDR 0.05) were 

used. Genes that show 0.5 > fold-change > 2 and q-value ≤ 0.05 to the mock were 

considered to be regulated. Regulated genes functional annotation was carried out using 

AgriGO2 (Tian et al. 2017). Common genes that are up/down regulated, between different 

comparisons are done using Venny2 (Oliveros. 2018).   

 

RNA-Seq validation by RT-qPCR. To validate the results derived from the bacterial single 

and dual RNA-Seq experiments, 50 DEGs were selected and their gene expression 

analyzed by RT-qPCR by using specific primers (Table S2). Primers were designed by 

using Primer-Blast on-line tool available at the National Center for Biotechnology 

Information (NCBI) (https://www.ncbi.nlm.nih.gov/tools/primer-blast/). The translation 

initiation factor IF-2 (infB) was used as reference gene (de Zélicourt et al. 2018). The 

cDNAs used as template for RT-qPCR were synthesized by using SuperscriptIII 

(Invitrogen) and oligo-dT following manufacturer’s recommendations. RT-qPCR reactions 

were carried out in a CFX96 Touch™ Real-Time PCR Detection System (BIO-RAD) as 

follows: 95°C for 10 min; 40X~ [95°C for 10 sec and 60°C for 40 sec] followed by a 

dissociation step (melting curve) to validate the PCR products. Reactions were performed 

in 3 technical replicates from each biological replicate, and the relative gene expression 

was calculated using the ∆∆CT method. 

https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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For the RT-qPCR analysis of plant tissues roots and shoots, cDNAs were synthesized by 

using SuperscriptIII (Invitrogen) and oligo-dT following manufacturer’s 

recommendations. RT-qPCR reactions were carried out in a CFX384™ Real-Time PCR 

Detection System (BIO-RAD) as follows: 50°C for 2 min; 95°C for 10 min; 39X~ [95°C 

for 10 sec and 60°C for 40 sec] followed by a dissociation step (melting curve) to validate 

the PCR products. Reactions were performed in 3 technical replicates from each biological 

replicate. The reference genes used in this analysis were UBIQUITIN10 (At4g05320) and 

ACTIN2 (At3g18780) (Henríquez-Valencia et al. 2018), and the relative gene expression 

was calculated using the Bio-Rad CFX manager software. 
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TABLES 

 

Table1. Differentially expressed genes (DEGs) (normalized FPKM, q < 0.05)   

1A. Enterobacter sp. SA187 DEGs 

Investigated 

effect 

Salt stress (100 mM NaCl) Interaction with Arabidopsis 

Comparison 

SB vs. 

B 

(free-

living) 

%* 

SPB vs. 

PB 

(endophy

tic) 

%* 

PB vs. B 

(0 mM 

NaCl) 

%

* 

SPB vs. 

SB 

(100 mM 

NaCl) 

%* 

Upregulated 79 

1.7

1 

5 

0.1

1 

1050 

22.

8 

696 15.1 

Downregulate

d 

169 

3.6

7 

15 

0.3

2 

587 

12.

7 

633 13.7 
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Total 

regulated 

248 

5.3

8 

20 

0.4

3 

1637 

35.

5 

1329 28.8 

1B. Arabidopsis DEGs  

Investigated 

treatment 

SA187 

inoculation 

ACC 100mM MKBA 100mM 

Comparison 

SPB vs. 

SP 

%** 

SPACC vs. 

SP 

%** 

SPKMBA vs. 

SP 

%** 

 Root 

Upregulated 187 0.68 322 1.18 85 0.31 

Downregulated 240 0.88 968 3.54 343 1.25 

Total regulated 427 1.56 1290 4.71 428 1.56 

 Shoot 

Upregulated 89 0.33 283 1.03 178 0.65 

Downregulated 813 2.97 1684 6.15 910 3.32 

Total regulated 902 3.30 1967 7.19 1088 3.98 

*Percentage of SA187 genome identified to be regulated  

**Percentage of Arabidopsis genome identified to be regulated 
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Figure S1. Scanning Electron Micrograph (SEM) of bacteria colonizing the surface of 

Arabidopsis roots (a). Absolute quantification of bacteria colonizing 21 days-old 
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Arabidopsis seedlings by RT-qPCR (b). Sequencing saturation curves obtained with R 

package RNASeQC (Rstudio v1.0.136): free-living SA187 in ½MS (“B”) or ½MS+100 

mM NaCl (“SB”), and plant-associated SA187 in ½MS (“PB”) or ½MS+100 mM NaCl 

(“SPB”) (c). Linear regression coefficient correlation matrix of all biological replicates, 

percentage of mapped reads among different transcripts (trna = transfer RNA, rrna = 

ribosomal RNA, ncrna= non-coding RNA, mrna = messenger RNA), and hierarchical 

clustering of fragments per kilobase of transcript per million mapped reads (FPKM) show 

a clear separation between free-living and plant-associated bacteria and the replicate SB1 

as an outlier (d). Pair-wise plots of linear regression of log10(FPKM) between biological 

replicates of free-living and plant-associated SA187. The plotted data correspond to the 

normalized gene expression in log10 (FPKM). Scatter plots were generated with R, R2 = 

linear regression coefficient error (Rstudio v1.0.136) (e).              
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Figure S2. Volcano plots of SA187 DEGs in free-living and endophytic conditions with 

and without salt. To analyze the effect of salinity, SA187 in ½MS + 100 mM NaCl (SB) 

was compared to SA187 grown in ½MS (B) in both free-living and plant-associated 

conditions. The threshold for statistically significant differential expression was q-value < 

0.05 and fold-change = 2.  Upregulated genes (log2 (fold-change) > 1) are in orange and 

downregulated genes (log2 (fold-change) < -1) are in purple (a). MA plots, representing 

the gene expression fold change (M-axis) versus the mean gene expression values (A-axis) 

for each comparison. Dotted blue line marks the differential expression fold change = 2 

[log2(fold change) = 1], indicating those genes showing M > 1 as up-regulated and those 

showing M < -1 as down-regulated. Scatter plots were generated with R (Rstudio v1.0.136). 

Zero values of FPKM are ignored. M = log2 (log10(FPKM2)/(log10(FPKM1)), A = 

1/2log2(log10(FPKM1) *log10(FPKM2)) (b). KEEG functional analysis of DEG. 

Metabolic processes regulated in response to salt in free-living (SB vs. B) and plant-

associated SA187 (SPB vs. PB). Y-axis = KEGG functional categories. X-axis = number 

genes or KO identifiers annotated in KEGG knowledgebase from each subset of regulated 

genes in our analysis. Up-regulated metabolic processes are in red and down-regulated in 

blue (c). 

  

 

 

 



151 
 

 

Figure S3. Validation of SA187 RNA-Seq results by RT-qPCR. Heatmaps constructed 

using gene expression values (normalized FPKM) from RNA-Seq experiments and relative 

expression values obtained from RT-qPCR analysis of B, SB, PB and SPB (a). Correlation 

plot between RNA-Seq and RT-qPCR gene expression ratios (differential expression) of 

selected genes among the four analyzed comparisons (SB vs. B, SPB vs. PB, PB vs. B, SPB 

vs. SB) showing strong correlation between both methods (b). Heatmap constructed using 

gene relative expression values from RT-qPCR data of selected SA187 genes of P, PB, 

Bsuc, SB, SPB and SBsuc, showing that the addition of 1% sucrose to the growth medium 
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do not completely mimics the endophytic state of the bacteria. B = free-living bacteria 

under control conditions, SB = free-living bacteria under salt stress, PB = endophytic 

bacteria under control (mock, non-salt) conditions, SPB = endophytic bacteria under salt 

stress, Bsuc = free-living bacteria in ½MS + 1% sucrose, SBsuc = free-living bacteria in 

½MS + 100 mM NaCl + 1% sucrose (c). Correlation plot between RT-qPCR gene 

expression values of selected SA187 genes under free-living conditions grown in ½MS 

without (B) and with 1% sucrose (Bsuc) (d) and between endophytic (PB) and free-living 

SA187 grown in ½MS with 1% sucrose (Bsuc) (e), showing there is no clear correlation 

between the compared conditions. 

 

 

 

 

 



153 
 

 

Figure S4A. RT-qPCR validation of bacteria only and dual RNA-Seq experiments. 

Average expression values of 3 biological replicates. Y-axis = normalized gene expression 

in FPKM, for RNA-Seq, and relative gene expression for RT-qPCR. *RNA-Seq values 

were taken from De Zélicourt et al. (2018).  

  

Figure S4B. RT-qPCR validation of plant tissues RNA-Seq experiments. Average 

expression values of 3 biological replicates. Y-axis = normalized gene expression in 

log2(FPKM), for RNA-Seq, and relative gene expression for RT-qPCR (a). Normalized 

gene expression of statistically significant (q≤0.05) up-regulated photosynthesis genes in 

Arabidopsis shoots treated with ACC, KMBA and SA187, compared to non-treated 

controls, under salt stress conditions. Y-axis = log2(fold-change) (b). 
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Figure S5. KEGG orthology (KO) Brite functional analyses. Metabolic processes with at 

least 5 differentially expressed genes (DEG) hits were considered. Biological processes 

commonly regulated in plant-associated SA187 versus free-living, under both non-salt and 

salt stress conditions (a). Biological processes specifically regulated in plant-associated 

SA187 versus free-living specifically under non-salt conditions (b).  Biological processes 

specifically regulated in plant-associated SA187 versus free-living specifically under salt 

stress conditions (c). Those processes showing >10 DEG hits are highlighted with an arrow. 

Up-regulated categories are in red and down-regulated ones in blue. The total number of 

up/down -regulated genes are indicated in parenthesis. 
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Figure S6. Overview of the main regulated pathways in SA187 metabolism. Upregulated 

(red) and downregulated (blue) metabolic processes in endophytic compared with free-

living SA187, under both non-salt and salt conditions. APS = adenyl sulfate, PAPS = 3’-

phosphoadenylyl sulfate, KMBA = 4-methylthio-2-oxobutanoate, MCPs = methyl-

accepting chemotaxis proteins, Tar = methyl-accepting chemotaxis protein II, aspartate 

sensor receptor, Trg = methyl-accepting chemotaxis protein III, ribose and galactose sensor 

receptor, Tap = methyl-accepting chemotaxis protein IV peptide sensor receptor, Tsr = 

methyl-accepting chemotaxis protein I, serine sensor receptor, PGA = poly-beta-1,6-N-

acetylglucosamine, GG2P = geranyl-geranyl-PP (diphosphate), PRPP = 5-phospho-a-D-

ribose 1-diphosphate. Red denotes up- and green down-regulated genes. 
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Figure S7. Analysis of the addition of 1% sucrose to MS both in the modification of 

relative expression of RT-qPCR validated genes. Y-axis = relative expression (arbitrary 

units), x-axis = analyzed condition: B = bacteria under mock condition (½MS), SB = 

bacterial under salt stress condition (½MS + 100 mM NaCl), PB = plant-associated bacteria 

under mock condition, SPB = plant-associated bacteria under salt stress condition, Bsuc = 

bacteria in ½MS+1% sucrose (control), SBsuc = bacteria in ½MS+100 mM NaCl+1% 

sucrose (salt stress). 
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Figure S8. Effect of SA187 inoculation in Arabidopsis on ½MS (0 mM NaCl). Shoot and 

root sulfur levels of Arabidopsis grown under control conditions, in the presence or absence 
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of SA187. Values represent means of 3 biological experiments, each in 3 technical 

replicates (N = 9). Error bars represent standard error (SE). Differences were not 

statistically significant (a). Total fresh weight beneficial index of 21 daysold plants treated 

with SA187, 100 nM L-methionine, 100 nM L-cysteine or 1mM MgSO4, on 0 mM NaCl. 

Values represent means of 3 biological experiments, each in 10 technical replicates (N = 

30). Error bars represent standard error (SE). Asterisks indicate the statistically significant 

difference based on the Mann-Whitney test (*p < 0.05; **p < 0.01) when compared to 

mock plants (b). Gene Ontogoloy (GO) analysis. Top functional annotation terms that have 

been identified to be up-regulated and down-regulated in SA187-inoculated Arabidopsis 

shoots and roots (blue) when comparing with non inoculated ones (yellow) (c). Total fresh 

weight beneficial index of non-colonized (grey) and SA187-colonized (green) 21 days old 

wild type, sultr1, apk1/2, apr2, fry1, sir-1 or amiRNA-LUSc plants under control 

conditions (½MS+0 mM NaCl). Values represent means of 3 biological replicates, each in 

12 technical replicates (N = 36). Error bars represent standard error (SE). Asterisks indicate 

the statistically significant difference based on the Mann-Whitney test (**p < 0.01; ***p < 

0.001) when compared to non-inoculated wild type plants (d).  
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Figure S9. Quantification of sulfur amino acids in shoot and roots of 17 days-old 

Arabidopsis plants grown on either ½MS (mock) or ½MS + 100 mM NaCl (salt stress), in 

the presence (green) or absence (grey) of SA187. X-axis values are relatives to mock and 

absence of SA187 conditions. The values represent the mean of 6 biological replicates (N 

= 6). Error bars represent the standard error (SE). Asterisks indicate the statistical 

significance based on Tukey HSD test of log transformed data  (*** p<0.005). 
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Figure S10. Quantification of sulfur amino acids in shoot and roots of 17 days-old 

Arabidopsis plants grown on either ½ MS (mock) or ½ MS + 100 mM NaCl (salt stress), 

in the presence (green) or absence (grey) of SA187. X-axis values are relatives to mock 

and absence of SA187 conditions. The values represent the mean of 6 biological replicates 

(N = 6). Error bars represent the standard error (SE). Asterisks indicate the statistical 

significance based on Tukey HSD test of log transformed data (* 0.01<p<0.05, ** 

0.005<p<0.01, *** p<0.005). 
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Plant materials 

 

REAGENT or 

RESOURCE 
SOURCE IDENTIFIER 

Col-0 NASC ID: N1092  Columbia 

sultr1;2  Shibagaki et al. 2002 
specific sulfate transporters 

(SULTR) 

 apk1 apk2  Mugford et al. 2009 APS kinase (APK) 

2-Apr Loudet et al. 2007 
adenosine 5'-phosphosulfate 

reductase 

fry1  Hirsch et al., 2011 FIERY1 

sir1  Khan et al. 2010 sulfite reductase (SiR)  

LSU2 García-Molina et al., 2017 response to Low SUlfur 

cucumber Zahran Cucumis sativus 

Indigofera argentea  Jizan Indigofera argentea  

alfalfa  Medicago sativa Medicago sativa 
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Chapter 4: Conclusions and Perspectives 

Climate change and overpopulation make abiotic stresses the biggest limiting factors in 

agricultural productivity and rapid solutions are needed to maintain food production at the 

current rate in the coming decades. One of the sustainable solutions is the use of beneficial 

microbiomes in mitigating drought and salt severity. Here, in chapter 3, we report that the 

endophytic bacterium Pseudomonas argentenensis sp. SA190 enhances drought stress 

tolerance in plants. In non-colonized Arabidopsis plants, water deprivation induced 

stomatal closure and reduced transpiration followed by growth arrest and ultimately plant 

death. In contrast to non-colonized plants, the plants colonized with SA190 did not shut 

down photosynthesis or close their stomata and showed 5 – 6 fold growth enhancement. 

Genetic, biochemical and physiological analysis in Arabidopsis showed that SA190 

induced drought tolerance occurs by differential expression of multiple aquaporin genes 

regulating plant water-use efficiency (WUE). Inhibition of aquaporin function abrogated 

SA190-induced plant drought tolerance. Aquaporin gene expression by SA190 exclusively 

occurs under drought conditions, suggesting that SA190 reprograms gene expression of its 

host plant by a priming mechanism, termed hydropriming. SA190 constitutively deposits 

H3K4me3 marks on aquaporin genes, predisposing the host plant to differential aquaporin 

expression under stress conditions. Open field trials of SA190 with alfalfa (Medicago 

sativa) and with cucumber in green house production conditions underscore the agronomic 

potential of SA190 to protect plants from drought stress and its use as an efficient means 

to reduce water consumption in agriculture. In a nutshell, we introduce a beneficial root 

bacteria which can help grow crops under drought prone and arid environments by 

improving their water use efficiency.  
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SA187 also enhances salt tolerance of the model plant Arabidopsis thaliana in vitro 

conditions and of the crops in the field. In Chapter 4, we used single and dual 

transcriptomics to investigate the changes in metabolic reprogramming of SA187 upon the 

establishment of symbiosis with Arabidopsis. Upon symbiosis, reprograming of the central 

carbon and energy metabolism was observed in both host and bacterial symbiont. In 

addition, SA187 massively modified the transporter repertoire for nutrient uptake and 

metabolite export. Changes in gene expression involved in chemotaxis and flagellar 

biosynthesis, as well as quorum sensing and biofilm formation were correlated with the 

endophytic life style of SA187 during symbiosis. At the same time, the host plant showed 

changes in gene expression for sulfur metabolic pathways. Overall, our results give insight 

into the coordination of sulfur metabolic and signaling pathways during the interaction of 

SA187 and Arabidopsis thaliana plants.  

Future work 

 From the Darwin21 microbiome libraries, we have already isolated 107 beneficial 

as well as pathogenic (with defective infection systems) Pseudomonas species from 

different regions of KSA, Jordan and Pakistan. Next, we aim to perform 

comparative genomic and transcriptomic analysis of these strains to correlate the 

plant phenotype with respective genes and pathways. This study will help to 

understand the various (common as well as different) mechanisms of the 

Pseudomonas strains isolated from different desert plant species to induce drought 

stress tolerance in plants. Using SA190 as a reference, we can also obtain insight 

into the uniqueness of SA190 with respect to other Pseudomonas strains and its 

particular potential to alleviate drought stress. 
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 SA187 is believed to provide multiple Sulphur containing compounds to its host 

plant (Andrés-Barrao et al., 2021). The is obvious from the fact that Sulphur 

pathway is induced in SA187 when it comes in contact with the plant. However, 

the sensing of SA187 provided sulphur compounds by the host plant is not known. 

One of the key pathways for nutrient sensing in general and sulphur sensing in 

particular is TOR (target of rapamycin) pathway (Dong et al., 2017). Next, we 

would like to use genetic approaches by exploiting mutant plants of TOR pathway 

to understand the sensing of the SA187 provided sulphur. The sulphur compounds 

provided by SA187 could be amino acids like Methionine or Cystine. We will 

investigate the insensitivity of TOR mutants to external supplementation of Met 

and Cys in the growth media. Plants utilize excessive S-containing amino acids by 

converting them into SAM (S-adenosyl Methionine) via the Methionine cycle (Hua 

et al., 1998). SAM is the main methyl-group donor for all the cellular DNA, lipid 

and protein (including Histone) methylations. We will quantify the dynamic SAM 

levels in the plants before and after SA187 treatment. This can explain the already 

reported histone priming induced by SA187 observed during heat stress 

(Shekhawat et al., 2021) 
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