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ABSTRACT
Induction of Salt Tolerance by Enterobacter sp. SA187 in the Model
Organism Arabidopsis thaliana
Hanin Alzubaidy

Arid and semi-arid regions, mostly found in developing countries with
exponentially increasing populations, are in chronic lack of water thereby severely
limiting agricultural production. Irrigation with saline water, which is available in
large quantities, could be an obvious solution, but current crops are all salt
sensitive. Although major efforts are underway to breed salt tolerant crops, no
breakthrough results have yet been obtained. One alternative could rely on plantinteracting microbiota communities. Indeed, rhizophere and endosphere microbial
communities are distinct from those of the surrounding soils, and these specific
communities contribute to plant growth and health by increasing nutrient
availability or plant resistance towards abiotic and biotic stresses.

Here we show that plant microbe interactions induce plant tolerance to multiple
stresses. From a collection of strains isolated from the desert plant Indigofera
argentea, we could identify at least four different strategies to induce salt stress
tolerance in Arabidopsis thaliana. A deep analysis of Enterobacter sp.
SA187 showed that it induces Arabidopsis tolerance to salinity through activation
of the ethylene signaling pathway. Interestingly, although SA187 does not
produce ethylene as such, the association of SA187 with plants induces
the expression of the methionine salvage pathway in SA187 resulting in the
conversion of bacterially produced 2‐keto‐4‐methylthiobutyric acid (KMBA) to
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ethylene. In addition, a metabolic network characterization of both SA187 and
Arabidopsis in their free-living and endophytic state revealed that the sulfur
metabolic pathways are strongly upregulated in both organisms.
Furthermore, plant genetic experiments verified the essential role of the sulfur
metabolism and ethylene signaling in plant salt stress tolerance. Our findings
demonstrate how successful plant microbes of a given community can help other
plants to enhance tolerance to abiotic stress, and reveal a part of the complex
molecular communication process during beneficial plant-microbe interaction.
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Chapter 1: Introduction
Abiotic stressors, such as drought stress, salt stress, and temperature stress impact
negatively the photosynthesis rates, stomatal conductance, and increase the
production of reactive oxygen species (ROS) thereby impact negatively the plant
development (Hussain, Shaukat et al. 2019). The combination of these three
abiotic stressors can be witnessed in salt-affected lands and dryland (Hussain,
Shaukat et al. 2019).

Salt affected lands are mostly occurring in arid and semi-arid regions, the size of
the farm holding is small (Wicke, Smeets et al. 2011). The farmers are
dramatically affected by the degraded quality of the land and huge losses of crop
yield leading to underproduction and subsequent poverty and hunger. An example
of the productivity losses in the Indo-Gangetic Basin, India: crops of wheat, rice,
sugarcane and cotton are grown on salt affected land have resulted in 40%, 45%,
48%, and 63% yield loss, respectively, as a consequence 50 to 80 men discharged
per day, and human and animal health problems were rising (Tripathi 2009). A
quick solution is needed to restore the cultivability of the land and enhance its
productivity (Qadir and Oster 2004) for sustainable agriculture and livelihoods in
communities. An improvement in salt tolerance of crops can play a major part in
the solution. There are several approaches to increase abiotic stress tolerance of
plants.

The oldest approach consists of conventional breeding to create stress tolerant
cultivars. In spite of its huge success; it is time, cost and labor intensive
(Coleman-Derr and Tringe 2014). The second more recent approach is through
genetic modification of transcription factors, Na+/K+ transporters and antioxidant
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proteins to produce salt tolerant crops (Deinlein, Stephan et al. 2014).
Noteworthy, both approaches neglect the ecological context and the interactions
that take place between the plant and various organisms that showed a high ability
to promote the plant tolerance to abiotic and biotic stress. It is important to
mention that these approaches are exclusive to a single host species. In addition,
cultivars from both approaches are not available for small farm holders (ColemanDerr and Tringe 2014).

By far the most promising approach is through exploiting plant beneficial
microbes. Plant beneficial microbes have been shown to confer abiotic stress
tolerance to a variety of diverse plants and promote crop productivity (Barrow,
Lucero et al. 2008, Marasco, Rolli et al. 2012). It has been clearly demonstrated
by Bano et al. (2009) that beneficial microbes conferred salt stress tolerance to
Zea mays through many positive adaptive responses of the plant, such as
decreased electrolyte leakage, increased production of osmoprotectants (proline),
selective uptake of K+ and maintenance of leaf water content (Bano and Fatima
2009). In addition, it was demonstrated by Marasco et al. (2013) that a beneficial
microbe isolated from the roots of olive trees and pepper plants under desert
farming conditions, conferred drought stress tolerance to the grapevine, tomato,
and pepper plants (Marasco, Rolli et al. 2013). An advantage of the beneficial
microbe approach is that it can confer more than one type of abiotic stress or
biotic stress tolerance (Rodriguez, Henson et al. 2008), and in drylands, crops
suffer from multi-stress factors.
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Figure 1.1: Benefits of plant-beneficial microbe approach to enhance stress
tolerance in plants (Coleman-Derr and Tringe 2014).
Besides, beneficial microbes that have coevolved with their host in nature have an
enormous repository of genetic information for adaptation in their natural
environmental conditions, a concept of “habitat-specific symbioses” (Rodriguez,
Henson et al. 2008). Their research showed that endophytic fungal symbionts
isolated from coastal, arid and agricultural lands conferred salt, drought and
disease tolerance, respectively. Moreover, these beneficial effects can be
conferred on diverse plant species, including monocots and eudicots.

This insight leads us to a conclusive idea, in order to confer salt and drought stress
tolerance to crops, the optimal place to hunt for the beneficial microbes is in the
deserts. Interestingly, some studies showed that the host plant lost its resistance to
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abiotic stress in the absence of its associated microbes (Redman, Sheehan et al.
2002).

Plants are exposed to a wide range of microbes in the soil and their interaction can
be pathogenic or non-pathogenic (Lo Presti, Lanver et al. 2015). From these two
main families, pathogenic plant microbes are classified as necrotrophs, biotrophs
and hemibiotrophs and non-pathogenic as neutral, commensals, and beneficial
microbes (Berendsen, Pieterse et al. 2012).

-

Necrotrophs: they derive nutrients from a dead host cell such as Botrytis
cinerea and Sclerotinia sclerotiorum.

-

Biotrophs: they derive nutrients from a living host cell such as Melampsora
lini and Periglandula ipomoeae.

-

Hemibiotrophs: they have an initial lifestyle of biotrophs then switch to
necrotrophs such as Colletotrichum higginsianum, M.
oryzae and Colletotrichum spp.

-

Neutral microbes: they neither benefit from the host plant directly nor harm or
benefit the host plant.

-

Commensal microbes: they have an undirect beneficial effect on plant and
benefit from the host plant.

-

Beneficial microbes: they benefit the host plant by promoting its growth and
health.
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Figure 1.2: Plant-microbe possible interactions in native environment
(Berendsen, Pieterse et al. 2012).

How various plants have developed different strategies to exploit their beneficial
microbes to fight against pathogens and to gain tolerance to abiotic stresses
simultaneously, has been gaining more interest over the years by microbiologists
and plant scientists.

Studies on plant-microbe interaction have reported the beneficial effects of plant
microbiota on plant growth and health (Pieterse, Zamioudis et al. 2014, Eida,
Alzubaidy et al. 2019) including the increase in elemental and nutrient
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assimilation of host plants, induction of tolerance to abiotic stresses, priming of
immune system, induction of induced systemic resistance (ISR) and systemic
acquired resistance (SAR) therefore conferring tolerance to biotic stresses as well.

Figure 1.3: Plant microbiota regulatory mechanisms (Bakker, Pieterse et al.
2018).
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1.1 PLANT MICROBIOTA REGULATORY MECHANISMS
1.2 NUTRIENT ASSIMILATION
One of the main driving forces for plant-microbe interaction is nutrient
assimilation. Plants give up to 20% of their fixed carbon to the microbiota that
enriches it. In return, beneficial microbes fix nitrogen and solubilize phosphate,
iron, and sulfur for the plant, as these minerals are mostly bound organically in
soil and are not available for plant acquisition (Jacoby, Peukert et al. 2017). Thus,
the nutritional status of the plant and nutrient accessibility to the plant in the
environment have a great role on the plant-microbe interaction.

Phosphate

Phosphorus is essential to the plant for energy transfer such as ATP molecules,
photosynthesis, respiration, and biosynthesis of macromolecules (Saghafi,
Delangiz et al. 2019). Organic and inorganic forms of phosphorus are present in
the soil. However, phosphorus availability to the plant is limited as it can only
uptake inorganic orthophosphate (Pi), and it needs microbial aid to solubilize
inorganic phosphorus in the soil such as hydroxyapatite and Ca3(PO4)2 to Pi for
acquisition (Hiruma, Gerlach et al. 2016).

The interaction between plants and arbuscular mycorrhizal fungi (AMF) for
phosphate assimilation has been well illustrated. This interaction is regulated by
the plant phosphate status and the soil surrounding it (Muller and Harrison 2019).
AM is considered by many studies as extensions of roots, scouting for minerals
especially phosphate.
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However, there are more ways to acquire phosphate from the soil. For instance,
phosphate solubilizing bacteria (PSB), including these genera Achromobacter,
Alcaligenes, Bacillus, Brevibacterium, Rhizobium, Serratia and Xanthomonas,
have the capability to hydrolyze insoluble phosphate to Pi. It was demonstrated
that Pseudomonas aeruginosa, P. mosselii, P. monteilii, P. plecoglossicida, P.
putida, P. fulva and P. fluorescens solubilized phosphate by secreting organic
acids, including citric acid, gluconic acid, propionic acid, succinic acid and lactic
acid (Saghafi, Delangiz et al. 2019).

Interestingly, Arabidopsis thaliana, a non-host plant for AMF, has been found to
be colonized naturally by endophytic fungus Colletotrichum tofieldiae (Ct) in
central Spain by Hiruma et al. (2016). They found that Ct transfers Pi, promotes
Arabidopsis growth, and increases fertility under phosphate starvation conditions
only. It was demonstrated that the plant phosphate starvation response (PSR)
system is necessary for plant growth promotion by Ct (Hiruma, Gerlach et al.
2016). Besides, it was found in another study that under phosphate limiting
condition, Ct-colonized plants were transcriptionally suppressed in their defense
responses, possibly to facilitate the symbiotic interaction (Cheng, Zhang et al.
2019).

In light of these studies, the host nutritional status defines the result of the plantmicrobe interaction hence, the Arabidopsis-Ct relationship is either commensal if
Arabidopsis is grown under sufficient phosphate condition or beneficial if
Arabidopsis is grown under low phosphate condition (Cheng, Zhang et al. 2019).

A recent study checked the effect of plant phosphate status and plant immunity in
the presence of microbial synthetic community. The study found that plant PSR
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mutant assembled altered root microbiota compared to control roots. It also
identified an important transcriptional regulator PHOSPHATE STARVATION
RESPONSE1 (PHR1) that is involve in the regulation of PSR, plant immunity and
root microbiota. Interestingly, PHR1 under low phosphate conditions represses
immunity and shapes microbiota favoring beneficial microbes and prioritizing
plant growth under nutritional stress over plant immunity (figure 4.1) (Cheng,
Zhang et al. 2019). These molecular studies on Arabidopsis could set a basis for
researchers to identify specific inoculum that could promote plant growth under
low phosphate environment (Cheng, Zhang et al. 2019).

Figure 1.4: Host plant-microbe interaction and host phosphate status (Cheng,
Zhang et al. 2019).
Nitrogen

The nitrogen fixation process is the reduction of gaseous N2 to NH3. It is well
known process in the rhizobium (Nitrogen fixing bacterium)-legume interaction
(Zahran 1999). The mechanism of rhizobium-host plant interaction is that bacteria
infect the host plant through root hair by the formation of infection threads. This
symbiotic interaction is started by the excretion of flavonoids from the roots
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which serve as a signal for beneficial bacteria. Indeed, flavonoids induce the
expression of nodulation genes expression in rhizobia to produce
lipooligosaccharides (LCOs) which play a major role for this beneficial interaction
by inducing the formation of root nodules (Limpens, van Zeijl et al. 2015). Inside
the root nodules, nitrogen fixation process occurs, the plant exchange ammonia
with carbohydrates. Ammonia is then converted into ureides or amides that travel
to the xylem.

This plant-microbe beneficial interaction has been well studied and inoculums of
rhizobia are commercially available in the market for many crops (Deaker et al.,
2004).

However, the nodule organogenesis process is tightly controlled by autoregulation
of nodulation (AON), where the number of nodules generated in the root is
determined by the need for nitrogen in the shoot. This mechanism ensures that the
reaction benefit outweighs the energy cost. AON process is regulated by
HYPERNODULATION ABERRANT ROOT FORMATION1 (HAR1), a shoot
receptor for signals originated from roots, and by CLAVATA1-like leucine-rich
repeat receptor–like kinase in the shoot that perceives the CLV3/EMBRYO
SURROUNDING REGION (CLE) peptides synthesized in roots. When CLE is
perceived in the shoot by the mentioned receptors, shoot inhibitory signals are
conveyed through TOO MUCH LOVE (TML), a root factor that encodes a Kelch
repeat-containing F-box protein, to prevent nodule organogenesis (Cheng, Zhang
et al. 2019). TML is the last step of the AON process.

It has been demonstrated that under low nitrogen conditions, legume shoot
communicates with uncolonized root to induce susceptibility to beneficial
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interaction. It was found that microRNA miR2111 travels from shoot to root in
order to post-transcriptionally regulate the symbiosis suppressor TML.
Furthermore, under sufficient nitrogen condition or symbiosis miR2111 level
negatively responds to the symbiosis in HAR1-dependent manner, and nodule
organogenesis is blocked (figure 5.1) (Cheng, Zhang et al. 2019). These findings
illustrate how a host plant can navigate the beneficial interactions with its
microbiota in light of environmental changes.

Figure 1.5: host plant-microbe interaction and host Nitrogen status (Cheng,
Zhang et al. 2019).
Additionally, there is another way to fix nitrogen by beneficial bacteria without
nodules formation (as in rhizobium-legume interaction). Bacteria from the genera
of Azospirillum, Azotobacter, Bacillus, Burkholderia, Herbaspirillum, and
Paenibacillus have the capability to fix nitrogen and transfer to the plant about 20
to 30 kg h−1 year−1 without the need to form nodules (Saghafi, Delangiz et al.
2019). Furthermore, it was demonstrated that these beneficial bacteria can
improve plant growth and health by the production of hormones as well such as
indole acetic acid (IAA), gibberellin and cytokinin (Saghafi, Delangiz et al. 2019).
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It is well accepted by isotope labeling experiments that nitrogen is assimilated by
microbes at first, afterwards, it is up-taken by plants. The reason behind this
phenomenon is that microbes have the machinery to fix nitrogen, and the
availability of nitrate and ammonia to the plant in most natural soil is low (Jacoby,
Peukert et al. 2017).

Iron

Iron is an essential micronutrient to the plants. It is a cofactor of 140 biochemical
catalytic enzymes and therefore, it is vital in different biological processes like
photosynthesis and chlorophyll biosynthesis (Saghafi, Delangiz et al. 2019).
Plants have developed different strategies to acquire iron, and overcome the low
solubility of Fe3+-oxide dilemma in the soil.

Plants can acquire iron using either chelation strategy, reduction strategy, or
siderophore production by beneficial microbes under plant low iron conditions.
The chelation strategy is mainly utilized by grasses. Grass roots excrete
phytosiderophores to chelate Fe3+ and the compound is then taken up by roots
(Jeong and Guerinot 2009). The reduction strategy is found in non-graminaceous
species and dicots. Plants following this strategy excrete protons and organic acids
to acidify the soil, thereby increasing iron availability to the plant (Jeong and
Guerinot 2009). Siderophores are high-affinity iron chelating molecules that are
most commonly produced by beneficial microbes. They are also produced by
grasses known as phytosiderophores. Bacterial siderophores have higher iron
chelating affinity than phytosiderophores and some phytosiderophores can be
degraded by microbes (Bulgarelli, Schlaeppi et al. 2013). Siderophore producing
microbes can compete by their iron scavenging capability with soil-borne
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pathogens and limit their growth in the rhizosphere, a significant trait for
biological control inoculum (Stringlis, Zhang et al. 2018).

Siderophores produced by beneficial microbes can activate ISR that induces biotic
stress tolerance to a wide range of root and foliar pathogens. The main drivers of
this conferred biotic tolerance are jasmonic acid (JA) and ethylene (ET) signaling
pathways. Moreover, the activation of ISR provokes the host plant to be primed
for a quicker and stronger reaction against pathogen attacks.

Microarray analysis and knockout mutant analysis identified the transcription
factor MYB72 as a primary regulator of beneficial rhizobacteria-ISR signaling in
roots (Van der Ent, Verhagen et al. 2008). Moreover, it was demonstrated that
under low iron conditions, the expression of root transcription factor MYB72 is
highly induced indicating its role in plant survival and growth under limiting
conditions. In addition, an important player in rhizobacteria-ISR signaling and
response to iron deficiency is beta glucosidase 42 (BGLU42) which was identified
downstream of MYB72 (Cheng, Zhang et al. 2019).

Triggered ISR signaling by beneficial microbes and host plant low iron condition
activates MYB72 to regulate iron-mobilizing phenolic metabolites genes and
BGLU42 to excrete the phenolic compounds into the rhizosphere. It was found
that the most abundant phenolic compound synthesized and excreted into the
rhizosphere under low iron conditions is Scopoletin (Cheng, Zhang et al. 2019). A
study of root microbial community revealed that scopoletin biosynthesis mutant
f6'h1 has altered its root microbial community compared to control plants. The
study also showed that scopoletin had an inhibitory effect on soil-borne pathogens

27

Fusarium oxysporum and Verticillium dahlia, while it didn’t affect the
proliferation nor efficiency of ISR triggering beneficial microbes.

Therefore, a module of MYB72, BGLU42, and scopoletin as demonstrated in
(figure 6.1) is likely to be regulated under low iron conditions to promote plant
growth by increasing iron solubility hence assimilation, and to reassemble
rhizosphere microbes to confer biotic stress tolerance by ISR activation (Cheng,
Zhang et al. 2019).

Figure 1.6: Host plant-microbe interaction and host iron status (Cheng,
Zhang et al. 2019).

1.3 SALT STRESS TOLERANCE IN PLANTS
To understand how beneficial microbes confer salt stress tolerance to plants and
crops, we first need to elucidate salt stress from the plant perspective. The
elevated levels of salt in soil increases Na+ and Cl- concentrations in the plant, and
decreases the ability of the plant to uptake water. Salt stress in plants induces the
production of reactive oxygen species (ROS), impairs metabolic processes,
reduces photosynthetic efficiency by K+ loss in photosynthetic tissue, and reduces
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stomatal conductance, leading to reduced plant growth, survival and ultimately
leading to loss in crop yield (Hanin, Ebel et al. 2016). Therefore, plants suffer
from two combined stresses:

-

Osmotic stress effect on plant: The first measurable parameter and most
sudden plant response to salt stress is the decrease in stomatal aperture. The
osmotic effect of salt stress induces stomatal conductance as a result of
disturbed water relations and subsequently the biosynthesis of abscisic acid
(ABA) (Munns and Tester 2008).

-

Na+ and Cl- toxicity (ionic stress) effect on plant: Na+ and Cl- accumulate in
intracellular spaces inhibiting photosynthetic enzymes and respiratory
enzymes thereby, decreasing the efficiency of these machineries. Also, excess
of Na+ restricts K+ uptake because of the chemical similarity of both ions and
the lower affinity of K+. In addition, excess Na+ and Cl- ions interfere with
vesicular trafficking and inhibit many cytosolic activities (Ilangumaran and
Smith 2017).

It is also important to mention that the reduced photosynthesis rate in the cell
increases formation of ROS. Plants adjust to that oxidative stress by adapting
chloroplast pigment composition, leaf morphology, and biochemical processes
activity. This prevents the oxidative damage to the photosystem apparatus (Munns
and Tester 2008).

The mechanisms to alleviate the harmful effects of salt stress are:
1. Exclusion of Na+ from the shoot by the root.
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The toxic Na+ accumulation causes premature death of older leaves. The exclusion
activity ensures that excess of Na+ does not accumulate in leaf cells. (Munns and
Tester 2008). Total Na+ accumulation in cells is determined by Na+ influx and Na+
efflux activity. Na+ influx into plant cells is through high-affinity K+ transporter
(HKT1) and non-selective cation channels (NSCC), and Na+ efflux is through Salt
Overly Sensitive 1 transporter (SOS1) figure 1.7 Under salt stress, Na+ efflux is
activated and SOS1 activity is induced. It was demonstrated that overexpression
of SOS1 increased plant salt tolerance and the loss of function of SOS1 resulted in
salt sensitive plant (Wu 2018).

Figure 1.7: Na+ transporters (Wu 2018).
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2. Tissue tolerance.
Tissue tolerance is the tolerance of a plant to accumulated Na+ or Cl−. It involves
the compartmentalization of these ions to avoid toxicity in the cytoplasm (Munns
and Tester 2008). Compartmentalization process into vacuoles is mediated by ion
transporters such as Sodium/hydrogen exchanger 1 (NHX1) figure 1.8 (Apse,
Aharon et al. 1999).

Figure 1.8: Mitigating of ionic stress in plant (Wu 2018).

Table 1.1: Plant mechanisms to mitigate salt stress effects (Munns and
Tester, 2008).
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+
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3. Osmotic stress tolerance- production of osmoprotectants.

Plants produce a wide range of osmoprotectants to adjust to osmotic stress, and
consequently scavenge ROS and preserve the activity of enzymes. Plants produce
different osmoprotectants such as simple sugars (fructose and glucose), sugar
alcohols (glycerol and methylated inositols), complex sugars (trehalose, raffinose,
and fructans), quaternary amino acid derivatives (proline, glycine betaine, βalanine betaine, proline betaine), tertiary amines 1,4,5,6-tetrahydro-2-methyl-4carboxyl pyrimidine), and sulfonium compounds (choline o-sulfate, dimethyl
sulfonium propionate) as osmoprotectants. The main function of osmoprotectants
is to protect against osmotic shock. Nevertheless, each osmoprotectant can have a
unique function as well. For example, Glycine betaine maintains plasma
membrane and thylakoid integrity under salt stress and high temperatures (Yokoi,
Bressan et al. 2002).

4. Production of antioxidants.

Antioxidants are key players in detoxifying plant cells from high ROS production
induced by salt stress. Antioxidants include enzymatic superoxide dismutase
(SOD), catalase (CAT), glutathione peroxidase (GPX), ascorbate peroxidase
(APX), and glutathione reductase (GR) and nonenzymatic antioxidants helicase
proteins such as (DESD-box helicase and OsSUV3 dual helicase), anthocyanin,
ascorbate, and glutathione. Antioxidant production is positively regulated by salt
stress (Gupta and Huang 2014).

5. Production of polyamines.

33

Polyamines regulate gene expression for the synthesis of osmoprotectants,
maintain the integrity of membranes, reduce the production of ROS, and control
accumulation of Na+ and Cl− ions in different organs. Polyamines include diamine
putrescine (PUT), triamine spermidine (SPD), and tetra-amine spermine (SPM)
(Gupta and Huang 2014). To demonstrate the importance of polyamines in
mitigating salt stress in plants, Li et al. (2013) analysed the proteomics of
cucumber seedlings treated with SPD under salt stress. They found that the
application of SPD induced the expressions of proteins involved in SAMs
metabolism, protein biosynthesis, and immunity which contributed to the
conferred salt stress tolerance (Li, He et al. 2013).

6. Production of Nitric oxide (NO).

NO plays a big role in regulating the cellular redox states. NO scavenges
superoxide radicals to form peroxynitrite that can be cellularly neutralized. Also,
it reacts with lipid radicals to prevent lipid oxidation and activates antioxidant
enzymes (SOD, CAT, GPX, APX, and GR). In addition, it modulates the ROS
detoxification system to stimulate H+-ATPase for H+ production, thus forcing the
exchange of Na+/H+ and subsequently better Na+ / K+ ion homeostasis (Gupta and
Huang 2014).
7. Calcium (Ca2+).
Cytosolic free calcium Ca2+ mitigates salt stress effect on the plant. It was
demonstrated that Ca2+ has the capability to alleviate the loss of membrane
integrity and reduce cytosolic K+ leakage in plant cells. It was proposed that the
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primary response to salt stress is Na+ displacing Ca2+ from the root cell
plasmalemma (Wu 2018).

8. Phytohormone signaling.

Salt stress is associated with the production of plant hormones such as abscisic
acid (ABA) and ethylene (ET). Other phytohormones, demonstrated their
capability to enhance salt stress tolerance such as auxins, brassinosteroids (BRs)
and salicylic acid (SA) (Gupta and Huang 2014).

Figure 1.9 : Salt and drought stress effect on plant (Kaushal and Wani 2016).

Abscisic acid (ABA):

ABA synthesis is induced during abiotic stress. It serves as a signaling molecule
during salt and drought stress. ABA increases the production of K+, Ca2+, and
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other osmoprotectants. Also, it regulates the expression of Na+ transporters and H+
pump (figure 1.7), key regulators of salt tolerance (Waśkiewicz, Gładysz et al.
2016).

The most well described effect of ABA signaling during abiotic stress is stomata
closure. ABA activates open stomata 1 (OST1), a regulator of stomatal closure. It
induces the activation of anion channel (SLAC1) and inhibition of cation channel
(KAT1), hence stomata closure. So, it is well demonstrated that ABA-induced
stomatal closure is mediated by the change of ion fluxes in guard cells
(Waśkiewicz, Gładysz et al. 2016).

It was demonstrated that exogenous application of ABA induced photosynthesis
rate, production of osmoprotectants and antioxidants, maintained the integrity of
cell membrane and ion homeostasis, and increased shoot dry weight (Waśkiewicz,
Gładysz et al. 2016). This observation confirms the effect of ABA in mitigating
harmful effects resulting from salt stress.

Ethylene (ET):

Ethylene is a phytohormone involved in numerous plant processes such as fruit
ripening, senescence, seed dormancy, and modulating other phytohormones such
as auxin, gibberellin, cytokinin, and ABA (Waśkiewicz, Gładysz et al. 2016).

It is well documented that salt stress induces the production of ET. It regulates the
expression of H+-ATPase gene henceforth, increases K+/Na+ ratio and maintains
the ion homeostasis during salt stress. In addition, like ABA, ET inhibits the
production of ROS caused by salt stress (Waśkiewicz, Gładysz et al. 2016).
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Figure 1.10: Ethylene mechanisms to mitigate salt stress effects (Wang and
Huang 2019).

Jiang (2013) et al., found that salt stress tolerance was promoted by the ethylene in
ETHYLENE OVERPRODUCER (ETO1) mutant due to improved Na+/K+
homeostasis thanks to RHOHF-dependent regulation of Na+ accumulation and
RHOHF-independent regulation of K+ accumulation (Jiang, Belfield et al. 2013).
On the other hand, it was found that ethylene-insensitive mutants were more
sensitive to salt stress, hence the damage caused by salt stress (Waśkiewicz,
Gładysz et al. 2016). this confirms the role of ET in mitigating salt stress effects in
the plant.
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Figure 1.11: Beneficial microbe strategies to induce salt stress tolerance
(Ilangumaran and Smith 2017).
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1.4 STRATEGIES EMPLOYED BY BENEFICIAL MICROBES TO
IMPART SALT STRESS TOLERANCE TO HOST PLANTS

Beneficial microbe strategies to induce salt stress tolerance to host plant target
osmotic stress and ionic stress as plants do. However, different mechanisms are
used, see Figures 1.9 and 1.11.

Ionic stress tolerance:
1- Na+ exclusion by the formation of exopolysaccharide and rhizosheaths.

Exopolysaccharide (EPS) secreted by beneficial microbes is one of the
mechanisms to enhance Na+ exclusion and K+ uptake in plants, thereby
maintaining ion homeostasis during salt stress. EPS traps cations in its matrix and
promotes the formation of rhizosheaths which restricts Na+ influx into the root
(Qin, Druzhinina et al. 2016), (Ilangumaran and Smith 2017).
2- Na+ exclusion and tissue tolerance by regulating ion transporters.
Beneficial microbes increase the K+ / Na+ ratio in plant cells during salt stress by
regulating the expression of ion transporters genes. It has been demonstrated that
beneficial have a role to play in the regulation of dual function of HKT1
transporter in roots and shoots of plants. They down-regulate HKT1 in roots to
restrict Na+ entry into roots and up-regulate HKT1 in shoots to facilitate Na+
transport from shoot to root (Qin, Druzhinina et al. 2016). Additionally, beneficial
microbes induce the activity of other transporters such as NHXs, high-affinity K+
transporters, SOS1 and CNGC15 to enhance K+ / Na+ ion homeostasis in cells
(Ghorbani, Omran et al. 2019).
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Osmotic stress tolerance:

3- Up-regulation of aquaporins.

For the plants to uptake water from salinized soils, they need to decrease water
potential in their cells. The capacity of roots to uptake water depends on the root
hydraulic conductance (L) parameter. L is determined by aquaporin activity.
Aquaporins are water channel proteins in plasma and intracellular membranes that
act as the main transporters of water in the plant cell. The main plant aquaporins
are plasma membrane intrinsic proteins (PIPs). They help plants to adapt to salt
and drought stress (Qin, Druzhinina et al. 2016). It was demonstrated that
beneficial microbes regulate PIPs to increase L values, hence tolerance to salt
stress (Marulanda, Azcon et al. 2010).

4- Production of osmoprotectants.

Beneficial bacteria can enhance both ionic stress and osmotic stress tolerance by
inducing osmoprotectant synthesis, such as proline (Bano and Fatima 2009),
glycine betaine, and soluble sugars leading to host plant salt stress tolerance
(Backer, Rokem et al. 2018).

5- Production of antioxidants.

The production of antioxidant enzymes superoxide dismutase (SOD), catalase
(CAT), glutathione peroxidase (GPX), ascorbate peroxidase (APX), and
glutathione reductase (GR) were induced by beneficial microbes during salt stress.
Glutathione levels were induced as well (Qin, Druzhinina et al. 2016).
Antioxidants play a critical role in scavenging ROS and reducing Na+ content in
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cells, thereby decreasing cell destruction by salt stress (Backer, Rokem et al.
2018).

6- Production of polyamines and VOCs.

Volatile organic compounds (VOC), including polyamines, produced by
beneficial microbes can induce abiotic stress tolerance and plant growth. VOCs
can significantly up-regulate gamma-glutamyl hydrolase and RuBisCo large chain
proteins under salt stress in soybean plants (Qin, Druzhinina et al. 2016). RuBisCo
is an essential enzyme for the first step of carbon fixation, which is a process of
converting atmospheric carbon dioxide to energy-rich carbon molecules such as
glucose by photosynthetic organisms (Cooper, Hausman et al. 2000). In addition,
it was demonstrated that beneficial microbes secrete hexanedioic acid and
butanoic acid that induce salt stress tolerance via reprogramming auxin and
gibberellin pathways (Qin, Druzhinina et al. 2016). Also, polyamines secreted by
beneficial microbes, including polyamine and spermidine, induce polyamine
production in the plant. This induction results in plant biomass by increasing, root
architecture alteration and higher photosynthesis rate as a consequence the host
plant exhibited higher tolerance to abiotic stress (Zhou et al., 2016).
7- Nutrient assimilation (N, P and Ca2+).

It is well accepted that beneficial microbes enhance nutrient assimilation in the
plant. However, it was demonstrated that the uptake of N, P and Ca2+ is enhanced
under salt stress (Ghorbani, Omran et al. 2019). Beneficial microbe
Achromobacter piechaudii increased P and K assimilation during high salt stress
when inoculated onto tomato, and Bacillus aquimaris increased N, P and K
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assimilation under high salt stress in a field experiment when inoculated onto
wheat (Qin, Druzhinina et al. 2016). Taken together, enhanced nutrient
assimilation in the plant by beneficial microbes is one of the strategies to mitigate
salt stress effects.

8- Phytohormone signaling.

Beneficial bacteria regulate plant hormones by excreting exogenous hormones,
enzymes and metabolites that contribute to enhance salt stress tolerance in plants,
such as ACC deaminase, indole-3-acetic acid (IAA), gibberellic acid (GA),
abscisic acid (ABA) and cytokinins (Cyt) that are common in beneficial microbes
(Qin, Druzhinina et al. 2016).

ACC deaminase

Some beneficial microbes secrete ACC deaminase, an enzyme that catalyzes ACC
(plant ethylene precursor) conversion into Ammonia and α-ketobutyrate. Thus,
this reaction provides the plant with a nitrogen source and lowers ethylene levels
which might explain the reason behind salt tolerance of this activity (Qin,
Druzhinina et al. 2016). Significant attention was paid to isolate ACC deaminase
secreting microbes to promote crop growth in degrading or salt affected lands
(Qin, Druzhinina et al. 2016). It was demonstrated that ACC deaminase secreting
microbe (Variovorax paradoxus 5C-2) enhanced electron transport,
photosynthesis rate and ion homeostasis in pea plants under salt stress (Backer,
Rokem et al. 2018). In addition, ACC deaminase secreting microbe improved salt
tolerance through increasing the activity of antioxidant enzymes such as SOD,
APX, and CAT (Backer, Rokem et al. 2018).
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Gibberellic acid (GA)

GA includes a large group of diterpenoid carboxylic acids that are the ubiquitous
hormone in the plant and are also produced as well by fungi and bacteria. GA
prompts numerous metabolic functions that are essential for the development and
growth of plants such as sex expression, seed germination and senescence
(Hedden and Thomas 2012).

GA is synthesized and secreted by endophytic fungi to promote salt stress
tolerance to the plant. It was shown that fungi Porostereum spadicium and
Aspergillus fumigatus have improved salt stress tolerance of soybean plants by
GA production. Plants showed increased shoot biomass and photosynthesis rates
compared to uncolonized plants under salt stress (Stringlis, Zhang et al. 2018).

Abscisic acid (ABA)

ABA is a phytohormone that increases in response to salt stress. It was
demonstrated that under salt stress beneficial bacteria decreased ABA
concentration in the root and altered long distance ABA signaling from the root to
the shoot in the xylem sap and from the shoot to the root in the phloem.

It was demonstrated that rhizosphere bacterial strains from the genera of
Actinobacteria and Alpha-proteobacteria had the ability to metabolize ABA,
which reduced ABA level in the plant. It has been proposed that ABAmetabolizing beneficial microbes, ABA- producing beneficial microbes and
general beneficial microbes have different roles in regulating plant ABA status,
therefore, different plant responses are caused by different beneficial microbes
under salt stress (Qin, Druzhinina et al. 2016).
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Indole acetic acid (IAA)

Among auxin hormones, IAA is the most common type in plants. IAA functions
in specialization of plant cells and tissues, seed germination, root formation and
development, and cell division and development. In addition, IAA induces lateral
roots, regulates pigments formation, increases stomatal aperture and stimulates
photosynthesis machinery which positively contributes to enhanced abiotic stress
tolerance in plants. (Saghafi, Delangiz et al. 2019).

It was estimated that about 80% of rhizobacteria produce IAA. These IAA
producing beneficial bacteria alter the root system by increasing the weight,
branching, size and total surface area of the root. Therefore, it stimulates root
proliferation and enhances the root ability to uptake nutrients and hence, improves
plant tolerance and growth (Saghafi, Delangiz et al. 2019).

The effect of IAA producing beneficial bacteria on the salt tolerance of different
plants has been described. It was demonstrated that canola and common wheat
seedlings inoculated with IAA producing Rhizobium Leguminosarum b.v,
Azospirillum sp. and Rhizobium leguminosarum beneficial bacteria, respectively,
showed enhanced plant growth under salt stress in general. In addition, they
induced the uptake of nutrients and water, and induced lateral root formation
(Saghafi, Delangiz et al. 2019).

Table 1.2: Overview of beneficial microbe mechanisms to mitigate salt stress
effects in different crops (Saghafi, Delangiz et al. 2019).

PGPR

Crop

Mechanism

Results of inoculation

References

Kiani et al. (2015)
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Bacterial strains (KS 8 and

Helianthus

ACC deaminase

Increased growth parameters

KS28)

annus L.

production

(plant height, shoot dry weight
and root dry weight),
phosphorus, potassium
contents and K+/Na+ ratio in
shoot

Bacillus sp.

Triticum

Ammonia, IAA and

Increased the root and shoot

(EN1), Zhihengliuella

aestivum L.

ACC deaminase

length and total fresh weight of

halotolerans

production, phosphate

the plants

(EN3), Bacillussp.

solubilizing and

(EN5), Bacillus

nitrogen fixation

Orhan (2016)

gibsonii(EN6 and
EN10), Oceanobacillus
oncorhynchi(EN8), Zhihen
gliuella sp.(EN12),
and Halomonas sp. (IA)

Paenibacillus

Brassica

IAA and ACC

Enhanced the root elongation

Yaish et al. (2015)

xylanexedens and Enteroba

campestris L

deaminase production

cter cloacae

.

Pseodomonas sp (S-49)

Triticum

potassium and zinc

Enhanced dry matter of wheat

Pirhadi et al. (2016)

and Enterobacter

aestivum L.

solubilizing

and K concentration

Bassia indica

IAA and ACC

Improved root and shoot

L.

deaminase production

growth, total lipid content, the

cloacae (R-10)

Bacillus subtilis

Abeer et al. (2015)

phospholipid fraction,
photosynthetic pigments

Halomonas variabilis (HT1)

Cicer

Exopolysaccharide

Enhanced the plant growth and

Qurashi and Sabri

and Planococcus

arietinumVa

production

soil aggregation

(2012)

rifietoensis (RT4)

r. CM-98
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Pseudomonas sp.strain AK-

Glycine

Exopolysaccharide

Rise in shoot/root length,

1

maxL.

production

number of lateral roots,

Kasotia et al. (2016)

shoot/root fresh weight and
decreased Na +/K + ratio,
binding of free Na from soil
and makes Na unavailable to
uptake

Azotobacter chrococcum

Zea mays L.

Exopolysaccharide

Increased root and shoot dry

production

weights, chlorophyll a, b and

Nemat et al. (2012)

carotenoids contents, restricted
the uptake of Na and Cl and
enhanced accumulation of N, P
and K in shoot

Hallobacillus sp.SL3

Triticum

IAA production and

Increased root elongation and

aestivum L.

Siderophore

dry weight

Ramadoss et al. (2013)

production

Bacillus

Triticum

halodenitrificansPU62

aestivum L.

Phosphate

Increased root elongation and

solubilizing and

dry weight

Ramadoss et al. (2013)

SiderophoreProductio
n

Bacillus megaterium

Oryza

IAA production

sativaL.

Stimulated the growth of rice’s

Pseudomonas

Oryza

Anti-oxidative

Enhanced the plant growth by

pseudoalcaligenes

sativaL.

activity

ROS scavenging and higher
accumulation of

ST1, Bacillus pumilus ST2

Nguyen et al. (2017)

roots and dry biomass

osmoprotectant

Jha et al. (2011)
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Bacillus pumilus

Bacopa

STR2, Exiguobacterium

monneri L.

Mixture of PGPs trait

High proline/lipid content

Bharti et al. (2013)

peroxidation

oxidotolerens

STR36

Burkholderia phytofirmans

Zea Mays L.

Mixture of PGPs trait

Decreased xylem Na

PsJN, Enterobacter sp.FD

concentration/maintain nutrient

17

balance within the plant

Pseudomonas

Vicia faba L.

Mixture of PGPs trait

Modulated plant chlorophyll,

Akhtar et al. (2015)

Metwali et al. (2015)

protein and proline content

putida, Pseudomonas
fluorescens, Bacillus
subtilis

Achromobacter

Catharanthus

ACC deaminase

Decreased stress ethylene

Karthikeyan et al.

xylosoxidans

Roseus L.

production and

level, ascorbate peroxidase,

(2012)

nitrogen fixation

superoxide dismutase, catalase

AUM54

Acinetobacter

Phyllanthus

phosphate

Improved anti-oxidative

sp.ACMS25, Bacillus

Amarus L.

solubilizing

defense system

Sinorhizobium

Brassica

IAA, ACC deaminase

Improved the growth

mellilote and Rhizobium

napus L.

production and

parameters, nutrient uptake and

phosphate

restricted Na availability for

solubilizing

plants

Joe et al. (2016)

sp. PVMX4

legominozaroum

b.v phaseoli

Saghafi et al. (2018)
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Chapter 2: Objectives
The beneficial effects of microbes on plants have been widely described, but the
exact mechanisms of mitigating salt stress are still unclear. Taking this knowledge
gap into consideration, the goal of this dissertation research is to ultimately
contribute to the understanding of the salt stress tolerance mechanisms by
beneficial microbes and find a proper inoculum that can be used as a sustainable
solution for plants and crops in degrading lands (deserts) and salt affected lands
following the habitat-specific symbioses concept. In addition, we investigate the
interaction of the bacterial endophytes with model organism Arabidopsis thaliana
to define the novel salt stress tolerance strategies. This research further aims to
offer a unique perspective on this issue by attempting the most challenging step of
moving from the lab to the field.

The subsequent part of this thesis outlines how each of the dissertation chapters
will contribute to the discovery of novel salt stress tolerance strategies using a
desert-specific bacterial endophyte for which knowledge gap exists in most
discovered strategies.

The objective of Chapter 3 is to enrich our knowledge on desert-specific
endophytes by characterizing the different phyla and genus of endophytes and
distinguish the different salt tolerance mechanisms of the desert-specific
endophytes.

The objective of Chapter 4 is to characterize the strategy utilized by the desertspecific bacterial endophyte (SA187) for conferring salt stress tolerance to
Arabidopsis using an in-depth transcriptomic approach and strengthened by plant
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genetic verifications. Moreover, we take a step towards making the transition to
the field by using the desert-specific bacterial endophyte (SA187) as a biological
inoculant for crops under salt and drought conditions, mimicking the desert
climate.

The objective of Chapter 5 is to characterize the metabolic networks of both the
desert-specific bacterial endophyte (SA187) and the host (Arabidopsis) in their
free-living and in-symbiosis states for a better understanding of this beneficial
interaction.
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Chapter 3: Jizan 2012 collection screen. Induction of plant salt stress
tolerance by various desert endophytic bacteria contrasts with highly
different plant developmental effects
3.1 ABSTRACT
In nature, plants are interacting with highly diverse microbial communities
defined as the rhizospheric and endophytic microbiomes, located on the root
surface or hosted in root tissues, respectively. Among these, it is now well known
that some bacteria can exert a Plant Growth Promoting (PGP) activity in various
ways such as by modulating plant hormone pathways, helping their hosts to fight
against pathogens or retrieving soil minerals. Root interacting bacteria can also
help plants to adapt to environmental stresses. To identify such Stress Tolerance
Promoting Bacteria (STPB), we isolated rhizosphere and endosphere bacterial
strains from the desert plant Indigofera argentea. Interestingly, out of a total of 83
strains, more than a third of these plant interacting bacteria exhibited STP activity,
enhancing Arabidopsis thaliana growth under salt stress. A detailed analysis of
nine taxonomically highly divergent STPB showed that all microbial strains
induced in plants the maintenance of low shoot Na+/K+ ratios, but large variations
were observed in plant growth, root architecture and root Na+/K+ ratios,
suggesting that multiple mechanisms are employed by the different beneficial
microbes to induce salt tolerance in plants.

3.2 INTRODUCTION
With the increasing world population expected to reach 9 billion persons by 2050
(Gerland, Raftery et al. 2014), in combination with global warming and the lack of
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available arable lands (Pugh, Müller et al. 2016), the FAO prospects indicate that
crop yields have to increase by over 70% in the next 30 years (FAO 2009). These
major challenges highlight the necessity to develop new means to enhance food
production. A part of the solution could come from improving plant tolerance to
abiotic stresses which belong to the most limiting factors of agriculture
(Zurbriggen, Hajirezaei et al. 2010). For example, salinity affects more than 20%
of the arable lands and is one of the major environmental stresses a plant can face
during its lifetime. Indeed, salinity is known to provoke a dual stress on plants,
with a rapid osmotic stress caused by a reduced water potential and decreased
ability to take-up water, and a slow ion-dependent stress, with toxic accumulation
of Na+ in plant organs (Munns and Tester 2008). Na+ accumulation in shoots is
known to reduce photosynthesis rates, induce leaf senescence and to compete with
K+ transport but also negatively affect enzymatic reactions. Ultimately, salinity
disturbs plant development by reducing growth or altering reproductive organ
development (Qadir, Quillérou et al. 2014). One of the mechanisms to explain salt
stress tolerance is the ability to maintain low Na+/K+ ratios (Shabala 2013,
Deinlein, Stephan et al. 2014, Garriga, Raddatz et al. 2017).

In the past decades, the large majority of plant-microbe interaction studies focused
on pathogenic bacteria and on the plant side, how plant defense mechanisms were
regulated and coordinated to counter the detrimental impact pathogenic microbes
can have on development and yield (Robert-Seilaniantz, Grant et al. 2011, Wu,
Shan et al. 2014, Bigeard, Colcombet et al. 2015). Until recently, beneficial
bacteria received little interest, with some notable exceptions: Rhizobium strains
establish a highly specific symbiotic interaction with legumes. In the absence of
available nitrogen supply in the soil, Fabaceae plants such as Medicago
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truncatula induce the formation of root nodules and fix atmospheric nitrogen
(Frugier, Kosuta et al. 2008, Suzaki, Yoro et al. 2015, Ibáñez, Wall et al. 2016).

However, thanks to the development of Next Generation Sequencing (NGS)
technologies in the past few years, it is now well established that plants are
interacting with highly diverse microbial communities, either in the rhizosphere or
endosphere. Indeed, several tens of thousands of OTUs (Operational Taxonomic
Units) can be identified in the plant rhizosphere, highlighting the complex
network that plants establish with the soil microbial community (Mendes, Kruijt et
al. 2011, Bulgarelli, Rott et al. 2012, Lundberg, Lebeis et al. 2012, Peiffer, Spor et
al. 2013, Eida, Ziegler et al. 2018).

Interestingly, this interaction is not the result of a random encounter: by
comparing the bulk soil to rhizo- or endosphere microbiomes, it was demonstrated
that plants are influencing the bacterial community composition and diversity,
selecting specific phyla for interaction, as exemplified for Actinobacteria,
Bacteroidetes, Firmicutes and Proteobacteria, which were found to be the major
phyla in root endophyte communities (Bulgarelli, Schlaeppi et al. 2013, Eida,
Ziegler et al. 2018). It was hypothesized that this selection process is mainly
driven by root secretions named rhizodeposits attracting or positively influencing
specific bacterial strains that could have a beneficial impact on plant development
(Bisseling, Dangl et al. 2009, Badri, Chaparro et al. 2013). It is now also known
that bacterial endophytic diversity is shaped by several factors including the plant
species and cultivar or the type of soil and climate (Philippot, Raaijmakers et al.
2013). For example, a recent bacterial community analysis of the soil, rhizosphere
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and endosphere of four native desert plants revealed a strong correlation between
the endophytic community and host plant phylogeny (Eida, Ziegler et al. 2018).

The microorganisms which positively influence plant growth do this in many
ways, by modifying root architecture, the production of plant hormones, an
increase in nutrient assimilation or by helping the host plant to defend against
pathogens or better tolerate abiotic stresses (Mendes, Garbeva et al. 2013, Verbon
and Liberman 2016). Concerning abiotic stress, for example, Acinetobacter and
Pseudomonas isolates can promote grapevine growth under drought stress
conditions, increasing root and shoot biomass (Rolli, Marasco et al. 2015). The
halotolerant Enterobacter sp. improves rice salt tolerance, increasing germination
rate, root and shoot fresh weights (Sarkar, Saha et al. 2017). Plant Growth
Promoting Rhizobacteria (PGPR) can display their abiotic stress tolerance activity
through several direct and indirect mechanisms, like the modulation of plant
hormone contents such as abscisic acid, jasmonic acid, salicylic acid or gibberellic
acid (Park, Mun et al. 2017, Tiwari, Prasad et al. 2017), increased plant
production of osmo-protectants such as proline, soluble sugars (Singh and Jha
2016), or chlorophyll content (Sarkar, Saha et al. 2017). Moreover, some PGPR
can directly alleviate abiotic stress by producing polyamines such as spermidine
(Xie, Wu et al. 2014).

Following this idea, we hypothesized that endemic plants in desert regions should
have specifically selected bacterial partners to help them to survive under extreme
conditions, such as abiotic stresses (de Zelicourt, Al-Yousif et al. 2013, Eida,
Alzubaidy et al. 2019). The aim of this study was to isolate and identify plantinteracting bacteria from the endemic legume plant Indigofera argentea and to
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determine the percentage of bacterial isolates that could indeed increase
Arabidopsis growth when subjected to mild salt stress in vitro. Moreover, we
suspected that the positive isolates should have different effects on plant
development considering the number of different potential mechanisms to achieve
this purpose.

From the legume Indigofera argentea, we could identify by culture-dependent
methods 83 isolates belonging to 4 different phyla. From this collection, using a
simple and rapid screen, we show that an important percentage (38%) of these
strains can promote salt tolerance on the model plant Arabidospsis thaliana,
allowing us to identify a number of Stress Tolerance Promoting Bacteria (STPB).
Moreover, a detailed analysis of 9 different strains revealed that these STPB can
be clustered into different groups based on their effect on Arabidopsis growth
either on normal or under salt stress conditions. These results show that STPB can
have different effect on plant growth while inducing salt stress tolerance,
suggesting that they use different strategies to achieve this outcome. Altogether,
this demonstrates the huge potential of using plant endemic endophytes for
agronomical purposes, especially with the aim to increase plant tolerance to
abiotic stresses.

3.3 FINDINGS
3.3.1 PHYLOGENETIC ANALYSIS OF CULTIVABLE BACTERIA
FROM ROOT NODULES OF INDIGOFERA ARGENTEA

In order to identify and characterize salt tolerance promoting rhizobacteria
(STPB), the bacterial collection associated with the root system of the desert plant
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Indigofera argentea was generated using culture based methods. The phylogenetic
affiliation of the collection was assigned using nearly complete 16S rRNA gene
sequences (≥1411nt) (Reysenbach, Giver et al. 1992). Nucleotide blast searches of
the 83 bacterial isolates (Figure 3.1) revealed that the bacteria mostly belong to
major phyla Proteobacteria and Firmicutes (respectively 51 and 24 strains), but
also Actinobacteria and Bacteroidetes. Identifying those bacteria was not
surprising as they represent the phyla generally found in plant-interacting bacterial
communities (Bulgarelli, Schlaeppi et al. 2013).

Figure 3.1: Relative abundance of bacterial phyla and genera of culturable
Jz2012 bacterial collection. Relative abundance of the bacterial phyla
(middle) and genera (peripheral) as a percentage of the total bacterial
population of the Jizan2012 collection.
Indeed, two thirds of the bacterial collection were taxonomically affiliated to
Proteobacteria (61.4%) with a high abundance of Alphaproteobacteria (51%),
followed by Gammaproteobacteria (37%) and Betaproteobacteria (11%),
distributed in 11 different families. This includes Bradyrhizobiaceae (4%),
Brucellaceae (22%), Burkholderiaceae (10%), Caulobacteraceae (13%),
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Comamonadaceae (2%), Enterobacteriaceae (14%), Moraxellaceae 236 (2%),
Phyllobacteriaceae (6%), Pseudomonadaceae (16%), Rhizobiaceae (18%) and
Xanthomonadaceae (6%). The second most abundant phylum consisted of
Firmicutes (28.9 %), with three bacterial families Bacillaceae (71%),
Paenibacillaceae (8%) and Staphylococcaceae (21%). A small fraction of the
bacterial collection was assigned to Actinobacteria (5%), with three families
Micrococcaceae (50%), Pseudonocardiaceae (25%) and Microbacteriaceae (25%).
The last fraction belonged to Bacteroidetes (5%) with two families
Flavobacteriaceae (25%) and Sphingobacteriaceae (75%). At the genus level,
from the overall the collection, the most abundant genus were Bacillus and
Paenibacillus (23%), Rhizobia (13%), this includes Sinorhizobium,
Mesorhizobium, Rhizobium and Ensifer, followed by Ochrobactrum (13%). In
addition, a significant proportion of the collection belongs to Pseudomonas
(9.6%), Ralstonia (6%), Staphylococcus (6%), and Enterobacter (5%). Moreover,
a minority (1-3%) of bacterial genera were identified as Acinetobacter,
Plantibacter, Xanthomonas and Olivibacter. Detailed genus percentages affiliated
to each bacterium phyla are presented in Figure 3.1.

3.3.2

Screening for Salt Tolerance Promoting Bacteria

Before identifying strains exhibiting STP activity, bacterial isolates were first
tested for their PGP potential. To do so, the collection was screened for microbial
properties that are commonly associated with PGP strains (Rolli, Marasco et al.
2015), such as salt and osmotic stress tolerance, auxin production, phosphate and
zinc solubilization or siderophore production. Besides mild salt (0.5mM NaCl) or
osmotic (10% PEG) stresses for which almost half of the bacteria were found to
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be positive, around a third to a fourth of the collection was identified to score
positive for all the other biochemical traits (Table 3.1).
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Strain

PV

Zn

ZnCo

Sidopho

IA

0.5M

1M

10%

20%

STP

PGP

K

O

3

re

A

NaCl

NaCl

PEG

PEG

B

B

+

+

+

+

+

+

+

Submitted name

Sa16*

Plantibacter sp. Sa16

Sa23

Bacillus vallismortis strain SA23

Sa24

Bacillus vallismortis strain SA24

Sa45*

Bacillus tequilensis strain SA45

Sa48

Bacillus tequilensis strain SA 48

Sa52

Micrococcus luteus strain SA 52

+

+

early

+

+

+

+

+

+

+

+

+

+

+

Ochrobactrum intermedium strain SA
Sa64

+

+

+

+

64

Staphylococcus epidermidis strain SA
Sa65

+
65

+

+

+

+

+

+

early
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Sa70

Paenibacillus sp. SA 70

+

Pseudomonas oryzihabitans strain SA
Sa74

+

+

+

+

+

+

+

early

74

Sa75

Phyllobacterium leguminum strain SA

A

75A

early

Sa75
Sinorhizobium terangae strain SA 75R
R

Ochrobactrum intermedium strain SA
Sa77

+

+

+

+

+

+

+

+

77

Ochrobactrum intermedium strain SA
Sa78

+

+

78

Sa82

Bacillus subtilis strain SA 82

+

Sa83

Bacillus aryabhattai strain SA 83

+

Sa88

Arthrobacter globiformis strain SA 88

+

+

+

+

early
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Sa90

Paenibacillus sp. SA 90

Sa91

Bacillus subtilis strain SA 91

Sa93

Mesorhizobium sp. SA 93

Sa95

Lechevalieria sp. SA 95

Sa97

Bosea thiooxidans strain SA 97

+

Sa100

Bosea thiooxidans strain SA 100

+

+

late

+

+

+

+

late

+

Chryseobacterium defluvii strain SA
111
Sa111

Strain

Sa112

PV

Zn

ZnCo

Sidopho

IA

0.5M

1M

10%

20%

STP

PGP

K

O

3

re

A

NaCl

NaCl

PEG

PEG

B

B

Submitted name

Bacillus endophyticus strain SA 112

+

60

Sa116

Bacillus endophyticus strain SA 116

+

Sa122

Bacillus subtilis strain SA 122

Sa126

Pantoea sp. SA 126

+

+

+

Sa128

Pantoea sp. SA 128

+

+

+

Sa140

Bacillus sp. SA 140

Sa142

Bacillus sp. SA 142

+

+

+

+

+

+

+

+

+

+

+

+

early

+

early

Staphylococcus epidermidis strain SA
Sa144

+
144

Sa147

Olivibacter jilunii strain SA 147

+

+

Ochrobactrum intermedium strain SA
Sa148

+
148

+

+

late
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Sa149

Ochrobactrum intermedium strain SA

*

149

Sa150

Olivibacter jilunii strain SA 150

+

+

+

+

+

+

+

+

+

early

early

Sa151
Olivibacter jilunii strain SA 151

+

+

early

*

Ochrobactrum intermedium strain SA
Sa155

+

+

+

+

+

+

+

+

+

+

+

+

early

155

Sa156

Mesorhizobium sp. SA 156

Ochrobactrum intermedium strain SA
Sa158
158

Ochrobactrum intermedium strain SA
Sa160
160

Brevundimonas vesicularis strain SA
Sa171
171

late
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Sa172

Xanthomonas sp. SA 172

Sa175

Xanthomonas campestris strain SA 175

Sa176

Xanthomonas sp. SA 176

early

+

+

Pseudomonas oryzihabitans strain SA
Sa182

+

+

+

182

Sa184

Enterobacter sp. SA 184

+

Sa185

Yokenella regensburgei strain SA 185

+

+

+

+

+

+

+

+

+

late

+

+

+

+

+

+

+

late

+

+

+

+

+

+

+

early

+

+

+

Sa187
Enterobacter sp. SA 187

+

*

Sa188

Acinetobacter radioresistens strain SA

*

188

Strain

Submitted name

early

PV

Zn

ZnCo

Sidopho

IA

0.5M

1M

10%

20%

STP

PGP

K

O

3

re

A

NaCl

NaCl

PEG

PEG

B

B
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Sa189

Enterobacter sp. SA 189

+

+

+

+

+

+

+

+

+

+

+

+

Pseudomonas argentinensis strain SA
Sa190

+

+

late

190

Sa191
Enterobacter sp. SA 191

+

+

+

late

*

Sa195

Pseudomonas stutzeri strain SA 195

Sa197

Bacillus subtilis strain SA 197

+

+

+

+

+

+

early

Ochrobactrum intermedium strain SA
Sa213

+

+

late

213

Sa215
Sinorhizobium sp. SA 215

+

+

+

+

*

Ochrobactrum intermedium strain SA
Sa217

+
217

Sa220

Rhizobium petrolearium strain SA 220

+

+

+

+

early

+
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Sinorhizobium chiapanecum strain SA
Sa221
221

Sinorhizobium chiapanecum strain SA
Sa229

early
229

Sa235

Staphylococcus vitulinus strain SA 235

+

+

+

Sa240

Staphylococcus vitulinus strain SA 240

+

early

Sa243

Pseudomonas sp. SA 243

+

early

Pseudomonas sp. SA 244

+

Sa246

Staphylococcus vitulinus strain SA 246

+

Sa283

Ensifer sp. SA 283

Sa285

Ensifer sp. SA 285

Sa244
+

+

+

+

+

*

+

early
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Sa287

Ensifer sp. SA 287

Sa288

Ralstonia pickettii strain SA 288

+

+

+

Sa289

Ralstonia pickettii strain SA 289

+

+

+

Sa290

Ralstonia pickettii strain SA 290

+

+

+

Sa291

Mitsuaria chitosanitabida strain SA 291

Sa292

Ralstonia pickettii strain SA 292

+

Sa293

Pseudomonas sp. SA 293

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

Ochrobactrum intermedium strain SA
Sa294

+

+

+

294

Strain

Sa299

PV

Zn

ZnCo

Sidopho

IA

0.5M

1M

10%

20%

STP

PGP

K

O

3

re

A

NaCl

NaCl

PEG

PEG

B

B

+

+

+

+

+

+

Submitted name

Bacillus endophyticus strain SA 299
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Sa300

Bacillus filamentosus strain SA 300

+

+

+

+

Sa303

Pseudomonas sp. SA 303

+

+

+

+

Ensifer sp. SA 304

+

+

+

Sa306

Ralstonia pickettii strain SA 306

+

+

+

Sa178

Bacillus licheniformis strain SA 178

+

+

+

Sa286

Bacillus cereus strain SA 286

+

+

late

Sa304
+

+

+

early

*

+

+

+

late

Table 2.1: Properties of the bacterial collection. PVK: Phosphate solublization assay based on Pikovskaya method, ZnO and
ZnCo3: Zinc solubilization assays, Siderophore: siderophore production assay, IAA: auxin production assay, 0.5M/1M NaCl:
salt stress tolerance test, 10%/20% PEG: osmotic stress tolerance test. STPB: Stress Tolerant Promoting Bacteria. Early/late
indicate if STPB activity was visible before 12 days or 20 days of salt stress treatment on Arabidopsis respectively. PGPB:
Plant Growth Promoting Bacteria. A "+" indicates a positive result on the evaluated assay.
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Overall, all phyla had representatives for all the analyzed traits except for the
Bacteroidetes, for which no strain exhibited any zinc solubilisation and auxin
production properties, but the small number of Bacteroidetes strains (only 4
strains) could explain these absences. The same proportions were found in
previous publications, for example Baldan et al. report that out of the 377 isolates
they could identify from grapevine (Vitis vinifera cv. Glera), 33% could solubilize
phosphates and 38% secrete siderophores (Baldan, Nigris et al. 2015). The only
major difference relies in the IAA producing ability where only 5% of isolates
were found positives against 31 % in our screen. Those results are also similar
with those obtained using 217 isolates from tea rhizosphere among which 48%
could solubilize phosphate, 29% produce siderophores and 30% IAA (Dutta,
Handique et al. 2015).

The bacteria were then tested for their ability to enhance plant growth under long
term salt stress conditions using the model plant Arabidopsis thaliana Col-0 in an
in vitro system. Five days old seedlings were transferred on control (½MS) and
salt stress (½ MS + 100mM NaCl) agar plates, and immediately inoculated with
individual bacterial cultures. After growth for 21 days, out of the 83 tested strains
from the collection, 32 candidates exhibited STP activity on Arabidopsis, which
could be further divided into 2 categories of early and late STP activity (STP
effect visible at 12 or only 21 days after transfer, respectively) (Table 3.1). Even if
no Actinobacteria strain was found to be positive in this screen, the STP strains
were homogenously distributed between Proteobacteria (68%), Firmicutes (25%)
and Bacteroidetes (6%) reflecting their distribution in the collection. Interestingly,
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the large majority of STP strains that increased plant growth under salt stress did
not possess PGP activity (Table 3.1). Moreover, for most of the STP strains, no
correlation could be established between their STP activities and their biochemical
properties (Table 3.1). Moreover, as already observed by Eida et al. (Eida, Ziegler
et al. 2018) for most of the STP strains, no correlation could be established
between their STP activities and their biochemical properties (Table 3.1).

In addition, two strains, SA93 and SA190, showed both PGP and STP effects on
plants. SA93 was identified as Mesorhizobium sp. SA93 and SA190 as
Pseudomonas argentinensis SA190. Interestingly, Mesorhizobium sp. SA93 did
not exhibit any of the tested potential biochemical PGP or STP traits, while
Pseudomonas argentinensis SA190 could solubilize phosphates, produced
siderophores and was tolerant to salt and osmotic stresses (Lafi, Alam et al. 2016).

Overall, these results indicate that none of the evaluated biochemical traits predict
PGP or STP for any given bacterial strain. These observations are in accordance
with a previous study in which the effect of 268 grapevine-isolates affecting
Arabidopsis root architecture could be clustered into 6 groups depending on their
effect on root length, thickness or area. However, they could not clearly correlate
any of these groups to a specific PGP trait they quantified, meaning phosphate
solubilization, carboxy-methyl cellulose degradation, IAA, ammonium and
siderophore production (Baldan, Nigris et al. 2015). This is also supported by the
study of Cherif et al. in which 2 strains exhibiting the weakest and the strongest
PGP score (respectively Pseudomonas frederickbergensis E102 and Pseudomonas
brassicacearum E141) induce both a promoting effect on date palm growth
(Cherif, Marasco et al. 2015).
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These results confirm that, when trying to associate bacterial PGP activity and
PGPR effects on plants, many other PGP traits should be considered, on both
normal and stress conditions, such as bacterial superoxide dismutase, peroxidase,
catalase or ACC deaminase activities, but also production of some osmoprotectants such as proline or polyamines such as spermidine. Indeed while those
parameters were shown to be at basal levels in resting conditions, they were
induced in response to salt stress (Xie, Wu et al. 2014, Sarkar, Saha et al. 2017).

3.3.3

Phylogenetic analysis and species identification of selected Stress
Tolerance Promoting Bacteria

To confirm the results obtained from the screen, we randomly selected 9 strains
belonging to the four phyla. In addition, every selected strain was also positive for
at least one microbial property. Moreover, 7 strains were isolated from nodules
(SA16, SA45, SA188, SA191, SA215, SA244, and SA304), strain SA151 was
isolated from the rhizosphere and SA149 from soil. By comparing the 16S rRNA
sequences with sequences of strains from publically available data bases, these
nine bacterial strains belong to different taxonomical groups. Neighbor-joining
phylogenetic tree based analysis of the 16S rRNA gene sequences shows their
taxonomic relationship with regard to the closest known species (Figure 3.2).
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Figure 3.2: Phylogenetic tree of selected bacteria based on 16S rRNA gene
sequence comparison. Evolutionary relationships of the nine selected
bacterial strains, highlighted in bold, inferred using the Neighbor-Joining
method and the evolutionary distances were computed using the Kimura 2parameter method. GenBank accession numbers of strains are presented in
brackets. The percentage of replicate trees in which the associated taxa
clustered together in the bootstrap test (1000 replicates) are shown next to the
branches.
SA16 (Plantibacter sp. SA16) was closely related to Plantibacter flavus KAR63
(KR055024.1), Plantibacter auratus (AB177868.2) and P.cousinae 9m2y
(JQ661252.1). SA45 (Bacillus tequilensis strain SA45) is a member of Bacillus
with high sequence similarity to Bacillus tequilensis 10B (HQ223107.1) and B.
tequilensis A2B3B24 (LC130493.1). SA149 (Ochrobactrum intermedium strain
SA 149) shows high sequence similarity (99%) with a number of Ochrobactrum
intermedium strains JBP.22 and CCUG24694 (KM675951.1; AM114411.1)
(Figure 3.2). SA151 (Olivibacter jilunii strain SA 151) shows high sequence
similarity and clusters with Olivibacter jilunii (NR_109321.1) and
O.oleidegardans (NR_108900.1). SA188 (Acinetobacter radioresistens strain
SA188) has high similarity to two strains of Acinetobacter radioresistens
(GU145275.1; NR_026210.1) (Lafi, Alam et al. 2017). SA191 (Enterobacter sp.
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SA 191) clusters with Enterobacter kobei strains CIP 105566 (NR_028993.1) and
E. ludwig (AJ853891) and Citrobacter murliniae CDC 2970-59 (NR_028688.1).
SA244 (Pseudomonas sp. SA 244) was closely related to P. xanthomarina
(NR_041044.1; AB176954.1) and P. stutzeri ATTCC 17588T (AF094748.1).
SA215 strain clusters with different species of Sinorhizobium kostiense
LMG19255 (AM181747), S. saheli NBRC 100386 (NR_113892.1) and S. saheli
LMG7837 (X68390.2) with high sequence similarity. Finally SA304 (Ensifer sp.
SA 304) cluster with different rhizobia strains including Rhizobium sp. SYF5
(JN0486471) and Rhizobium sp. L120T (KM 894194) as well as with a number of
Agrobacterium species including Agrobacterium tumefaciens NCPPB2437
(NR115516.1).

3.3.4

All nine strains reduce shoot Na+/K+ ratios in colonized plants under salt
stress

To investigate how the 9 different strains enhance salt stress tolerance in
Arabidopsis, we measured Na+ and K+ levels (Supplementary table 1) and
calculated Na+/K+ ratios in shoots and roots of plants cultivated in the absence or
presence of 100 mM NaCl (Figure 3.4 and figure 3.3).
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Figure 3.3: Na+/K+ ratios of STPB inoculated plants are highly reduced in
shoot under salt stress. Shoot Na+/K+ ratios of 5-day-old STPB-colonized or
mock Arabidopsis seedlings treated during 12 days with ½ MS +/- 100mM
NaCl in root (A) and shoot (B). Error bars indicate standard error. Asterisks
indicate statistical significance calculated using the Student t-test between
mock and STPB inoculated plants under the same conditions (* P < 0.05, ** P
< 0.01, *** P < 0.001).
On ½ MS alone, while inoculated plants showed no differences in their Na+/K+
ratios in roots compared to non-inoculated plants, most of the strains induced
some minor changes in the shoot ratios (Figure 3.4). Besides SA151 and SA215,
that do not alter the shoot Na+/K+ ratio under normal conditions, all the bacteria
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already reduce this ratio, with the exception of SA244 where the Na+/K+ ratio was
found to be increased compared to non-inoculated plants (Figure 3.4).

Figure 3.4: Shoot and root Na+/K+ ratios of STPB-inoculated plants are
slightly affected under normal conditions (½ MS). Shoot and root Na+/K+
ratios of 5-day-old STPB-colonized or mock Arabidopsis seedlings treated
during 12 days with ½ MS. Error bars indicate standard error. Asterisks
indicate statistical significance calculated using the Mann and Whitney test
between mock and STPB inoculated plants under the same conditions (* P <
0,05, ** P < 0,01, *** P < 0,001)
However, under salt stress conditions, all bacteria similarly strongly reduced the
shoot Na+/K+ ratios (Figure 3.3), possibly explaining the higher STPB
performance. Indeed several studies have shown that PGPB inoculation resulted in
lower Na+/K+ ratios under salinity stress in maize, strawberry or Arabidopsis
(Nadeem, Zahir et al. 2006, Zhang, Kim et al. 2008, Karlidag, Yildirim et al.
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2013, Eida, Alzubaidy et al. 2019). Indeed, in plants subjected to salt stress,
cellular Na+ contents are enhanced while K+ levels are reduced. The detrimental
effect of Na+ ions can be explained by their competition with K+, replacing the
latter in cytoplasmic enzymatic reactions. One explanation why inoculated plants
tolerate salt stress better is therefore their capacity to maintain reduced Na+/K+
ratios and therefore preserving higher metabolic rates (Shabala 2013, Deinlein,
Stephan et al. 2014, Garriga, Raddatz et al. 2017).
However, the nine strains showed differences in their root Na+/K+ ratios. Indeed,
while SA188, SA149, SA191, SA45 and SA151 slightly reduced or did not affect
root Na+/K+ ratios, SA214, SA244, SA16 and SA304 showed increased ratios
(Figure 14.3B), indicating that different beneficial strains use different strategies
to control Na+ and K+ homeostasis of their host plants. This is in agreement with
recently published data which demonstrated the commonality of five
phylogenetically diverse bacteria, isolated from the root endosphere of three
different desert plants from Jizan, in reducing shoot Na+/K+ ratios of Arabidopsis
and promoting its salinity stress tolerance (Eida, Alzubaidy et al. 2019).

Altogether, this confirms that STPB can act differently on plants but exhibit the
same final outcome by drastically reducing shoot Na+/K+ ratios. These results also
highlight that the tested beneficial bacterial strains reduced the Na+ flux into the
shoots, thereby contributing to the enhanced salt stress tolerance of their host
plants.

3.3.5

Different Strains use different modes of action to ensure STP activity

Since the nine selected strains induced different Na+/K+ ratios in roots under salt
stress, they were then analyzed for their effect on Arabidopsis thaliana Col-0
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seedlings to characterize their influence on plant development. Under both control
(½ MS) and salt stress conditions (½ MS + 100mM NaCl), several plant growth
parameters were analyzed: root length was measured every 2 days after transfer
(RL D2 to D12, in Figure 16.3 and Supplementary table1), lateral root density was
calculated 6 and 8 days after transfer, whereby shoot, root and total fresh weights
as well as shoot and root dry weights were measured at the end of the experiment.
Finally, we also analyzed the Na+ and K+ ion contents in shoots and roots (Figure
3.5), altogether resulting in the measurements of 34 different traits.
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Figure 3.5: STPB can be clustered into different groups based on their effect
on Arabidopsis. Raw data were normalized and used for Hierarchical
Clustering (Euclidian distances) of the tested bacteria and every parameter.
MS or Salt indicate the growth medium: ½ MS or ½ MS + 100mM NaCl ;
RL: root length, LRD: lateral root density, TFW/RFW/SFW :
total/root/shoot fresh weight; RDW/SDW: root/shoot dry weight; Na+/K+: ion
concentration; D: day after transfer (detailed information for each
parameter in Supplementary table1).
While all the bacteria increased Arabidopsis growth submitted to salt stress, their
different Arabidopsis developmental effects either on ½ MS or during salt stress
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are suggesting that their STP activity is mediated by different ways (Figure 16.3).
Using the results from the 34 traits, a hierarchical clustering was performed to
classify the STPB into different groups. As shown in Figure 16.3, the nine strains
could be regrouped in 4 different clusters: Group I is composed of SA191, SA188
and SA149, group II comprises SA45 and SA151, group III SA244 and SA215
while the IV regroups SA16 and SA304.
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Figure 3.6: STPB induce different effects on Arabidopsis growth on ½ MS
and/or Salt stress. Five-day old seedlings were inoculated with STPB from
Group I (A), Group II (B), Group III (C) and Group IV (D) and transferred
to ½ MS +/- 100mM NaCl for 12 days.
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We then used the 14 parameters presenting the most prominent variations (root
length 6 and 12 days after transfer, lateral root density 6 and 8 days after transfer,
total/root/shoot fresh weights, for both ½ MS and salt stress) among all the tested
conditions to illustrate the different effects the STPB have on Arabidopsis on both
½ MS and salt stress (Figure 3.6). Percentage variations for all the tested
parameters were calculated using the non-inoculated plants as 100% under the
same conditions.
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Figure 3.7: Clustered STPB group have similar effects on Arabidopsis
growth on normal conditions or during salt stress. Growth parameters of
plants grown on ½ MS or during salt stress colonized with STPB from Group
I (A), Group II (B), Group III (C) and Group IV (D). Percentages indicate
changes of STPB-colonized plants compared to mock-treated plants (set up at
100%, detailed information for each parameter in Supplementary table1).
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Group I strains Enterobacter sp. SA191, Acinetobacter radioresistens strain
SA188 and Ochrobactrum intermedium strain SA149 have almost no effect on
plant growth when cultivated on ½MS: The shoot fresh weight is not modified
with variations between -2% to +2% compared to non-inoculated plants. Similar
variations were observed for root fresh weight or root length on day 12 for
example (from +2% to +12% and from -11% to 0%, respectively). However, in
the salt stress context, group I microbes largely enhanced shoot growth (increases
between +60% to +98%) and strongly affected the overall root architecture.
Indeed, although root length on day 12 was equally negatively affected as in noncolonized plants, the lateral root density and the root fresh weight in colonized
plants increased by +42% to +60% and +52% to +100%, respectively (Figure
3.7A), ending with a much larger root system and surface area (Figure 3.6).
Interestingly, Enterobacter sp. SA187 (Andrés-Barrao, Lafi et al. 2017) a strain
that was isolated from nodules as SA191 and SA188 had similar effect on
Arabidopsis as group I strains and was deeply analysed in the following chapter.

Group II strains Bacillus tequilensis SA45 and Olivibacter jilunii SA151 had also
almost no effect on Arabidopsis in control conditions similar to group I strains:
total, shoot and root fresh weights varied between -8% to +4% when compared to
control plants. Root length and lateral root density were slightly different with 2% to -19% and -14% to +6%, respectively. However, the plant growth promotion
effects during salt stress were much smaller when compared to group I strains. For
example, the total fresh weight increased between +34% to +39%, with a root
length reduction between -21% and -31% (Figure 3.7B). Group III strains,
comprising Sinorhizobium sp. SA21 and Pseudomonas sp. SA244, reduced
Arabidopsis growth on ½ MS with a decrease of around -30% for both shoot and
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root fresh weight and a massive reduction of root length by -70% (Figure 3.6 and
Figure 3.7C). However, on salt medium, group III strains almost doubled shoot
fresh weight of colonized Arabidopsis plants (from +90% to +101%).
Surprisingly, the entire root architecture was still poorly developed, showing still
shorter root length (-19% to -27%), with differences in lateral root densities (+7%
and +47%), ending with an increase in root fresh weight but with no statistical
differences (+38% and +31%) (Figure 3.7C and Supplementary table1).

Group IV strains Ensifer sp. SA304 and Plantibacter sp. SA16 showed a little
negative effect on shoot growth on ½ MS medium as exemplified by the slight
reduction in shoot fresh weight (-11% and -19%, respectively). These bacteria
highly modified the root system of Arabidopsis on ½ MS: with a reduced root
length of only -36% to -42% compared to control plants, but an increase in lateral
root density over +30% at 8 days after transfer (+39% to +57%), ending with
compact root systems with variations of root fresh weight between -14% to +22%
compared to mock treated plants. This discrepancy could be explained by the
longer lateral roots as shown in Figure 16.3. Under salt stress conditions,
colonized plants still had shorter or similar primary root lengths, but massively
increased lateral root density (+78% to +99%) and root fresh weight (+69% to
+95%). At the same time, colonized plants showed more highly developed shoots
and had approximately doubled shoot fresh weights when compared to noncolonized control plants (from +86% to +107%) (Figure 3.7D).

Finally, to assess the number of bacteria that are applied on plants during our plug
inoculation method, we determined the colony forming units (CFU) per plug for
each strain. As shown in (Figure 3.8), most of the strains have CFUs in the range
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between 109 and 1010 CFU per plug. However, two strains grow much better on
LB and show CFUs of up to 1013 (Figure 3.8). Although the number of applied
bacteria cannot be directly correlated with their capacity to induce STP, it is hard
to judge their effects in a natural system where highly different concentrations of
bacterial and other species compete with each other in the rhizosphere.

Figure 3.8: Strain CFU number per plug. Number of colony-forming units
per plug. Error bars indicate standard error. Experiments were done in 3
biological replicates (9≤n≤12). Different letters indicate statistical significance
based on Kruskal and Wallis test.
Overall, these results suggest that at least four different strategies in these
beneficial bacteria are used to enhance salt stress tolerance of Arabidopsis. Group
I and to a lesser extent Group II strains showed almost no effect under control
conditions but doubled plant fresh weight under salt stress conditions. Although
being marginal, this specific beneficial activity under abiotic stress conditions has
already been described previously: for example the root associated microbes P.
plecoglossicida, P. mandelii or B. tequilensis do not increase pepper root biomass
under well-watered conditions but achieve it under drought stress (Rolli, Marasco
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et al. 2015). This was also described for 3 bacteria, naming Bacillus sp. L81,
Staphylococcus sp. I26 and Curtobacterium sp. M84 which were found to have no
influence on Arabidopsis fresh weight but could elevate plant tolerance towards
abiotic and/or biotic stresses (Barriuso, Solano et al. 2008). Nevertheless, it should
be noted that these STPR differ from most of the PGPR-related publications in
abiotic stress context. Indeed many of the previous publications describe plant
associated bacteria that constantly have a beneficial effect on plant both in normal
and stress conditions [see for example (Zhang, Kim et al. 2008, Nautiyal,
Srivastava et al. 2013, Han, Lü et al. 2014, Bharti, Pandey et al. 2016, Singh and
Jha 2016)].

Group IV STP strains already influenced plant growth and root development
under normal conditions and Group III strains had both harmful and beneficial
effects, negatively affecting plant development under control conditions but
increasing plant growth when subjected to salinity. Similar dual activities of
microbial strains were already reported (Nadeem, Ahmad et al. 2014). For
example, the rhizobitoxine produced by Bradyrhizobium elkanii was shown to
induce foliar chlorosis on soybean in normal conditions, while under limiting
nitrogen availability this product can increase nodulation (Sugawara, Okazaki et
al. 2006).

3.4CONCLUSION
In this study, we isolated rhizosphere and endosphere bacteria from the pioneer
plant Indigofera argentea in the desert region of Jizan, Saudi Arabia. Our
hypothesis was that those microbes could have evolved and been selected by the
plant for their capacity to increase its tolerance towards environmental stresses
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such as salt stress, one of the most common and detrimental abiotic stresses
worldwide, affecting 20% of the arable lands and reducing crop yield globally
(Dodd and Perez-Alfocea 2012, Negrão, Schmöckel et al. 2017). Therefore, our
goal was to find an easy way to rapidly and efficiently identify Salt Tolerance
Promoting Bacteria. To do so, we tested, without a priori, our collection for STPB
activity on plant in a simple screen using a bacterial plug as a fast forward
inoculation procedure.

In conclusion, from this highly divergent collection of 83 isolates belonging to 4
different phyla, including 25 genera, we could show that 32 isolates (38%)
increase plant growth when submitted to plants stress, indicating that a large
variety of plant interacting bacteria possess the ability to enhance plant salt stress
tolerance. Interestingly, a precise analysis of the effect of 9 randomly selected
isolates on Arabidopsis thaliana growth, on both control and salt stress conditions,
revealed that, while the final outcome is common for all these STPB, with an
enhanced shoot fresh weight and a reduced shoot Na+/K+ ratio in response to salt
stress, it is independent of their phylogenetic origin, their bacterial properties or
the quantity of applied bacteria. Moreover, those STPB can act differently on
plant with different effect on root and shoot development, suggesting a wide
diversity of mechanisms to interact and induce plant salt stress tolerance. As a
perspective, knowledge of these different mechanisms for enhancing salt stress
tolerance by different rhizosphere microbes should open new possibilities to find
strains that can boost agriculture on saline soils.
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3.5 ENTEROBACTER SP. SA187, A DESERT ENDOPHYTIC
BACTERIUM: SHOW CASE STRAIN FROM GROUP I

To focus on the molecular mechanism underlying the promoting effect of STPB
on Arabidopsis under salt stress. SA187 was chosen for investigations as it had a
very reproducible promoting effect on plants and a complete genome sequence
analysis (Andrés-Barrao, Lafi et al. 2017).

We first assessed the capacity of SA187 to affect the early stages of Arabidopsis
development under normal conditions (½ MS medium, 22°C, 16 h of light). When
compared to mock-inoculated plants, SA187 had no influence on the germination
rate of Arabidopsis seeds (Figure 3.9A), and apart from considerably longer root
hairs (Figure 3.9B, C), 5-day-old seedlings showed no morphological changes.
Similarly, after transfer onto new ½ MS plates (Figure 3.9), no differences
between 17-day-old mock- and SA187-inoculated seedlings were recorded, when
measuring root length, lateral root density, shoot morphology, or root and shoot
fresh and dry weight of seedlings (Figure 20.3D-F) indicating that SA187 has no
significant effect on Arabidopsis development under normal growth conditions.

On the other hand, the stress tolerance and growth promoting capacity of SA187
on Arabidopsis was highlighted under salt stress. Five days after germination,
SA187- and mock-inoculated seedlings were transferred onto ½ MS agar plates
supplemented with 100 mM NaCl (Figure 3.9), and the same growth parameters
as above were evaluated up to 12 days after the transfer to salt plates. SA187inoculated plants showed stress tolerance promoting activity on salt stress: the
shoot and root systems of SA187-inoculated plants were significantly more
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developed than those of mock-inoculated plants (Figure 3.9E and F). While
primary root length was similar between SA187- and mock-inoculated plants
(Figure 3.9D), lateral root density was significantly increased (Figure 3.9F).
Similarly to 5-day-old seedlings, SA187-inoculated plants at this stage had more
than twice longer root hairs compared to the mock-inoculated ones under both
normal and salt stress conditions (Supplementary figure 2).

Figure 3.9: SA187 enhances Arabidopsis tolerance to salt stress. (A)
Germination efficiency on ½ MS medium without (mock) or with SA187
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(+SA187) (n >300, 3 biological replicates, bars represent SE). (B) Average
root hair length of 10% longest root hairs (n >70) in 5 day-old seedlings
grown vertically on ½ MS medium without (mock) or with SA187. Error bars
represent SE. (C) Typical root hair morphology of 5 day-old seedlings used
for the analysis in (B). Bar represent 200 μM. (D) Root length time course of
SA187-inoculated or mock-treated Arabidopsis seedlings after transfer of 5
day-old seedlings from ½ MS to ½ MS with or without 100 mM NaCl (n=60).
Error bars represent SE. (E) SA187-colonized 17 day-old seedlings showing
enhanced growth under salt stress (½ MS + 100 mM NaCl) but negligible
differences under normal conditions (½ MS). Bar represent 1 cm. (F) Total
plant dry weight, total plant fresh weight, shoot fresh weight, root fresh
weight of 17 day-old seedlings and lateral root density of 13 day-old seedlings
inoculated by SA187 or mock-treated transferred 5 days after germination
from ½ MS to ½ MS with or without 100 mM NaCl. All plots represent the
mean of three biological replicates (n >39). Error bars represent SE.
Asterisks indicate a statistical difference based on the student t-test (* P <
0.05, ** P < 0.01, *** P < 0.001).
Moreover, we proved that the beneficial activity of SA187 was largely linked to
living bacterial cells as heat-inactivated SA187 cells did not induce any beneficial
activity (Figure 3.10). Overall, SA187 strongly enhances total fresh and dry
weights of both shoot and root organs under salt stress conditions, in contrast to
normal conditions.
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Figure 3.10: The effect of inactivated SA187 on Arabidopsis growth. (A)
Fresh weight of 17-day-old Arabidopsis seedlings exposed to salt stress (½
MS + 100mM NaCl) for 12 days in the presence of heat-inactivated SA187 in
comparison to living SA187. Error bars represent SE. Asterisks indicate a
statistical difference to mock based on the Student’s test (* P < 0.05, ** P <
0.01, *** P < 0.001).
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Chapter 4: ethylene induced plant stress tolerance
by Enterobacter sp. SA187 is mediated by 2‐keto‐4‐methylthiobutyric
acid production

This chapter has been published as: de Zélicourt A, Synek L, Saad MM,
Alzubaidy H, Jalal R, et al. (2018) Ethylene induced plant stress tolerance
by Enterobacter sp. SA187 is mediated by 2‐keto‐4‐methylthiobutyric acid
production. PLOS Genetics 14(3):
e1007273. https://doi.org/10.1371/journal.pgen.1007273

4.1 ABSTRACT
Several plant species require microbial associations for survival under different
biotic and abiotic stresses. In this study, we show that Enterobacter sp. SA187, a
desert plant endophytic bacterium, enhances yield of the crop plant alfalfa under
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field conditions as well as growth of the model plant Arabidopsis thaliana in vitro,
revealing a high potential of SA187 as a biological solution for improving crop
production. Studying the SA187 interaction with Arabidopsis, we uncovered a
number of mechanisms related to the beneficial association of SA187 with plants.
SA187 colonizes both the surface and inner tissues of Arabidopsis roots and
shoots. SA187 induces salt stress tolerance by production of bacterial 2-keto-4methylthiobutyric acid (KMBA), known to be converted into ethylene. By
transcriptomic, genetic and pharmacological analyses, we show that the ethylene
signaling pathway, but not plant ethylene production, is required for KMBAinduced plant salt stress tolerance. These results reveal a novel molecular
communication process during the beneficial microbe-induced plant stress
tolerance.

4.2 INTRODUCTION
Abiotic stresses like salinity, drought or heat negatively affect plant growth and
yield and belong to the most limiting factors of agriculture worldwide (Wang,
Vinocur et al. 2003, Zurbriggen, Hajirezaei et al. 2010). For example, salinity,
known to affect almost one fourth of arable land globally, is a two-phase stress
composed of a rapid osmotic and a slower toxic stress, resulting from Na+ ion
accumulation and loss of K+ in photosynthetic tissues (Negrão, Schmöckel et al.
2017). Salt stress reduces the rate of photosynthesis, leading to a decrease of plant
growth and crop yield (Hanin, Ebel et al. 2016). However, in the context of global
climate change and an increasing world population, abiotic stress tolerant crops
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and sustainable solutions in agriculture are urgently needed to respond to growing
food demands (Coleman-Derr and Tringe 2014).

One way to overcome these challenges is to take advantage of plant-interacting
microbes (Bisseling, Dangl et al. 2009, de Zelicourt, Al-Yousif et al. 2013, Busby,
Soman et al. 2017). Indeed, plants and their rhizosphere host diverse microbial
communities, selected from bulk soil (Bulgarelli, Rott et al. 2012, Lundberg,
Lebeis et al. 2012, Bai, Muller et al. 2015), and beneficial bacteria, defined as
plant growth-promoting bacteria (PGPB), can establish symbiotic associations
with plants and promote their growth under optimal growth conditions or in
response to biotic and abiotic stresses (Obledo, Barragán-Barragán et al. 2003,
Marasco, Rolli et al. 2012, Kaplan, Maymon et al. 2013, Desgarennes, Garrido et
al. 2014, Mengual, Schoebitz et al. 2014, Pieterse, Zamioudis et al. 2014, Cherif,
Marasco et al. 2015). Direct plant growth- promotion mechanisms include the
acquisition of nutrients by nitrogen fixation, phosphate and zinc solubilization, or
siderophore production for sequestering iron. The modulation of phytohormone
levels, such as auxin, ethylene, cytokinin or gibberellin, also largely contributes to
the beneficial properties of PGPB (Persello-Cartieaux, Nussaume et al. 2003,
Vessey 2003, Hardoim, van Overbeek et al. 2008). Indirect mechanisms comprise
the production of antimicrobial agents against plant pathogenic bacteria or fungi,
or inducing systemic resistance against soil-borne pathogens (Glick 2012,
Pieterse, Zamioudis et al. 2014).
Arid regions cover about one quarter of the Earth’s land surface and encompass
many of the challenges for increasing agricultural productivity (Ezcurra 2006). In
contrast to better known dryland farming, desert agriculture can function only
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when crop plants are irrigated usually with underground water with various levels
of salinity (Creswell and Martin 1998). Those areas face extreme environmental
conditions, characterized by high levels of radiation, low rainfall, extreme
temperatures, coarse soil which retains very little moisture, as well as low
nutrients and typically high natural salinity, which all strongly limit the yield of
crops (Rewald, Eppel et al. 2012). Although deserts appear to be hardly
inhabitable, a wide diversity of organisms has adapted to these extreme
conditions. Plants along with their interacting microbial partners have evolved
sophisticated mechanisms such as the production of osmoprotectants, reactive
oxygen species scavengers or late embryogenesis abundant proteins to monitor the
environment and reprogram their metabolism and development (Chaves, Pereira et
al. 2002, Lebre, De Maayer et al. 2017). Therefore, this particular environment is
an ideal reservoir to isolate and identify beneficial bacteria enhancing plant
tolerance towards environmental stresses such as drought, heat or salinity (de
Zelicourt, Al-Yousif et al. 2013).

To identify and characterize stress tolerance-promoting bacteria that can increase
plant tolerance to abiotic stresses and therefore could be used for improving desert
agriculture, we previously isolated and sequenced a number of rhizosphere and
endophytic bacterial strains from nodules of desert pioneer plants (Lafi, Alam et
al. 2016, Andrés-Barrao, Lafi et al. 2017, Lafi, Alam et al. 2017). Here, we report
that Enterobacter sp. SA187, an endophytic bacterium isolated from root nodules
of the indigenous desert plant Indigofera argentea (Andrés-Barrao, Lafi et al.
2017), significantly increased yield of the agronomically important crop alfalfa
(Medicago sativa) in field trials under both normal and salt stress conditions,
demonstrating that SA187 has a high potential to improve agriculture under desert
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conditions. To better understand the molecular mechanisms for conveying
enhanced stress tolerance of plants, we studied its interaction with Arabidopsis
thaliana. SA187 could enhance Arabidopsis tolerance to salt stress, and GFPlabeled SA187 colonized surface and inner tissues of Arabidopsis roots and
shoots. Moreover, transcriptome analyses uncovered that SA187-induced plant
tolerance to salt stress is due to maintenance of photosynthesis and primary
metabolism and a reduction of ABA-mediated stress responses. Using different
plant hormone related mutants, ethylene sensing was found to play a primary role
in SA187-induced salt stress tolerance. Indeed, Arabidopsis mutants impaired in
ethylene perception were compromised in their beneficial response to SA187,
while mutants deficient in ethylene synthesis remained unaffected. Gene
expression analysis of SA187 indicated an upregulation of the methionine salvage
pathway upon plant colonization, increasing the production of 2-keto-4methylthiobutyric acid (KMBA), which is known to be converted into ethylene in
planta (Splivallo, Fischer et al. 2009). KMBA alone could mimic the beneficial
effects of SA187 on plant salt stress tolerance and 2,4-dinitrophenylhydrazine
(DNPH), which specifically precipitates KMBA (Chagué, Elad et al. 2002), could
abrogate SA187-induced plant stress tolerance. These results unravel a novel
communication process during beneficial plant-microbe interactions under stress
conditions.
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4.3 FINDINGS
4.3.1 ENTEROBACTER SP. SA187 INCREASES ALFALFA
YIELD IN FIELD TRIALS UNDER FIELD CONDITIONS

Since SA187 was an outstandingly performing bacterial isolate in a previous
screen using Arabidopsis as a model plant (Andrés-Barrao, Lafi et al. 2017), we
evaluated the potential agronomic use of SA187 as a biological solution for
agriculture. Therefore, we tested the beneficial activity of SA187 on different
growth parameters of the crop plant alfalfa (Medicago sativa), which is largely
used as animal feed in different regions of the world. Alfalfa seeds were coated
with SA187 and tested in parallel with mock-coated seeds at the experimental
field station Hada Al-Sham near Jeddah, Saudi Arabia. A randomized complete
block design with a split-split plot arrangement with different replicates was used
over two subsequent growing seasons (2015–2016 and 2016–2017). Using low
saline water (EC = 3.12 dS·m-1) for irrigation, SA187-inoculated alfalfa plants
showed an increase of 16 and 12% of fresh weight and 14 and 17% of dry biomass
in the two growing seasons, respectively (figure 4.1A).
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Figure 4.1: Growth parameters of alfalfa in field trials. (A) Alfalfa fresh and
dry weight under low salinity irrigation. (B) Alfalfa fresh and dry weight
under high salinity irrigation. Each column represents a mean of harvests
from each experimental plot (n = 4 for season 1; n = 3 for season 2). Error
bars represent SE. An increase of weight for SA187-treated plants related to
Mock is indicated in %. Asterisks indicate a statistical difference based on
Factorial ANOVA test followed by least significant difference (LSD) test (* P
< 0.05). Meteorological data for field trials are displayed in (S1 Fig)
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Using high saline water (EC = 7.81 dS·m-1) for irrigation, a similar beneficial
impact on plant growth was observed over the two growing seasons (figure 4.1B).
However, the growth parameters in the second season were statistically not
significant, most likely due to exceptional rainfall in that period (Supplementary
figure 1). We concluded that SA187 can efficiently improve crop productivity
under extreme agricultural conditions.

4.3.2 Enterobacter sp. SA187 modifies root and shoot K+ levels
The concentration of sodium (Na+) and potassium (K+) ions in shoots is an
important parameter for salt stress tolerance (Garriga, Raddatz et al. 2017).
Therefore, the Na+ and K+ contents were determined in Arabidopsis organs in the
absence and presence of SA187. Interestingly, both shoots and roots of SA187inoculated plants accumulated similar levels of Na+ compared with mockinoculated plants under normal and salt stress conditions (Figure 4.2A and D).
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Figure 4.2: Ion content in Arabidopsis seedlings. Shoot Na+ content (A), shoot
K+ content (B) and shoot Na+/K+ ratio (C) of 17-day-old mock- or SA187inoculated Arabidopsis seedlings exposed for 12 days to ½ MS with or
without 100 mM NaCl (48 > n > 36). Root Na+ content (D), root K+ content
(E) and root Na+/K+ ratio (F) of 17-day-old mock- or SA187-inoculated
Arabidopsis seedlings exposed for 12 days to ½ MS with or without 100mM
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NaCl (48 > n > 12). All plots represent the mean of three biological replicates,
and error bars represent SE. Asterisks indicate a statistical difference based
on the Mann-Whitney test (* P < 0.05; ** P < 0.01; *** P < 0.001).
However, increased K+ levels were found in SA187-inoculated plants (Figure
4.2B and E), resulting in significantly reduced shoot and root Na+/K+ ratios under
saline conditions (Figure 4.2C and F), which may help the inoculated plants to
keep high growth rate.

4.3.3 ENTEROBACTER SP. SA187 COLONIZES EPIDERMIS
AND INNER TISSUES OF BOTH ROOTS AND SHOOTS

After recognition of the beneficial impact of SA187 on plant physiology, we
wanted to characterize the interaction of SA187 with plants in more detail, and
find whether SA187 is able to efficiently colonize Arabidopsis as its non-native
host. SA187 cells were stably transformed to express GFP (SA187-GFP), which
did not affect their beneficial effect on Arabidopsis seedlings (Figure 4.3).
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Figure 4.3: The effect of GFP-tagged SA187 on Arabidopsis growth. Fresh
weight of 17-day-old Arabidopsis seedlings exposed to salt stress (½ MS +
100mM NaCl) for 12 days colonized by GFP-tagged SA187 in comparison to
wild-type SA187. No significant difference was recorded between SA187 and
SA187-GFP. Error bars represent SE. Asterisks indicate a statistical
difference to Mock based on the t-test (* P< 0.05; ** P < 0.01; *** P < 0.001).
Confocal microscopy revealed that SA187-GFP colonized both roots and shoots
on ½ MS agar plates or in soil (Figure 4.4). On vertical ½ MS agar plates, the first
colonies (formed by a small number of cells) were observed on the root epidermis
in the elongation zone, preferentially in grooves between epidermal cell files
(Figure 25.4 A and B). In the differentiation zone and older root parts, colonies
were larger and proportional with the age of the region (Figure 4.4 C). A similar
colonization pattern was observed in soil-grown seedlings, however, with a more
random distribution of colonies (Figure 4.4 D). SA187-GFP colonies were also
often found in cavities around the base of lateral roots (Figure 4.4E). While it was
rare to detect SA187-GFP cells inside root tissues in 5–7 days old seedlings, the
apoplast of the root cortex and even of the central cylinder was regularly occupied
by small scattered colonies in 3 weeks old seedlings (Figure 4.4F). Indeed, in our
initial plant assays, SA187 could be re-isolated from surface sterilized
Arabidopsis roots, indicating that SA187 was proliferating inside root tissues.
Inspecting shoots, SA187-GFP colonies were found deep inside the apoplast of
hypocotyls, cotyledons and the first true leaves, and in several cases, bacterial
cells were directly observed to penetrate through stomata of these organs (Figure
4.4G-I).
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Figure 4.4: Colonization of Arabidopsis seedlings with GFP-expressing
SA187 visualized by confocal microscopy. (A) Root colonization of agargrown seedlings starts in the elongation zone. Large colonies then occur in
the differentiation zone. MIP; bar = 100 μm. (B) Colonies first established
themselves in grooves between root epidermal cells. MIP; bar = 100 μm. (C)
Large colonies in the differentiation zone grow out from the grooves. MIP;
bar = 100 μm. (D) Root colonization of soil-grown seedlings exhibit more
random pattern in comparison to agar-grown. MIP; bar = 50 μm. (E) Lateral
root emergence allows SA187 to enter the root and colonize the lateral root
base (marked by arrowheads). A selected confocal section from a Z-stack
with top and side orthogonal views. Bar = 20 μm. (F) Scattered SA187
colonies occur inside the root tissues in two-week-old-seedlings (marked by
arrowheads). A single confocal section. Bar = 20 μm. (G) In cotyledons,
SA187 colonizes grooves between epidermal cells (left side) as well as the
extracellular space between mesophyll cells (right side; marked by
arrowheads). A single oblique confocal section is shown. Bar = 20 μm. (H)
SA187 colonization of the hypocotyl epidermis. MIP; bar = 20 μm. (I) SA187
cells enter hypocotyl via stomata, move freely among hypocotyl cells and
occasionally establish colonies inside. A selected confocal section from Zstack with top and side orthogonal views. Bar =50 μm. Green: SA187-GFP,
Magenta: cells walls (propidium iodide labelling), Blue: chloroplasts
(autofluorescence), MIP: maximum intensity projection of a confocal Z-stack.
Furthermore, we evaluated colonization of root systems by SA187 (wild type
strain) under normal and salt conditions. Plants were germinated on ½ MS agar
plates containing SA187 wild type strains, transferred to new ½ MS plates with or
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without 100 mM NaCl after 5 days, and parts of their root systems grown after the
transfer were used for bacterial extraction after 5 more days. Interestingly,
quantification based on counting of colony forming units (CFU) revealed that
roots from salt conditions were twice more colonized than those from normal
conditions (Figure 4.5), suggesting that in our experimental system plants can
probably facilitate their accessibility to colonization by beneficial bacteria under
stress conditions.

Figure 4.5: Quantification of root colonization by SA187. Efficiency of root
colonization evaluated by counting colony forming units (CFU) and
normalized per root centimeter. Seedlings were grown on ½ MS medium
(Control) or ½ MS with 100 mM NaCl for 5 days. Bars represent SE, n = 9,
each sample consists of 5 roots. Asterisks indicate a statistical difference
based on the Student t-test (*** P < 0.001).
4.3.4

SA187 massively reprograms Arabidopsis gene expression upon
colonization

To uncover how the tolerance to salt stress is achieved in SA187-inoculated
Arabidopsis, we performed RNA-seq analysis comparing transcriptome of noninoculated and SA187-inoculated plants grown under non-saline (Mock and
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SA187, respectively), and saline conditions (Salt and SA187+Salt). Compared to
the Mock condition, 545, 3113 and 1822 genes were found to be differentially
expressed in the SA187, Salt and SA187+Salt conditions, respectively (S4.1
Table). To obtain a global overview, the obtained transcriptome data were
organized by hierarchical clustering into 8 groups and analyzed for gene ontology
enrichment (Figure 4.6 and S4.2 Table).
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Figure 4.6: Transcriptome analysis of Arabidopsis response to SA187.
Hierarchical clustering genes in Arabidopsis seedlings in response to SA187,
salt (100mM NaCl) or both treatments based on the RNA-Seq analysis. For
every gene, FPKM values were normalized and log2 transformed. Heat map
generated using MeV v4.1.1 software and heat map colors indicate the fold
change of gene expression in log2 scale. for the most relevant clusters, gene
families statistically enriched are indicated based on gene ontology.
Cluster 1 and 7 comprise the largest sets of differentially expressed genes with
1607 and 744 members, respectively, and consist of salt-stress regulated genes
unaffected by SA187 inoculation. Whereas Cluster 1 genes are strongly
downregulated under salinity and are involved in water homeostasis, salicylic acid
(SA) and defense response, those of the Cluster 7 are highly upregulated and are
enriched in genes induced in response to water and salt stress or abscisic acid
(ABA).

A specific effect of SA187 on the transcriptome of plants was found in Clusters 2,
3 and 4.

Cluster 2 (354 genes) represents genes that are upregulated by SA187
independently of the growth conditions. This cluster is significantly enriched in
plant defense genes such as chitin responsive genes but also in ethylene and
jasmonic acid (JA) signaling (Figure 4.6). Genes of Cluster 3 (246 genes) are
strongly downregulated in non-inoculated plants under salt stress conditions, but
remain unaltered upon SA187-inoculation. These genes have a role in primary
metabolism, such as photosynthesis, carbon and energy metabolism. On the
contrary, genes included in Cluster 4 (464 genes) are enriched in ABA and abiotic
stress response and are upregulated in salt-treated plants, but not when plants were
inoculated with SA187.
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In summary, these data indicate that SA187 colonization triggers in Arabidopsis
the expression of genes involved in defense response as shown by the significant
enrichment for chitin responsive genes and ethylene and JA signaling. Moreover,
under saline conditions, SA187-inoculated plants release themselves from the
impact of abiotic stress (ABA), maintain higher metabolic and photosynthetic
activity, and can therefore grow better than mock-inoculated plants.

4.3.5

SA187 modulates abscisic acid, jasmonic acid, and ethylene
hormonal pathways under salt stress

Since our transcriptome analysis indicated possible roles of several hormone
pathways in the SA187-induced growth promotion under salt stress, we measured
the levels of salicylic acid (SA), jasmonic acid (JA) and abscisic acid (ABA) in
non-inoculated and SA187-inoculated plants. SA187 did not significantly change
plant SA levels in the absence or presence of salt (Figure 4.7A).
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Figure 4.7: SA187 modulates abscisic acid, jasmonic acid, and ethylene
hormonal pathways under salt stress. (A) Salicylic acid (SA), (B) abscisic acid
(ABA) and (C) jasmonic acid (JA) content of SA187-inoculated or mocktreated plants after growth on ½ MS with or without 100mM NaCl for 12
days. Error bars indicate a statistical difference based on Mann-Whitney test
(*P<0.05). (D) The ethylene reporter, pEBF2::GUS, visualizing the relative
ethylene content in primary root tips of mock-treated, SA187-colonized, and
ACC-treated 7-day-old seedlings under normal conditions (salt stress
conditions provided similar results). Bar =100 μm.
Plant ABA and JA concentrations also remained unchanged upon SA187
colonization under normal conditions, but their accumulation was significantly
lower in inoculated plants under salt conditions (Figure 4.7B, C), indicating a
partial attenuation of stress responses in these plants. To assess the level of
ethylene in Arabidopsis roots and possibly confirm the activation of the ethylene

108

signaling pathway observed in Cluster 2, we used the ethylene-dependent
pEBF2::GUS reporter (Konishi and Yanagisawa 2008). In contrast to mocktreated seedlings, the reporter line showed strong GUS activity in root tips upon
SA187-inoculation, similar to the treatment with the ethylene precursor
aminocyclopropane-1-carboxylic acid (ACC) (Figure 4.7D), indicating activation
of the ethylene signaling pathway.

4.3.6

Ethylene signalling mutants are compromised in the beneficial
response to SA187

To substantiate the phytohormone quantification, Arabidopsis hormone-deficient
or insensitive mutants were analyzed: the JA-receptor coi1-1 mutant (Xie, Feys et
al. 1998), the JA-insensitive jar1-1 mutant (Staswick, Su et al. 1992), the ABA
biosynthesis aba2-1 mutant (Schwartz, Leon-Kloosterziel et al. 1997) or the ABA
receptor quadruple mutant pyr1-1 pyl1-1 pyl2-1 pyl4-1 (named here, pyr1/pyl)
(Park, Fung et al. 2009). In all cases, the SA187 beneficial activity was
maintained upon salt stress in these hormone-related mutants, indicating that ABA
or JA do not play a major role in this interaction (Figure 4.8A).
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Figure 4.8: Ethylene signalling is important for the beneficial effect of SA187
under salt stress. (A) Fresh weight and beneficial index a ratio between fresh
weight of SA187- and mock-inoculated seedlings) of mutants in hormonal
pathways transferred from ½ MS to ½ MS + 100 mM NaCl (5+12 days). acs =
heptuple mutant acs1-1 acs2-1 acs4-1 acs5-2 acs6-1 acs7-1 acs9-1,
and pyr1/pyl = quadruple mutant pyr1 pyl1 pyl2 pyl4. All plots represent the
mean of three biological replicates (n > 36). Error bars represent SE. (B)
qPCR expression analysis of four ethylene-associated genes in 17-day-old
mock- and SA187-inoculated Arabidopsis seedlings exposed for 12 days to ½
MS with or without 100 mM NaCl. Normalized expression indicates the
linear fold change compared to mock-treated plants on ½ MS. Values
represent means of three biological experiments, each in three technical
replicates. Error bars indicate SE. (C) 100 nM ACC partially mimics the
effect of SA187 on salt stress tolerance improvement in Arabidopsis
seedlings. Five-day-old-seedlings were transferred to ½ MS + 100 mM NaCl
with or without ACC and evaluated after 12 days. SA187-inoculated plants
were used for comparison. (D) Total fresh weight of mock- and SA187inoculated 18-day-old Arabidopsis seedlings on ½ MS with 100 mM NaCl
supplemented with the ethylene synthesis inhibitor AVG or ethylene
signaling inhibitor AgNO3. Error bars representing SE and beneficial index
(%) are displayed. Asterisks indicate a statistical difference based on the
Student’s t-test (* P < 0.05; ** P < 0.01; *** P < 0.001).
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However, the ethylene insensitive ein2-1 and ein3-1 mutants (Guzman and Ecker
1990, Roman, Lubarsky et al. 1995), impaired in ethylene perception, were
strongly compromised in the beneficial effect of SA187, indicating that ethylene
sensing could be of importance in SA187-induced tolerance of Arabidopsis to salt
stress conditions. This result was confirmed by the up-regulation of four ethyleneinduced genes upon colonization by SA187: ERF106, ERF018, RAV1 and SZF1
(Figure 29.4B). Moreover, application of ACC (100 nM) during salt stress could
largely mimic the beneficial activity of SA187 on plants (Figure 4.8C).

In contrast, the heptuple ethylene-biosynthesis deficient mutant acs1-1 acs2-1
acs4-1 acs5-2 acs6-1 acs7-1 acs9-1 (called acs in this study) still showed full
sensitivity to the beneficial activity of SA187 under salt stress (Figure 4.8A).
Additionally, the SA187 beneficial effect was maintained when plants were
treated with amino-ethoxy-vinyl glycine (AVG, 1 μM), an ethylene production
inhibitor blocking ACC synthesis (Figure 4.8D). However, when plants were
treated with silver nitrate (AgNO3, 1 μM), which interferes with ethylene
perception, SA187-inoculated plants did not exhibit any SA187-induced tolerance
to salt stress (Figure 4.8D).

Altogether, these results indicate that the beneficial effect of SA187 may not be
mediated by JA perception or the ABA pathway, but rather by the ethylene
perception, as it was found to be necessary for SA187-induced salt stress tolerance
on Arabidopsis plants.

4.3.7

Arabidopsis upregulates the methionine salvage cycle in SA187

The previous results suggested that ethylene most likely originates from SA187
cells rather than from the canonical plant ACC synthases (ACS) pathway. To
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support the hypothesis that SA187 provides ethylene to promote plant growth, we
searched for bacterial ACS genes or ethylene forming enzyme (EFE) (Digiacomo
et al., 2014) in the genome of SA187 (Lafi, Alam et al. 2017). No ACS- or EFErelated genes were found in SA187, Which on the other hand, contains a
conserved methionine salvage pathway (also known as 5’-methyl-thioadenosine
cycle), and one of its components, KMBA, is known to be an ethylene precursor
(Eckert, Xu et al. 2014). While SA187 alone does not produce ethylene when
grown on synthetic media (Figure 4.9), the expression level of most of the
genes encoding proteins involved in the methionine salvage pathway were
upregulated in SA187 upon plant colonization compared with bacteria incubated
for 4h in liquid ½ MS with or without 100 mM NaCl in the absence of plants
(Figure 4.10A).

Figure 4.9: Ethylene emission by SA187 on synthetic medium. (A) Ethylene
emission of in vitro SA187 cultures at different stages after inoculation.
Average OD600 values at each time point are given. Grey bar: LB medium
without SA187; Green bars: LB medium with SA187. (B) Ethylene emission
corrected for background ethylene levels emitted by controls and
standardized per unit OD600. Measurements based on 3 biological replicates
per time point. Experiment was repeated three times with similar results; a
representative experiment is shown. Error bars represent SD. For (A) no
significant differences were found between each time point versus the control
based on Mann-Whitney U tests (P < 0.05).
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Figure 4.10: KMBA as a potential ethylene precursor in the plant-SA187
interaction. (A) qPCR analysis of the methionine salvage pathway gene
expression of SA187 colonizing plants in control or salt stress conditions
compared to SA187 cultivated alone in ½ MS with or without 100 mM NaCl.
Values represent means of three biological experiments, each in three
technical replicates. Error bars indicate SE. (B) KMBA partially mimics the
effect of SA187 on salt stress tolerance improvement in Arabidopsis
seedlings. Plants were transferred 5 days after germination to ½ MS + 100
mM NaCl with or without KMBA and evaluated after 12 days. SA187inoculated plants transferred to ½ MS + 100 mM NaCl were used as a
positive control. (C, D) Total fresh weight of mock- and SA187-inoculated 17day-old Arabidopsis seedlings grown on ½ MS medium (C) or ½ MS with 100
mM NaCl (D) supplemented with 3 μM DNPH. All plots represent the mean
of four biological replicates (n > 75). Error bars representing SE, beneficial
index (%) is displayed. Asterisks indicate a statistical difference based on the
Student’s t-test (*** P < 0.001).
To confirm that KMBA could function as an ethylene precursor during the
beneficial plant microbe interaction, we tested the effect of KMBA on
Arabidopsis in comparison to SA187 inoculation. Under salt stress conditions,
application of 100 nM KMBA induced a similar beneficial activity on Arabidopsis
as SA187 resulting in a similar increase in both root and shoot fresh weight (figure
4.10B).
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Finally, we took the advantage of 2,4-dinitrophenylhydrazine (DNPH), a known
interactor of KMBA in vitro that was previously shown to precipitate KMBA
produced by Botrytis cinerea and consequently impairs the production of ethylene
by photo-oxidation (Chagué, Elad et al. 2002). Here, we could show that when
plants were cultivated with 3 μM DNPH, the beneficial impact of SA187 on
Arabidopsis growth under salt stress was greatly reduced from 68% to 14%
(Figure 4.10C and D), showing the importance of KMBA in mediating SA187induced plant tolerance to salt stress.

4.3.8

Arabidopsis drought tolerance is also enhanced by Enterobacter sp.
SA187

As salinity is composed of an osmotic stress component along with a toxic stress
resulting from Na+ accumulation, we also evaluated SA187 capacity to enhance
Arabidopsis tolerance to osmotic stress. Arabidopsis seedlings were transferred
five days after germination to ½ MS agar plates supplemented with PEG 8000 to
induce a mild osmotic stress of -0.5 MPa.

Interestingly, similarly to the salt stress conditions, plant growth was strongly
improved by SA187 in the case of wild-type seedlings compared to mock (Figure
4.11).
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Figure 4.11: SA187 mediates osmotic stress tolerance in Arabidopsis. Fresh
weight of 17-day-old SA187-colonized or mock-treated Arabidopsis seedlings
exposed for 12 days to ½ MS with PEG generating an osmotic pressure of 0.5MPa (n > 30). All plots represent the mean of three biological replicates.
Error bars representing SE and beneficial index (%) are displayed. Asterisks
indicate a statistical difference based on Student t-test (* P < 0.05, ** P <
0.01, *** P < 0.001).
As for salinity, the beneficial effect was significantly reduced in the ethylene
insensitive ein2-1 and ein3-1mutants, confirming that ethylene signaling underlies
the beneficial effect of SA187 on Arabidopsis growth under osmotic stress
conditions.

4.4 DISCUSSION
In this work, we showed that the endophytic bacterium Enterobacter sp. SA187
promotes plant tolerance to salt and osmotic stresses, describing this strain as a
Stress Tolerant Promoting Bacterium (STPB).

Indeed, under field conditions, using SA187 as an inoculum for alfalfa seeds and
by monitoring growth parameters and yield over two different agriculture seasons,
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the inoculated plants showed a clear improvement in yield independently of the
water regime applied (high or low salt stress). The data show similar effectiveness
of the SA187 inoculations in both years. However, the differences for high and
low-saline conditions were reduced during the second year (Figure 4.1), which
could be explained by the increased rainfall (Supplementary figure 1) during the
2nd growing season that may have diluted the salinity effects. We conclude that
SA187 can efficiently improve crop productivity under extreme agricultural
conditions and could be a simple biological solution to grow plants under extreme
adverse conditions.

In order to understand the mechanisms underlying the beneficial plant interaction
with SA187, Arabidopsis was used as a model system. SA187 colonizes both
surface and inner tissues of Arabidopsis roots and shoots, supporting a functional
plant-bacterial interaction (Figure 4.4). Colonization of both above- and underground organs is in agreement with the observation that leaf and root microbial
communities share an important portion of their bacterial species (Bai, Muller et
al. 2015). While the mechanism of entry of SA187 into roots occurs most
probably via cracks and/or by active penetration between epidermal cells
(Compant, Clément et al. 2010), we observed that shoots were colonized through
stomata, indicating that these apertures represent a major route of entry into plants
not only by pathogenic but also by beneficial bacteria.

The capacity of SA187 to enhance salt stress tolerance of Arabidopsis was
analyzed in detail. While SA187 induced only negligible morphological and
physiological changes in plants under non-stress conditions (with the exception of
longer root hairs), SA187 significantly enhanced root and shoot growth with

116

increased fresh and dry weight under salt stress (Figure 3.9E and F). In addition,
SA187 increased lateral root density, and thus the overall root surface area (Figure
3.9F) under salt stress. Changes in the root architecture have been considered to
be beneficial for adaptation to various abiotic stress conditions including salinity
(Koevoets, Venema et al. 2016), and very likely contribute to the SA187-induced
salt tolerance in Arabidopsis.

The effect of salinity on plants includes two components: an osmotic component,
being the consequence of an altered osmotic pressure due to an increased salt
concentration, and a toxic ion effect as a result of the high Na+ concentration in
shoots (Munns and Tester 2008, Shabala 2013). The toxic effects of the
Na+ accumulation result in premature senescence, leading to a decrease in
photosynthesis efficiency and impaired metabolic processes. Na+ also competes
with K+ in membrane transport and enzymatic functions, reducing plant growth.
Most plant cells possess mechanisms to counteract the harmful effects of
Na+ accumulation by retaining K+ and actively excluding Na+ in roots and/or
sequestering Na+ in vacuoles in shoots (Munns and Tester 2008, Shabala 2013,
Deinlein, Stephan et al. 2014, Sun, Kong et al. 2015). Several studies have shown
that an inoculation of commercial crops, such as maize, strawberry and wheat by
PGPBs under salt stress results in a decrease of Na+ and an increase of K+ in their
shoots and leaves (Nadeem, Zahir et al. 2006, Karlidag, Yildirim et al. 2013,
Singh and Jha 2016). The inoculation of Arabidopsis thaliana and Trifolium
repens (white clover) by Bacillus subtilis GB03 induced a decrease in the
Na+ content in shoots in both species accompanied by an increase or no change in
the K+ content (Zhang, Kim et al. 2008, Han, Lü et al. 2014). In our study, we
found no differences in Na+ contents in shoots or roots between SA187-inoculated
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and mock-inoculated plants in response to salt stress. However, K+ ion levels in
both roots and, to a lesser extent, shoots increased upon the SA187 inoculation,
resulting in reduced Na+/K+ ratios (Figure 4.2C and F), which might contribute to
the higher salt tolerance of SA187-inoculated plants (Maathuis and Amtmann
1999).

To analyze the interaction of SA187 with Arabidopsis at the molecular level, the
transcriptome of Arabidopsis grown under salt and non-stress conditions in the
absence or presence of SA187 was compared. The inoculation with SA187
dramatically reprogrammed the gene expression of plants grown either on ½ MS
or on ½ MS with 100 mM NaCl. This was highlighted in Clusters 2, 3, and 4 of
the RNA-Seq analysis (Figure 4.6). Cluster 3 genes, mostly related to
photosynthesis and primary metabolism, were strongly downregulated under salt
stress in mock-inoculated plants, confirming previously published reports which
correlated such a downregulation with the inhibition of growth and development
under salt stress conditions (Nouri, Moumeni et al. 2015). These results could
therefore explain why SA187-inoculated plants grow better under stress
conditions: SA187-inoculated plants only mildly reduce their photosynthetic
capacity and maintain a functional metabolism allowing further growth in
comparison to mock-inoculated plants. Cluster 4 genes are enriched in ABArelated stress genes and were induced upon salt stress in mock-inoculated plants,
but not in SA187-inoculated plants. These results indicate that some salt stressinduced responses, including the enhancement of ABA levels, are dampened by
SA187. However, they do not explain why plants are more salt stress tolerant.
Indeed, the ABA biosynthesis aba2-1 mutant or the ABA receptor quadruple
mutant pyr1-1 pyl1-1 pyl2-1 pyl4-1 still exhibited a similar growth improvement
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by SA187 as wild-type plants when exposed to salt stress, indicating that ABA
production and signaling are dispensable in the presence of these beneficial
bacteria (Figure 4.8A).

Induced salt stress tolerance by SA187 could be elucidated by Cluster 2,
comprising genes specifically induced upon SA187-inoculation. This cluster is
significantly enriched for genes involved in defense response to bacterium, and for
chitin response. This latter GO term is not surprising in a plant-bacterial system,
since pathogen associated molecular patterns (PAMPs) such as fungal chitin and
bacterial flagellin are inducing a large set of common genes in plants, with more
than 60% of overlap (Wan, Zhang et al. 2008). But the most interesting feature
lies in the enrichment of the ethylene response pathway. Indeed, SA187 activates
the ethylene perception pathway as shown by the qPCR analysis of ethyleneinduced genes and by the ethylene reporter pEBF2::GUS (Figure 28.4D and
Figure 29.4B). Moreover, ACC and KMBA as ethylene precursors largely
mimicked the beneficial effect of SA187 on plants under salt stress (Figure 4.8C
and Figure 4.10B). Finally, the involvement of ethylene was also supported by the
observation of much longer root hairs (Figure 3.9B and C, Supplementary figure
2 ), as ethylene plays an important role in root hair elongation (Song, Yu et al.
2016, Zhang, Huang et al. 2016). Although the role of ethylene in plant abiotic
stress tolerance is controversial (Kazan 2015), several pieces of evidence indicate
that this phytohormone is important for plant adaptation to abiotic stresses. For
example, the pre-treatment of Arabidopsis seedlings with ACC, or the use of the
constitutive ethylene response (CTR1) or the EIN3 gain-of-function mutants were
shown to enhance salt stress tolerance (Achard, Cheng et al. 2006, Peng, Li et al.
2014). Furthermore, an ethylene overproduction in the eto1mutant lead to salinity
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tolerance due to improved Na+/K+ homeostasis through an RBOHF-dependent
regulation of Na+ accumulation (Jiang, Belfield et al. 2013).

Importantly, ethylene-related Arabidopsis mutants revealed that the beneficial
activity of SA187 is to a major extent mediated via the perception of externally
produced ethylene. Although the ein2-1 and ein3-1 mutants were compromised in
their beneficial response to SA187, the disruption of the plant ethylene production
in the heptuple acs mutant showed the same growth enhancement under salt stress
when comparing SA187-inoculated plants to mock-inoculated plants (Figure
29.4A). This was supported by a parallel pharmacological approach,
demonstrating that inhibition of the ACS activity using AVG did not block the
stress tolerance promoting activity of SA187, while blocking the ethylene
receptors by AgNO3 compromised the beneficial activity of SA187 on plants
under salt stress (Figure 4.8D).

As plants were shown to perceive ethylene even without functional plant ethylene
production, we suspect that SA187 could provide plants with ethylene or its
precursor. Three main pathways for ethylene biosynthesis have been described in
bacteria and other microbes. The mold Dictyostelium mucoroides and
fungi Penicillium citrinum produce ethylene from methionine via S-adenosylmethionine, through the sequential action of ACC synthases and ACC oxidases.
S-adenosyl-methionine is first converted to ACC by ACC synthases, which is then
oxidized by ACC oxidases to release ethylene and cyanide. The same pathway is
well known to be responsible for ethylene biosynthesis in plants, where cyanide is
converted to β-cyanoalanine to avoid toxicity (Pech, Latché et al. 2010, Eckert,
Xu et al. 2014). Microbes can also produce ethylene from α-ketoglutarate and
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arginine by the action of the ethylene forming enzyme (EFE), which has been
found in several microbial species such as Pseudomonas syringae and Penicillium
digitatum (Nagahama, Ogawa et al. 1992, Eckert, Xu et al. 2014). A third pathway
has been identified in a variety of bacteria such as Escherichia
coli and Cryptococcus albidus, or in fungi like truffle or pathogenic Botrytis
cinerea, where ethylene is produced via oxidation of KMBA, an intermediate of
the methionine salvage pathway (Chagué, Elad et al. 2002, Cristescu, De Martinis
et al. 2002, Splivallo, Fischer et al. 2009, Eckert, Xu et al. 2014). KMBA can be
spontaneously converted to ethylene by photo-oxidation or through the action of
peroxidases (Chagué, Elad et al. 2002), which are abundantly present in the plant
apoplast (Kärkönen and Kuchitsu 2015, Minibayeva, Beckett et al. 2015).

Based on P-BLAST homology searches, genome analysis of SA187 revealed that
neither ACC synthase nor EFE genes are present in SA187. Instead, SA187
contains the entire methionine salvage pathway, suggesting that KMBA is most
likely the precursor of ethylene in SA187. Interestingly, most of the methionine
salvage pathway genes in SA187 are only actively expressed upon colonization of
Arabidopsis (Figure 31.4A). Moreover, the application of KMBA could mimic the
beneficial effect of SA187 on plants when subjected to salt stress (Figure 31.4B).
Importantly, the SA187 beneficial activity towards plant was highly reduced when
treated with DNPH, known to provoke KMBA precipitation and prevent thus its
oxidation and ethylene release (Chagué, Elad et al. 2002).

Taken together, the KMBA involvement in abiotic stress tolerance constitutes a
novel mechanism in the field of plant-beneficial bacteria interaction. While the
induction of the ethylene signaling pathway by PGPB has been reported in several
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studies to play an important role in the induced systemic resistance in plants (Ton,
Davison et al. 2001, Ton, Van Pelt et al. 2002, Pieterse, Zamioudis et al. 2014),
PGPB activity in the context of abiotic stress has been commonly attributed rather
to a reduction of the plant ethylene level through the activity of bacterial ACC
deaminases (Yang, Kloepper et al. 2009, Singh, Shelke et al. 2015, Singh and Jha
2016, Vejan, Abdullah et al. 2016), or shown to be independent of the ethylene
signaling pathway (López-Bucio, Campos-Cuevas et al. 2007, Timmusk, El-Daim
et al. 2014). Several reports hypothesized the involvement of ethylene signaling in
abiotic stress tolerance induced by rhizosphere bacteria, with evidences that were
largely based on emissions of unidentified volatiles or by comparison with plantfungal interactions (Splivallo, Fischer et al. 2009, Garnica‐Vergara, Barrera‐Ortiz
et al. 2016, Verbon and Liberman 2016). Recently, it has been reported that the
beneficial bacterium Burkholderia phytofirmans PsJN enhanced plant growth
through an auxin/ethylene-dependent signaling pathway under optimal conditions,
but in contrast to the present study, the authors hypothesized that the plant
intrinsic ethylene production was fundamental in that interaction (Poupin, Greve
et al. 2016).

In conclusion, we provide evidence that the endophytic bacterium
Enterobacter sp. SA187 induces salt stress tolerance in Arabidopsis via
production of KMBA to activate the ethylene pathway. SA187 enhances plant salt
stress tolerance under controlled conditions in the model plant Arabidopsis
thaliana and under field conditions in the crop plant alfalfa. These results show
the potential use of SA187 for bringing saline agriculture of current crops a step
closer to reality.
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Chapter 5: Enterobacter sp. SA187-induced plant salt stress tolerance
involves the coordinate reprogramming of bacterial and plant sulfur
metabolism

5.1 ABSTRACT
Enterobacter sp. SA187 is a root endophytic bacterium that promotes 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 the endophytic
state. Upon plant interaction, massive changes in bacterial gene expression in
chemotaxis, flagellar biosynthesis, quorum sensing and biofilm formation were
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observed. Bacterial carbon and energy metabolism were modified in parallel with
upregulation of various nutrient and metabolite transporters. Importantly, in both
SA187 and Arabidopsis, the sulfur metabolism was strongly reprogrammed and
resembled plants under salt stress conditions. The importance of the S metabolism
in plant salt stress was substantiated by observing that several sulfur-related
mutants show hypersensitivity to salt stress but can be largely suppressed by
SA187. Moreover, it was found that sulfate, cysteine or methionine addition
reduced salt stress sensitivity in wild type plants to a similar extent as SA187 was
able to do. The role of SA187 derived sulfur metabolites was also seen by its
ability to enhance sulfur contents in roots and suppress the salt stress
hypersensitivity of multiple Arabidopsis mutants of the S metabolism. Mimicking
SA187, external addition of sulfate, cysteine or methionine could all protect
Arabidopsis from salt stress. Interestingly, salt stress-induced ROS accumulation
in Arabidopsis was also suppressed by SA187 and mutants in LSU2, a central
regulator linking sulfur metabolism to SOD activity, were rescued from salt stresshypersensitivity by SA187. Sulfur levels in chloroplasts are monitored by the
FRY1/SAL1 retrograde signaling pathway, resulting in hypersensitive plants that
can be rescued by SA187. These results reveal that salt stress tolerance requires
the coordinated regulation of the sulfur metabolic and retrograde signaling
pathways in both plant and bacteria during a beneficial interaction.

5.2 INTRODUCTION
Plant growth-promoting bacteria (PGPB) have the capability to establish
symbiotic associations with plants, resulting in the increase of plant growth.
PGPB can use different strategies to reduce the vulnerability of plants to biotic
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and abiotic environmental stresses (de Zelicourt, Al-Yousif et al. 2013). During
the last decades, PGPB have gained interest as biotechnological tools with
application in agriculture as alternatives to traditional chemical fertilizers and
pesticides. PGPB can live in the soil near plant roots (rhizosphere), 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) or modulation of plant
hormone levels (auxins, ethylene, abscisic acid), enhancing plant resistance to
pathogens by production of antimicrobials or through the activation of a form of
defense referred to as induced systemic resistance (ISR) (Yang, Kloepper et al.
2009, Glick 2012).

Upon interaction of PGPB with host plants, a global alteration of gene expression
is triggered in both interacting organisms, leading to adaptation and proliferation
of the bacteria. Monitoring these modifications in gene expression is a powerful
approach to identify factors and regulatory processes involved in beneficial plantmicrobe interaction. RNA-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 (Naidoo,
Visser et al. 2017, Nuss, Beckstette et al. 2017). Hitherto, the application of RNASeq in the context of plant-microbe interactions has focused on the host plant
responses (Camilios-Neto, Bonato et al. 2014, Liu, Hao et al. 2017, Oeser, Kind et
al. 2017, de Zélicourt, Synek et al. 2018). Some studies have investigated
transcriptome changes in PGPB cultured under conditions intended to mimic a
symbiotic life-style (Mark, Dow et al. 2005, Fan, Carvalhais et al. 2012, Vargas,
Santa Brigida et al. 2014, Sheibani-Tezerji, Rattei et al. 2015, Taghavi, Wu et al.
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2015, Xie, Wu et al. 2015, Zhang, Yang et al. 2015, Kröber, Verwaaijen et al.
2016, Mwita, Chan et al. 2016, Paungfoo-Lonhienne, Lonhienne et al. 2016, Yi,
de Jong et al. 2017). However, our knowledge on transcriptional changes in PGPB
upon host-interaction under in planta conditions remains limited.

During the last years, researchers have investigated the potential of the
endogenous microbiome of desert plants in different regions in Saudi Arabia as
biofertilizers adapted to arid conditions (Eida, Ziegler et al. 2018, Eida, Alzubaidy
et al. 2019). Strains isolated in these areas have proven their efficiency in
promoting growth of agronomic important crops such as cucumber, canola or
alfalfa (Elazzazy, Almaghrabi et al. 2012, Ahmad, Daur et al. 2016, Daur, Saad et
al. 2018). 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 (Lafi, Alam et al. 2016, Andrés-Barrao, Lafi 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. In the previous chapter data obtained on Arabidopsis
demonstrated that the promotion of abiotic stress tolerance by SA187 is mediated
through activation of the plant ethylene signaling pathway. Furthermore, the
results suggested that SA187 induces salt stress tolerance by producing 2-keto-4methylthiobutyric acid (KMBA), which is known to be converted into ethylene in
planta (Splivallo, Fischer 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 stress
conditions. Our results show massive genetic reprogramming of host and bacterial
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primary and secondary metabolic pathways, highlighting the S metabolism and
SAL1 retrograde signaling pathways of specific interest during beneficial plantmicrobe interaction.

5.3FINDINGS
5.3.1

Experimental RNAseq analysis of the free-living with endophytic state
during interaction of SA187 with Arabidopsis

The schematic representation of the experiment is shown in Figure 5.1.

Figure 5.1: Schematic representation of the 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 before transfer to fresh ½
MS plates for 12 days without (P) or with 100 mM NaCl (SP) and vertically
grown for 12 days (22 °C and long day conditions, 16/8 h light/dark cycle).
Alternatively, Arabidopsis seedlings were germinated for 5 days with SA187
(PB) cells for 5 days before transfer to fresh ½ MS plates without (PB) or
with 100 mM NaCl (SPB) and vertically grown for 12 days (22 °C and long
day conditions, 16/8 h light/dark cycle).
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The endophytic interaction of Arabidopsis roots by SA187 was evaluated by
electron microscopy (Figure 5.2 d) and the determination of the SA187
proliferation levels. The bacterial counts were similar in symbiotic Arabidopsis
roots under both non-salt and 100 mM NaCl (Fig. 5.2 a-c).

Figure 5.2: RT-qPCR quantification of Arabidopsis bacterial load. Total
RNA samples from 17DAI SA187 inoculated Arabidopsis under control
(“PB”) and salt stress (“SPB”) conditions were retrotranscribed to the
correspondent cDNA. The housekeeping gene nifB was used as reference (de
Zélicourt et al. 2018). Quantification of nifB transcripts from the cDNA
samples (orange) (3 technical replicates of each biological replicate were
analyzed) was done by comparing to SA187 a genomic standard curve (blue)
(a). The bacterial load (cells/ml) in each sample was calculated based on the
concentration obtained by qPCR (b) assuming each bacterial cells contains
4.5 femtograms (fg); by applying the formula [4,429,597 bp = SA187 genome
size (Andrés-Barrao et al., 2017), 618 g/mol/bp = average mass of 1 bp in
bound form (dsDNA)] (c). Scanning electron microscopy (SEM) image
showing SA187 colonizing the surface of Arabidopsis roots (d).
For RNAseq analysis, three biological replicates were analyzed under the
following conditions: Single RNAseq of free-living SA187 grown in ½ MS (B),
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or ½ MS + 100 mM NaCl (SB), Arabidopsis grown in ½ MS (P) or on ½ MS +
100 mM NaCl (SP) and dual RNAseq of symbiotic SA187-Arabidopsis grown on
½ MS (PB) or on ½ MS + 100 mM NaCl (SPB) (Fig. 5.2).

5.3.2

Adaptation of the SA187 metabolic network to a plant-interactive life
style

By applying a differential expression cutoff of a p-value=0.05 and a fold-change
>2, the data revealed that the addition of 100 mM NaCl to the growth medium
only had a minor effect on gene expression of free-living SA187 (Table 5.1, Table
5.2, Fig. 5.3).
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Table 5.1: Regulated genes summary (normalized FPKM).
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SPB vs.
Comparison

SB vs. B

SPB vs.
PB vs. B

PB

Expressed in at least 1 sample

SB

4336

4261

4401

4361

(94.1%)

(92.5%)

(95.5%)

(94.7%)

Expressed in at least 1 sample, p-value < 0.05

1497

315

2530

1948

Expressed in both samples

4254

4108

4187

4097

Expressed in both samples, p-value < 0.05

1477

305

2288

1892

Upregulated, expressed in at least 1 sample

86

21

1128

870

Downregulated, expressed in at least 1 sample

195

56

598

674

Upregulated, expressed in both samples

79

19

1124

869

Downregulated, expressed in both samples

182

48

559

619

Upregulated, coding for proteins (CDS)

86

18

1090

840

Downregulated, coding for proteins (CDS)

172

54

548

638

Upregulated, CDSs annotated in KEGG

44

13

790

645

Downregulated, CDSs annotated in KEGG

129

25

383

436

(percentage of expressed genes)

Table 3.2: Differentially expressed genes (DEGs).

130

Figure 5.3: DEG analysis using differential expression cutoff fold-change=1.5.
Volcano plots representing the differentially expressed genes in plantassociated SA187 Threshold to consider differential expression were p-value
< 0.05 and fold-change > 1.5. Upregulated (log2 (fold-change) > 0.58) are in
red and downregulated (log2 (fold-change) < -0.58) are in green. Genes
showing fold-change < 1.5 are in orange, and those whose change in
expression is not statistically significant (p-value > 0.05) are in black.
In contrast, the symbiotic interaction of SA187 with Arabidopsis induced
significant changes in the bacterial transcriptome irrespective of the presence or
absence of salt. Under non-salt conditions, symbiotic SA187 (PB compared to B)
showed 1128 up- and 598 down-regulated genes (Table 5.1, Table 5.2, Fig. 5.3).
Under salt stress, symbiotic SA187 (SPB) compared to free-living bacteria (SB)
showed 870 up- and 674 down-regulated genes (Table 5.1, Table 5.2, Fig. 5.3).
According to these data, a core set of SA187 646 up- and 412 down-regulated
genes is involved in the symbiotic life style under both salt and non-salt
conditions (Fig. 5.4a, b) and similar biological processes are modified in all
symbiotic samples (Fig. 5.4c).
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Figure 5.4: KEGG orthology (KO) functional analysis of SA187 DEGs. The
Venn diagrams show the differentially upregulated (a) and downregulated
(b) genes in comparing symbiotic vs. free-living SA187 under non-salt and
salt conditions. The number of protein coding genes annotated in KEGG are
shown in brackets. KEGG functional analysis of the SA187 DEGs under nonsalt and salt conditions (c), specific to non-salt (d) or specific to salt (e). Y-axis
= KEGG functional categories. X-axis = number of KEGG hints. Upregulated processes are in red and down-regulated in green.
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Fifty key genes involved in the adaptation of SA187 to the plant environment
were selected for RT-qPCR validation (Figure 37.5A).

Figure 5.5: Validation of SA187 RNA-Seq results by RT-qPCR. Heatmaps
constructed using gene expression values from RNA-Seq experiments of
normalized FPKM 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) (B). Correlation plot between RT-qPCR gene expression values of
selected SA187 genes under free-living conditions grown in ½ MS without (B)
and with 1% sucrose (Bsuc) (C) and between symbiotic (PB) and free-living
SA187 grown in ½ MS with 1% sucrose (Sbsuc) (D). Heatmap constructed
using relative expression values from RT-qPCR data of selected SA187 genes
of P, PB, Bsuc, SB, SPB and SBsuc (E). B = free-living bacteria under control
conditions, SB = free-living bacteria under salt stress, PB = symbiotic
bacteria under control conditions, SPB = symbiotic bacteria under salt stress,
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Bsuc = free-living bacteria in ½ MS + 1% sucrose, SBsuc = free-living
bacteria in ½ MS + 100 mM NaCl + 1% succrose.
The large majority of gene expression patterns obtained from RT-qPCR was in
agreement with the corresponding data obtained from RNAseq confirming the
reliability of the RNAseq results (Fig. 5.5b-d and fig 5.6).
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Figure 5.6: RT-qPCR validation of 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 RTqPCR.
To obtain insight into the biological functions of the identified differentially
expressed genes (DEGs) we performed KEGG Mapper Brite Reconstruction
analysis.

5.3.3

SA187 motility and chemotaxis genes are induced upon Arabidopsis
interaction

Biological processes involved in the colonization of the host plant, such as
chemotaxis, flagellar assembly, quorum sensing and biofilm formation, were
upregulated during the symbiotic interaction of SA187 with Arabidopsis (Fig. 5.7,
Fig. 5.8).
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Figure 5.7: KEGG orthology (KO) functional analysis of regulated genes.
Biological processes specifically regulated in plant-associated SA187 versus
free-living, under non-salt (a) and salt stress (b) conditions. Second level
(KEGG Brite) functional analyses revealed 37 metabolic processes showing
more than 5 DEG hits under either non-salt or salt stress. Those processes
showing >10 DEG hits are highlighted inside the bar-plot. Up-regulated
categories are in red and down-regulated ones in green.
Sixty-two genes involved in bacterial chemotaxis and biosynthesis and assembly
of flagella were regulated, indicating the importance of cell motility and
chemotaxis in the symbiotic interaction (Supplementary Table S5.9).
Interestingly, the genome of SA187 contains 5 paralogous genes coding for
flagellin (FliC), while 3 out 5 genes were poorly expressed in all conditions. Two
flagellin genes SA187PBcda_000004844 and SA187PBcda_000004845, whose
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motifs showed the highest homology (77.3% identical) to S. aeruginosa motif
(30), were strongly induced (6 – 8 fold) during interaction (Supplementary Table
S5.9). Moreover, a number of methyl-accepting chemotaxis proteins and the twocomponent system CheA/CheB, involved in the signaling cascade controlling
flagellar assembly, together with chemotaxis proteins CheW and CheZ, were also
upregulated during functional interaction (Supplementary Tables S5.9, S5.10).

5.3.4

SA187 quorum sensing and biofilm formation are induced during
endophytic interaction.

During functional interaction, two-component systems (TCS) of SA187 involved
in bacterial quorum sensing, QseC/QseB and FusK/FusR were upregulated (Fig.
5.8, Supplementary Tables S5.9, S5.10).

Figure 5.8: Overview of the main regulated pathways in SA187 metabolism.
Upregulated (red) and downregulated (green) metabolic processes in
symbiotic compared with free-living SA187 in both non-salt and salt
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conditions. APS = adenyl sulfate, PAPS = 3’-phosphoadenylyl sulfate, KMBA
= 2-keto-4-methylthiobutyric acid, 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 = geranylgeranyl-PP (diphosphate), PRPP = 5-phospho-a-D-ribose 1-diphosphate. Red
denotes up- and green down-regulated genes.
The AI-2 transporter (LsrBCDA), together with the lsr operon transcriptional
repressor LsrR and terminator LsrF, were also upregulated (Supplementary Tables
S5.6, S5.8). Additionally, a number of genes involved in biofilm formation,
including subunits of the curli fibers biosynthetic complex, CsgB and CsgC, as
well as poly-N-acetyl-glucosamine (PGA) synthase subunits PgaA and PgaC,
were induced (Supplementary Table S5.11).

5.3.5

SA187 transport of nutrients and metabolites is induced during
Arabidopsis interaction.

In the symbiotic state, the phosphotransferase systems (PTS) involved in the
import of glucose, sucrose, 2-O-α-mannosyl-D-glycerate, cellobiose and ßglucoside, were strongly upregulated (Fig 5.8, Supplementary Table S5.7). Many
ABC transporters, PTS and two-component systems were upregulated, including
the ABC transporters of sulfate CysPUWA, maltose/maltodextrine MalEFGK, Dmethionine MetNIQ and the signaling molecule autoinducer 2 (AI-2) LsrABCD
(Supplementary Table S6). Interestingly, subunits involved in the transport of the
osmoprotectants, such as spermidine and putrescine (PotF and PotG), as well as
ABC.SP.A, ABC.SP.P1, ABC.SP.S were found to be downregulated
(Supplementary Tables S5.6, S5.8).
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5.3.6

SA187 carbon metabolism and oxidative phosphorylation is altered
during endophytic interaction

A large number of bacterial genes of the carbohydrate metabolism were
upregulated during beneficial interaction (Fig. 5.8). While
glycolysis/gluconeogenesis and the pentose phosphate pathway (PPP) were
downregulated, the tricarboxylic acid (TCA) cycle and the glyoxylate pathways
were upregulated (Fig. 5.9).

Figure 5.9: KEGG orthology (KO) functional analysis of regulated genes.
Biological processes commonly regulated in plant-associated SA187 versus
free-living, under non-salt and salt stress conditions. Second level (KEGG
Brite) functional analyses revealed 37 metabolic processes showing more than
5 DEG hits under both control and salt stress. Those processes showing >10
DEG hits are highlighted inside the bar-plot. Up-regulated categories are in
red and down-regulated ones in green.
Among the downregulated genes, we identified fructose phosphokinase (PfkB)
(Supplementary Table S5.16), one of the key regulatory points that make
glycolysis irreversible and pyruvate dehydrogenase (PoxB), involved in another
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rate-limiting step of glycolysis (Supplementary Table S5.16). On other hand,
citrate synthase (CS) was upregulated (Supplementary Table S5.16), 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 interaction including
O-cytochrome (CyoCDE) and several subunits of the F0/F1-ATP synthase, which
convert the transmembrane proton gradient into ATP (Fig. 5.8, Supplementary
Table S5.17). Similarly, several subunits of 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
(Supplementary Tables S5.16, S5.17).

5.3.7

Arabidopsis interaction modifies the bacterial sulfur metabolism of
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 Zelicourt et al., 2018). However, it was unclear
where the sulfur for KMBA formation originated from and whether only the
methionine salvage pathway was upregulated. Our comparative transcriptome
analysis clearly showed that upon interaction with Arabidopsis the SA187 AslA
gene for mobilization of sulfur in the soil was upregulated in parallel with the
ABC sulfate transporter CysPUWA. The ssuConsistently, the gene coding for.
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
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then be converted into sulfite. Upregulation of the SsuABC transporter expands
the possibilities of SA187 to use alkane sulfates from the environment.
Consistently, SsuD (FMNH2-dependent sulfonate monooxygenase) and SsuE
(FMN reducing enzyme that provides SsuD with FMNH2), which convert alkane
sulfonates into sulfite were also upregulated (Fig. 42.5, Supplementary Tables
S5.6, S5.14, S5.15).
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Figure 5.10: Arabidopspis-induced SA187 sulfur metabolic pathway.
Upregulated (red) and downregulated (green) metabolic processes in
endophytic compared with free-living SA187 in both non-salt and salt
conditions.
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

KMBA
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regulator MetR, were also highly upregulated upon SA187 interaction with
Arabidopsis (Fig. 5.10, Supplementary Tables S5.14, S5.15). In addition, the
genes encoding the enzymes of the methionine salvage pathway TyrB, MtnN,
MtnK, MtnC, MtnD and SpeD showed significant upregulation during plant
interaction (Fig. 5.10, Supplementary Tables S5.14, S5.15). These results show
that the entire sulfur metabolism and not only the methionine salvage pathway of
SA187 is strongly induced upon interaction with Arabidopsis.

5.3.8

Modification of the Arabidopsis metabolism by SA187 interaction

SA187 induces enhanced S levels in Arabidopsis roots. We next performed an
ICP-OES element analysis of Arabidopsis shoot and roots that had been cultivated
on both mock and 100 mM NaCl conditions for 21d in the absence or presence of
SA187 (Fig. 5.11A). Interestingly, under salt stress, we found significantly higher
S levels in SA187 colonized than in non-colonized roots but not in shoots (Fig.
5.11B and C, respectively).
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Figure 5.11: Analysis of Arabidopsis shoot and root tissues. (A) differentially
regulated genes comparing shoot and root of un-inoculated plants vs
inoculated plants with SA187 under salt conditions, (B) and (C) sulfur
content in shoot and root with 100mM NaCl and 0mM NaCl respectively.
Values represent mean of three biological experiments, each in three
technical replicates. Error bars represent SE. Asterisks indicate a statistical
difference based on the Mann-Whitney test (P < 0.001).
S conditions strongly influence 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 S
metabolism has also been connected to the establishment of a successful plantmicrobe interaction of both beneficial and pathogenic microbes (Kruse et al.,
2007; Nwachukwu et al., 2012) and last not least, the sulfur containing KMBA

143

metabolite was shown to mimic to a large part the beneficial effect of SA187 on
Arabidopsis in previous chapter (de Zelicourt et al., 2018).

5.3.9

Sulfate positively affects salt stress tolerance of Arabidopsis

The above data suggested that SA187 helps Arabidopsis to accumulate more
sulfur in root tissues. Interestingly, increased sulfate concentrations in the medium
have also been reported to help plants to withstand salt stress conditions (Zou, Li
et al. 2016). Therefore, we compared the growth of SA187-inoculated with noninoculated plants under salt stress conditions with increased sulfate concentrations
in the medium (1 and 2 mM MgSO4). Plants grown without salt stress showed
little differences and neither SA187 nor the additional sulfate showed any
significant beneficial effect (Fig 5.11). However, on 100 mM NaCl, sulfate clearly
improved plant growth of roots and shoots similarly to SA187 (Fig 5.11).

Figure 5.12: The effect of sulfate on the plant. (A) and (B) Total fresh weight
and beneficial index (% ratio between fresh weight of mock plants and
treated plants with SA187, 1mM MgSO4 and 2mM MgSO4) transferred to 0
mM NaCl and 100 mM NaCl (5+12/15 days). Values represent means of three
biological experiments, each in three technical replicates. Error bars
represent SE. Asterisks indicate a statistical difference based on the Mann-
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Whitney test (P < 0.05; P < 0.01; P) when compared to WT (Col-0) plants in
the same condition.
Since our dual transcriptome analysis indicated that not only sulfate but also
cysteine and methionine synthesis are upregulated in SA187, we also tested
whether 100 nM L-cysteine or L-methionine could have a beneficial effect on
plant growth under salt conditions. As shown in Fig. 5.12, these minimal
concentrations of L-cysteine or L-methionine showed similar positive effects as
SA187 exclusively under salt stress conditions.

Figure 5.13: The effect of methionine and cysteine on the plant. (A) and (B)
Total fresh weight and beneficial impact (ratio between fresh weight of mock
plants and treated plants with SA187, 100 mM L-cys or L-met) transferred
from 1⁄2MS to 1⁄2MS+100 mM NaCl (5+12/15 days for 0 or 100 mM NaCl,
respectively). Values represent means of 3 biological experiments, each in
three technical replicates. Error bars represent SE, Asterisks indicate the
statistical difference based on the Mann-Whitney test (P < 0.05; P < 0.01; P)
when compared to mock treated plants in the same condition.

5.3.10 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 bacterium SA187, we generated a root transcriptome of 21d old
plants that were grown on 100 mM NaCl either in the absence of presence of
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SA187. We found 187 up- and 240 down-regulated genes (Fig. 5.13A-B). A GO
term analysis showed that the upregulated gene set is enriched for proteins with
functions in cell wall organization whereas the down-regulated genes show
significant enrichment for lipid localization as well as response to stress.
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Figure 5.14: Transcriptomic analysis of shoot and root tissues of inoculated
Arabidopsis with SA187. Venn diagrams of upregulated (A) and
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downregulated (B) Arabidopsis DEGs in shoots and roots of SA187compared to non-inoculated plants under salt conditions. Sulfate metabolism
genes in roots (C) and in shoots (D) of SA187- compared to non-inoculated
plants under salt conditions.
A more refined gene by gene analysis revealed a significant upregulation of S
metabolic genes in roots and shoots (Fig. 5.13C-D) including the sulfate
transporter SULTR4;2 in both shoots and roots, and APS Reductase 1, MAM1
and MYBL2 in roots.

From the meta-transcriptomic analysis on Arabidopsis response to sulfate
supplementation or starvation, the amino acid transporter SHM7 and sulfate
transporter SULTR4;2 were among the most connected genes in the sulfate coexpression network (Henríquez-Valencia, Arenas-M et al. 2018). Among the
significant S-responding genes, the transcription factors NF-YA2, MYBL2 and
RVE2 stand out due to their important role as regulators of sulfate transport and
signaling (Henríquez-Valencia, Arenas-M et al. 2018). The genes APS4, MYB34,
BCAT4, MAM1, CYP79B3, AKN2 and CYP79B2 were significantly downregulated by sulfur starvation in SULTR1;2 promoter-GFP plants (parental line)
than in slim1 mutants (Maruyama-Nakashita, Nakamura et al. 2006). EIL2 and
EIN3 are ethylene responsive transcription factors that belong to the same family
as Sulfur LIMitation 1 transcription factor (SLIM1). It has been demonstrated that
SLIM1 interacts with EIN3 under sulfur starvation to regulate negatively SLIM1
and thereby regulating positively both sulfur and ethylene pathways. The genes
EIL2 and EIN3 were up-regulated in root indicating the activation of ethylene
signalling and sulfur assimilation when plants are inoculated with SA187.
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5.3.11 Role of SA187 in salt stress induced retrograde signalling
Interestingly, SA187 colonized Arabidopsis continue to grow under salt stress and
show no downregulation of photosynthesis-related genes (de Zelicourt et al.,
2018). In particular, a number of genes encoding electron transport carriers in
photosystem I and II, such as (CCR1) Chloro Respiration Reduction 1, PETC
(Photosynthetic Electron Transfer C) or PASG (PhotoSystem I Subunit G), are not
downregulated by salt in Arabidopsis when interacting with SA187 (Fig. 47.5).
Moreover, SA187 colonized Arabidopsis maintained expression of several key
genes of the reductive pentose phosphate pathway under salt stress conditions,
including phosphoglycerate kinase, glyceraldehyde dehydrogenase, sedoheptulose
bisphosphatase or transketolase. These results prompted us to explore the
possibility that SA187 affects a retrograde signaling pathway linking the state of
sulfur metabolism in chloroplasts to nuclear gene expression of the photosynthesis
apparatus.

Similar to the sulfur metabolism in bacteria, upon sulfate uptake in plants, sulfur
is converted to APS which is then further metabolized to sulfite and sulfide and
finally to cysteine or methionine. However, APS can also enzymatically be
converted to PAPS and PAP (3′-phosphoadenosine-5′-phosphate) before
conversion to AMP by FRY1/SAL1, which plays an important role in linking
sulfur metabolism to chloroplast retrograde signaling under stress conditions
(Chan et al., 2016). Therefore, we tested the role of FRY1/SAL1 in the beneficial
interaction of SA187 with Arabidopsis. Fry1/sal1 mutant plants were about 50 %
smaller than col-0 on normal medium, but showed almost 80 % less fresh weight
when compared with wild type plants on 100 mM NaCl (Fig. 5.14A-B). These
results confirm previous work that FRY1/SAL1 is an important regulator of salt

149

stress tolerance in Arabidopsis (Xiong et al., 2001). Importantly, under salt stress
conditions, SA187 could rescue the fry1/sal1 growth phenotype by up to 100 %
(Fig. 5.15B), suggesting an interaction of SA187-induced salt tolerance with the
sulfur monitoring FRY1/SAL1 retrograde signaling pathway.

Figure 5.15: Normalized expression of photosynthesis genes.
5.3.12 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 NBT
(nitroblue tetrazolium) staining, SA187 did not change superoxide radical levels
under non-stress conditions (Fig. 5.15C). However, the salt stress-induced
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increase in ROS levels in non-colonized Arabidopsis plants was clearly reduced
upon Sa187 colonization. These results indicate that SA187 reduces ROS levels in
Arabidopsis selectively under stress conditions.

Figure 5.16: (A-B, D-E) Total fresh weight and beneficial impact (ratio
between fresh weights) of SA187- and non-inoculated wt and fry1/sal1 or wt
and lsuC plants upon transfer from 1⁄2MS to 1⁄2MS+100 mM NaCl (5+12/15
days for 0 and 100 mM NaCl, respectively). (C) Accumulation of superoxide
radicals (visualized by NBT staining) in 0 and 100 mM NaCl in wt and lsuC
mutant plants. Values represent means of 3 biological and 3 technical
replicates. Error bars represent SE, Asterisks indicate the statistical
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difference based on the Mann-Whitney test (P < 0.05; P < 0.01; P) when
compared to mock inoculated plants in the same condition.
5.3.13 SA187 suppresses the hypersensitive phenotype of lsu mutants.
Recently, a role of LSU genes was reported in protecting the photosynthetic
machinery under salt stress conditions. LSU was shown to directly interact and
activate the chloroplast superoxide dismutase FSD2 and therefore functions in
regulating plastid superoxide radical levels. To test a potential interaction of
SA187 with the LSU pathway in Arabidopsis, we tested three different lsu mutant
alleles, each expressing artificial miRNAs to target all four members of the LSU
gene family in Arabidopsis (Garcia-Molina et al., 2017). As expected, all lsu
mutants showed much stronger accumulation of ROS under salt stress conditions
(Fig. 5.15C, lsuC), confirming its role in ROS protection. Interestingly, ROS
accumulation of salt stressed lsu plants was completely suppressed upon SA187
colonization. This result is supported by the phenotypic analysis (Fig. 5.15E,
lsuC), showing that the growth reduction in lsu plants is strongly complemented
upon SA187 colonization. These results indicate that SA187 suppresses salt
stress-induced ROS accumulation in plastids via the LSU pathway in Arabidopsis.

5.4 DISCUSSION
Many PGPBs 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
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mechanisms are not only determined by the interacting microbes but also by the
plant species, ecotype, developmental and physiological status, and the biotic or
abiotic environment (Fan, Carvalhais et al. 2012). Additionally, a switch of
controlled growth to anarchic proliferation results in the transformation from
beneficial or asymptomatic endophytes to pathogenic bacteria (Eaton, Cox et al.
2011). Enterobacter sp. SA187 has proven to provide salt tolerance in open field
trials to the crop alfalfa and also under controlled conditions in the laboratory to
Arabidopsis. 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, Synek et al. 2018). Moreover, the bacterial metabolite KMBA,
which was suggested to be transformed into ethylene in planta, plays a major role
in promoting plant growth under salt stress. Our 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 ethylene
signaling is linked to sulfur metabolism 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 large
set of genes that are mostly involved in the initial contact and the colonization of a
host plant, such as chemotaxis and bacterial motility, but also quorum sensing and
signaling, and biofilm formation. The other set of genes is related to the transport,
exchange of nutrients, energy metabolism, carbon and sulfur metabolism.
Indicating the importance of cell signaling and acquisition of nutrients and other
metabolites for the SA187 adaptation to the plant environment (Fig. 5.8 and Fig.
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5.10). A summary of the regulated metabolic pathways and biological processes is
shown in Figure 5.16.

Figure 5.17: Schematic pathway 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 glutahione (GSH) or methionine.
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GSH can block salt-induced ROS production in plastids. Methionine can be
converted into SAM, ACC and ethylene which regulates the S regulon via the
transcription factors SLIM1, EIL2 and EIN3. The ethylene regulated S regulon
comprises most genes of the sulfur metabolism, thereby creating a feedback loop
between sulfur status and genes encoding sulfur metabolic enzymes. Sulfur status
is conveyed by PAP level-induced retrograde signaling to regulate nuclear
encoded plastid and sulfur metabolic genes.

5.4.1

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, Clément et al. 2010,
Sheibani-Tezerji, Rattei 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. 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;
Taghavi 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 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
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biofilms, another motile fraction might still spread through the constantly growing
plant tissues.

5.4.2

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 a symbiotic state (Taghavi, Wu 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, Carvalhais et al. 2012, Taghavi, Wu
et al. 2015, Zhang, Yang 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 symbiotic SA187 gene expression profile
is mainly driven by sugar availability from the host plant, we analyzed the
expression of 40 symbiotic marker genes of SA187 during growth in media
supplemented with 1% sucrose. 43% of the marker genes showed an expression
profile similar to a symbiotic state (fig 37.5E and fig 50.5), indicating that nutrient
availability is a major driver in the regulation of the SA187 metabolism.
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Figure 5.18: 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: Bsuc = B +
1% sucrose, SBsuc = SB + 1% sucrose.
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Nonetheless, 57 % of genes did not respond to the addition of sucrose to the
growth medium, suggesting that additional factors are also responsible for
modifying the SA187 metabolic network during Arabidopsis interaction.

5.4.3

Modification of the Arabidopsis salt tolerance 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 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, Synek et al. 2018).

5.4.4

The sulfur metabolism plays a key role in salt stress adaptation of
Arabidopsis

Apart from serving as a building block for the essential aminoacids cysteine and
methionine, S 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. For this purpose, S uptake and
metabolism are tightly controlled. In roots, S is taken up as sulfate that is mainly
controlled by the expression of the SULTR transporters. We found that SA187
enhances SULTR gene expression and increases S levels in Arabidopsis salt
stressed roots, indicating that SA187 directly affects sulfur uptake by Arabidopsis.
Once sulfate has been taken up by plant roots, ATP sulfurylases (ATPS) convert
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sulfate to adenylyl sulfate (APS), which is then converted to sulfide by APS
reductase (APR), before the generation of cysteine and methionine in the
following reactions.

5.4.5

Role of the PAP retrograde signaling pathway in mediating SA187induced salt stress tolerance in Arabidopsis

APS can also be converted to Phospho-APS (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. Unstressed plants
contain very low levels of PAP mainly due to the activity of SAL1 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, Crisp et al. 2011).
The central role of FRY1/SAL1 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/sal1 mutant plants were found to be hypersensitive to salt stress (Xiong, Lee
et al. 2001). However, SA187 strongly suppressed the salt stress phenotype of
fry1/sal1 plants and doubled the fresh weight of the mutants. These results suggest
that the sulfur monitoring FRY1/SAL1 pathway is involved in mediating the
beneficial effect of SA187 on Arabidopsis during salt stress and that SA187 is
producing a reduced form of sulfur that rescued the plants.
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5.4.6

Coordinate regulation of Arabidopsis S metabolism and ethylene
signalling by SA187

In the previous chapter, we found an essential role of the SA187 derived
methionine metabolite KMBA in mediating ethylene induced plant salt stress
tolerance. Plant ethylene signaling is linked to the sulfur metabolism via SAM as a
precursor of ethylene. There is evidence that genes related to the S metabolism are
also regulated by an alternative ethylene pathway, that is composed of the
ethylene receptor ETR1 and the transcription factor SLIM1(Maruyama-Nakashita,
Nakamura et al. 2006). SLIM1 is 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 S regulon, SLIM1/EIL3 can also form homo- and heterodimers with the other members of the EIN3 family, allowing a sophisticated finetuning of the sulfur metabolism (Wawrzyńska and Sirko 2016). The S regulon
contains 27 genes that are all related to the sulfur metabolism and are mostly
located in the chloroplast (Henríquez-Valencia, Arenas-M et al. 2018). Our
transcriptome analysis indicated that SA187 regulates several genes of the S
regulon in Arabidopsis roots, suggesting that the SA187 enhanced S uptake and
metabolism of Arabidopsis under salt stress conditions might be a direct
consequence of SA187-modulated gene expression via ethylene signaling.

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 the
idea whether SA187 can protect Arabidopsis from enhanced ROS levels under salt
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stress. Indeed, SA187 could reduce salt stress-induced ROS levels in Arabidopsis.
Interestingly, part of the S regulon are four LSU genes, encoding chloroplast
targeted proteins that directly interact and activate the Fe-Superoxide dismutase
FSD2. Interestingly, the hypersensitive salt phenotype of lsu 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 (Garcia-Molina, Altmann et al. 2017) and provide a further link of
SA187 and the Arabidopsis sulfur metabolism during salt stress tolerance.

5.4.7

Conclusions

Overall, our data suggest that upon establishment of a symbiotic state, A. thaliana
provides SA187 with a nutrient-rich environment that is favorable for bacterial
growth and proliferation. In exchange, SA187 protects its host from the negative
effects of salt stress conditions though providing the metabolite KMBA, which
can be converted to ethylene but also other compounds such as methionine or
cysteine. Ethylene signaling in Arabidopsis regulates the S regulon, comprising a
large fraction of the sulfur metabolic enzymes, thereby upregulating 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. In this way, the coordination of the bacterial and the host plant
metabolism generates a win-win situation serving both partners to thrive under
adverse environmental conditions.
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Chapter 7: Material and methods
7.1 SOURCE OF BIOLOGICAL MATERIALS
Plant material was collected from Jizan, Saudi Arabia at two locations (16°
52.656'; 42° 36.972E and 16° 56.475'; 42° 36.694E). Indigofera argentea Burm.f.
(Fabaceae) was collected at these sites and kept at ambient temperature to
preserve the microbial community structure and attempt to isolate the dominant
organisms associated with the plant hosts. Samples were collected in plastic bags
and placed in a large ice-box to reduce temperature fluctuation and facilitate
transportation.

7.2 ISOLATION AND PURIFICATION OF BACTERIA
For bacterial isolation, desert plant roots were carefully washed with distilled
water for removing adhering soil/sand particles (rhizosphere fraction). Root
surface sterilization was achieved by dipping the roots in 70% ethanol for 30 sec,
followed by 2% sodium hypochlorite for 5 min. The roots were finally washed
twice with sterilized distilled water and nodules were carefully removed. Roots
and nodules were separately crushed in sterile ddH2O. The liquid homogenates
(root- and nodule endophyte enriched fractions) were diluted in 0.8% saline
solution and plated on Luria–Bertani (LB) agar plates. For the soil samples,
bacteria were isolated from 1 g of soil by serial dilution and plating on LB agar
plates as described before (Somasegaran and Hoben 1994). The plates were
incubated at 28°C until appearance of bacterial colonies. Individual colonies were
picked and streaked on LB plates for further purification.
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7.3 TAXONOMIC CLASSIFICATION OF BACTERIA
For the identification of the bacterial isolates, bacterial universal primers were
used for amplification of the 16S rRNA gene using PCR master mix (Promega):
Universal primer sets 27F and 1492R (27F primer 5’-AGA GTT TGA TCC TGG
CTC AG-3’ and 1492R primer 5’-TAC GGY TAC CTT GTT ACG ACT T-3’).
PCR amplification of 16S rRNA genes was performed in a thermal cycler (BioRad). The following PCR conditions were used: 95°C for 1 min, 30 x (95°C for 30
sec, 55°C for 45 sec, 72°C for 90 sec), and a final extension step for 5 minutes at
72°C. PCR products were cleaned and purified using ExoSAP-IT (Affymetrix)
and sequenced using ABI 3730xl DNA Analyzer (Applied Biosystems).

The resolved 16S rRNA gene sequences of the bacterial isolates were compared
with known sequences listed in the GenBank nucleotide sequence database using
the online software BLAST of the National Center for Biotechnology Information
(NCBI) (http://www.ncbi.nlm.nih.gov) (Altschul, Madden et al. 1997). The 16S
rRNA gene sequences of the bacterial isolates in this study have been deposited in
the GenBank database.

Multiple alignment of the nucleotide sequences was performed by MUSCLE
(Edgar 2004). The phylogenetic tree was constructed by the Neighbor-Joining
method (Saitou and Nei 1987), based on the Kimura 2-parameter model (Kimura
1980), with bootstrap analysis (1000 replications) using the software MEGA
(version 7) (Kumar, Stecher et al. 2016).
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7.4 BIOASSAYS FOR PLANT GROWTH PROMOTING TRAITS AND
TOLERANCE TO ABIOTIC STRESSES

Phosphate solubilization ability of bacteria was based on halo formation, or
clearing assay, on Pikovskaya’s (PVK) agar plates (Pikovskaya 1948).
Siderophore production was determined by clearing assays as described
previously (Alexander and Zuberer 1991). Casamino acids used in the preparation
of siderophore production assays were extracted with 3% 8-quinolinol hemisulfate
salt in chloroform by mixing and allowing the phases to separate overnight at 4°C,
and then recovering the upper phase and washing with chloroform until no colored
8-quinolinol iron complex is formed. Zn solubilization was evaluated by clearing
assays using modified PVK agar plates amended with 0.1% ZnCO3 or ZnO
following the protocol of Bapiri et al. (Bapiri, Asgharzadeh et al. 2012). The
qualitative clearing assays were performed in triplicates by inoculating 30 μl of
bacterial cultures into cavities of approximately 0.5 cm in diameter. The plates
were then incubated at 28°C for 3-5 days. Indole-3-acetic acid production was
qualitatively determined according to (Bric, Bostock et al. 1991). However, both
liquid LB and King’s B media amended with 2.5 mM L-Tryptophan were used
instead of agar plates, and strains were incubated at 28°C and 190 rpm for 2 days.
Tolerance to abiotic stresses was assessed by growing the strains in liquid culture
for 2 days at 28°C and 190 rpm and observing the growth. For drought and salt
stress, the media were amended with a final concentration of 10% or 20% PEG
8000 and 0.5 and 1.0 M NaCl, respectively.
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7.5 BACTERIAL CULTURE AND COLONY-FORMING UNITS (CFU)
MEASUREMENTS

LB broth was inoculated with a single colony and kept shaking at 28°C until
reaching OD600 =1, and 100 µL of cultures were spread on LB agar medium
plates and incubated overnight at 28°C. Then plugs were cut out of LB agar plates
for plant inoculation (dimensions 5x5mm). Additionally, to ensure repeatable
plant inoculation, the CFU on each plug was calculated. In brief, plugs were
placed in 1.5ml Eppendorf tube with 500 µl of 100mM MgCl2. The tubes were
gently shaked at 28°C for 10 minutes then serial dilutions were made and 10µl of
individual dilutions were spotted on LB agar plates and incubated for 16hrs at
28°C for CFU counting.

7.6 PLANT MATERIAL AND IN VITRO TREATMENT FOR CHAPTER 3
Arabidopsis thaliana seeds ecotype Col-0 were used for this study. Seeds were
surface sterilized with 70% ethanol, 0.05% sodium dodecyl sulfate (SDS) for 10
minutes, washed twice in 96% ethanol and let dry before use. Seeds were
sprinkled on half-strength Murashige and Skoog 0.9% agar plates (½ MS, (Classic
Murashige and Skoog 1962)) and stratified in the dark at 4°C for 2 days. Plates
were then placed vertically in growth chambers (Percival) with standard long day
growth conditions (16h light, 8h night, 22°C constant) to induce germination. Five
day-old seedlings were transferred to new ½ MS 0.9% agar plates supplemented
or not with 100mM NaCl (Sigma, http://www.sigmaaldrich.com). Immediately
after transfer plants were inoculated with individual bacteria, placing a half-cm
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long cube of an overnight bacterial lawn grown on LB medium (28°C) directly on
the side of radicle, empty LB cube being used as mock treatment.

For salt stress tolerance screening, inoculated plants were placed back vertically in
long day conditions for 20 days. A bacterial strain was considered a PGPB if
rosettes were visually bigger on ½ MS plates compared to mock 12 days after
transfer (12 DAT). Bacterial strains were considered as early STPB if rosettes
were visually more important compared to mock 12 days after transfer, otherwise
they were considered as late STPB if the positive effect was only visible after 21
days of salt treatment.

For the detailed analysis of the 9 strains, principal root length was measured every
2 days by scanning the plates and measuring the root length using ImageJ
software (https://imagej.nih.gov/ij/) until reaching the bottom of the plate for ½
MS conditions

(12 days after transfer). Lateral roots were counted 6 and 8 days after transfer
under stereomicroscope (Zeiss) and lateral root density was calculated by defining
the lateral root number per cm of principal root length. Fresh weight of each
individual shoot and root was measured 12 days after transfer, providing total
fresh weight after sum-up the two values. To measure dry weight, each individual
root and shoot was kept at 65°C for 3 days, except for the salt treated root that
consisted of pools of 3 roots to ensure proper measurement. All experiments were
repeated at least in 2 biological repeats (n>24).

For SA187-inoculation experiment, sterilized seeds were sown on ½MS plates
(Murashige and Skoog basal salts, Sigma) containing 2·105 cfu·ml-1 (+SA187),
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stratified for 2 days at 4°C in the dark and then placed vertically for germination
during 5 days.

Considering salinity tolerance assays, 5-day-old seedlings were transferred on ½
MS plates with or without 100 mM NaCl (Sigma).

7.7 NA+ AND K+ CONTENT DETERMINATION
Sodium and Potassium were measured for 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
digestions, 1 mL of samples were transferred to volumetric test tubes and diluted
to a final volume of 10 mL with 18.2 MΩ·cm (milliQ element) water. The
concentrations of Sodium and Potassium were determined, using Inductively
Coupled Plasma Optical Emission Spectrometer (Varian 720-ES ICP OES,
Australia). The instrument conditions were: power (KW) 1.2, plasma flow (L/min)
1.65, auxiliary flow 1.5, nebulizer flow (L/min) 0.7, sample uptake delay (L/s) 70,
pump rate (rpm) 15 and rinse time (s) 35.

7.8 DATA ANALYSIS AND STATISTICAL
Physiological measurements were used to generate HCL tree using Multi
Experiment Viewer (MeV 4.9.0 version, TM4,
https://sourceforge.net/projects/mev-tm4/files/mev-tm4/MeV%204.9.0/). Raw
data were normalized for all tested parameter. Hierarchical clustering was
performed using defaults parameters for Euclidian distances. Statistical validation
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was performed using the non-parametric Mann & Whitney or Kruskal and Wallis
tests.

7.9 NUCLEOTIDE SEQUENCE ACCESSION NUMBERS FOR CHAPTER 3
16S rRNA sequences of bacterial strains were deposited at
DDBJ/EMBL/GeneBank under accession number KY194709 to KY194789,
KY659813 to KY659814.

7.10

FIELD TRIALS

To inoculate alfalfa (Medicago sativa var. CUF 101) seeds, a slurry was prepared
consisting of sterilized peat, a broth culture of SA187, 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-1. As a control, seeds were coated with a
similar mixture without bacteria. Field trial was conducted at the experimental
station in Hada Al-Sham (N 21°47'47.1" E 39°43'48.8"), Saudi Arabia, in winter
seasons 2015–2016 and 2016–2017. The experiment was a randomized complete
block design with a split-split plot arrangement of four replicates in the for season
2015–2016 season and three replicates in the 2016–2017 season, plots (2 × 1.5 m)
with seed spacing 20 cm row-to-row. The field was irrigated using groundwater
with two different salinity levels: low salinity (EC = 3.12 dS·m-1), and high
salinity (EC = 7.81 dS·m-1). The soil had an average pH 7.74 and salinity EC =
1.95 dS·m-1. Agronomical data (plant height, fresh biomass, and dry biomass)
were recorded every 25–30 days from each harvest; three harvests were done in
the first season, four harvests in the second season. Field trials data were analyzed
as a randomized complete block design using a Factorial ANOVA Model,
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followed by least significant difference (LSD) test for pairwise comparisons.
Results with a p-value < 0.05 were considered significant. All statistical analysis
was carried out using SAS/STAT software (https://www.sas.com/).

7.11

ENDOPHYTIC BACTERIA, PLANT MATERIAL, GROWTH

CONDITION AND PHYSIOLOGICAL EXPERIMENTS FOR CHAPTER 4

Enterobacter sp. SA187 was isolated from root nodules of the leguminous pioneer
plant Indigofera argentea in the Jizan region of Saudi Arabia as described in
Section 7.2. Seeds were obtained either from publicly available collection or
provided by Dr. Jean Colcombet (IPS2, Orsay, France). Details of the mutant lines
used in this study were published previously.: the JA-receptor coi1-1 mutant (Xie,
Feys et al. 1998), JA-insensitive jar1-1 (Staswick, Su et al. 1992), the ABA
biosynthesis aba2-1 mutant (Schwartz, Leon-Kloosterziel et al. 1997), the ABA
receptor quadruple pyr1-1pyl1-1pyl2-1pyl4-1 mutant (named here, pyr1/pyl)
(Park, Fung et al. 2009), the ethylene insensitive ein2-1 (Guzman and Ecker 1990)
and ein3-1 mutants (Roman, Lubarsky et al. 1995), the heptuple ethylenebiosynthesis deficient mutant acs1-1acs2-1acs4-1acs5-2acs6-1acs7-1acs9-1
(called acs in this study) (Tsuchisaka, Yu et al. 2009), and the ethylene-dependent
pEBF2::GUS reporter (Konishi and Yanagisawa 2008).

Prior to every experiments, A. thaliana seeds were surface sterilized 10 min in
70% EtOH + 0.05% sodium dodecyl sulfate on a shaker, washed 2 times in 96%
EtOH and let to dry. To ensure SA187-inoculation, sterilized seeds were sown on
½MS plates (Murashige and Skoog basal salts, Sigma) containing 2·105 cfu·ml-1
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(+SA187), stratified for 2 days at 4°C in the dark and then placed vertically for
germination during 5 days.

Figure 7.1: Scheme of the SA187 inoculation and plant treatments. Sterilized
seeds were placed on agar plates containing either ½ MS or ½ MS + SA187
(2.105 cells/ml), defining the mock and SA187-inoculated plants, respectively.
Five days after germination, mock- and SA187-inoculated seedlings were
transferred onto control agar plates (½ MS) or salt-stress agar plates
(containing 100 mM NaCl) to evaluate plant tolerance to the salt stress.
Average length of root hairs was determined based on images of 5-day-old roots
(1 image per root at constant distance from the root tip, 25 seedlings per
condition) or 16-day-old roots (along the whole primary root length grown after
transfer) captured by a Nikon AZ100M microscope equipped with an AZ Plan
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Apo 2x objective and a DS-Ri1 camera (Nikon). All root hairs in focus were
measured using ImageJ (https://imagej.nih.gov/ij/). Average values and standard
deviations were calculated from 10% longest root hairs to eliminate nondeveloped root hairs and describe the maximal elongation capacity of root hairs.

For salt stress tolerance assays, 5-day-old seedlings were transferred onto ½ MS
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 12 days after transfer of seedlings. Dry weight was measured after
drying shoot and shoots for 2 days at 70°C. Following Koch’s postulate, SA187
was re-isolated from Arabidopsis root system at the end of an initial experiment to
confirm the genotype of the inoculated strain. To address the ethylene
involvement in Arabidopsis adaptation to salt stress, ACC (1-aminocyclopropane1-carboxylic acid, Sigma), KMBA (2-keto-4-methylthiobutyric acid, Sigma),
AVG (aminoethoxyvinylglycine, Sigma), AgNO3 (silver nitrate, Sigma) were
added into pre-cooled ½ MS agar medium together with 100 mM NaCl. For
DNPH (2,4-dinitrophenylhydrazine, Sigma), 5 mM solution was prepared by
solubilizing DNPH into 2M HCl (hydrochloric acid, Sigma) as described
previously (Primrose 1977), then the solution was diluted until reaching 1 mM,
and equilibrated to the same pH as MS medium (pH 5.8) using 2M KOH
(potassium hydroxide, Sigma). DNPH was used at final concentration 3 μM. For
drought stress treatment, evaluation was performed by transferring 5-day-old
plants onto ½MS agar plates with PEG (polyethylene glycol 8000, Sigma) (-0.5
MPa) as described previously (Verslues and Bray 2004).
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All plants were grown in long day conditions in growth chambers (Percival; 16 h
light / 8 h dark, 22°C). Each experiment was performed at least in three biological
replicates.

7.12

GENERATION OF GFP-LABELLED BACTERIA

SA187 was genetically labeled with the GFP expressing cassette by taking
advantage of the mini-Tn7 transposon system (Choi, Gaynor et al. 2005). In order
to specifically select for a bacterium carrying the GFP integration in the genome,
a spontaneous rifampicin resistant mutant of the strain was obtained first (Crotti,
Damiani et al. 2009): an overnight-grown culture of SA187 was plated on LB
plates supplemented with 100 μg·mL-1 of rifampicin, and the plates were
incubated for 24 h at 28°C. At least 10 colonies, representing spontaneous
rifampicin resistant (RifR) mutants of the strain were streaked twice on LB plates
containing 100 μg·mL-1 of rifampicin and thereafter twice on LB plates
supplemented with 200 μg·mL-1 of rifampicin. The GFP expressing cassette was
introduced in the SA187 RifR strain by conjugation as described in Lambertsen et
al. (2004) (Lambertsen, Sternberg et al. 2004). Briefly, 1010 cells of SA187
RifR strain were mixed with 109 cells of E. coli SM10λpir harboring the helper
plasmid pUX-BF13, the GFP donor (a mini-Tn7) plasmid and mobilizer pRK600
plasmid. The mixed culture was incubated on sterile nitrocellulose filter for 16hrs.
The conjugation culture of bacterial cells was resuspended in saline buffer (9 g/L
NaCl) and spread on selective media with a propitiate antibiotics to select
transformed SA187. The selected colonies were screened by fluorescence
microscopy for GFP fluorescence and positive colonies were further subjected to
genotype confirmation by 16S rRNA gene sequencing.
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7.13

CONFOCAL MICROSCOPY

GFP-labeled SA187 on Arabidopsis roots was imaged using an inverted Zeiss
LSM 710 confocal microscope equipped with Plan-Apochromat 10x/0.45, PlanApochromat 20x/0.8, and Plan-Apochromat 40x/1.4 Oil objectives. Seedlings
grown for 3–21 days on vertical ½ MS agar plates or in soil inoculated with
SA187-GFP were washed gently in sterile distilled water and transferred on a
sterile agar plate. A block of agar with several seedlings was immediately cut out
and placed upside-down to a chambered cover glass (Lab-Tek™ II) with 30 μM
propidium iodide (PI) in water as mounting medium. The GFP and PI
fluorescence was excited using the 488nm laser line, and captured as a single track
(emission of 493–537 nm for the GFP channel, 579–628 nm for the PI channel,
645–708 nm for chloroplast autofluorescence). For 3D reconstructions, 1 μm-step
Z-stacks were taken, and images were generated in the integral 3D view of the
Zen software (Zeiss).

7.14

QUANTIFICATION OF ROOT COLONIZATION

Col-0 seedlings were germinated on SA187-inoculated ½ MS agar plates and
transferred to new ½ MS plates with or without 100 mM NaCl 5 days after
germination (10 seedlings per plate). Parts of their root systems grown after the
transfer were cut, gently washed by dipping in distilled water to remove nonattached bacterial cells, and then ground in Eppendorf tubes using Teflon sticks.
Each sample was resuspended in 1 ml of extraction buffer (10 mM MgCl2, 0.01%
Silwet L-77), sonicated for 1 min and subsequently vortexed for 10 min. Samples
were diluted 10-fold, and then spread on LB agar plates, and colony forming units
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(CFUs) were counted after overnight incubation at 28°C. Calculated number of
CFUs was normalized per centimeter of root length (total root length was
determined based on images of root systems before their harvest). The experiment
was conducted in three biological replicates, each with three technical replicates
per condition; each sample consisted of five roots.

7.15

GUS STAINING

Seedlings were vacuum infiltrated with the pre-fixation buffer [0.3%
formaldehyde, 0.28% mannitol, 50 mM sodium phosphate buffer (pH 7.2)],
washed with phosphate buffer and incubated in staining solution [250 μM
K3Fe(CN)6, 250 μM K4Fe(CN)6, 2% Triton-X, 1 mM 5-bromo-4-chloro-3indolyl-b-D-glucuronic acid (X-GlcA; Duchefa), 50 mM sodium phosphate buffer
(pH 7.2)]. Tissue was cleared with Visokol (Phytosys) overnight and observed
with Axio Imager 2 (Zeiss) equipped with Plan-Neofluar 10x/0.45 objective.

7.16

RNASEQ AND QPCR ANALYSIS FOR CHAPTER 4

Total RNA was extracted from 5-day-old plants either or not inoculated with
SA187 and transferred for 10 more days on ½ MS plates with or without 100 mM
NaCl using the Nucleospin RNA plant kit (Macherey-Nagel), including DNase
treatment, and following manufacturer’s recommendations. RNA samples were
used for Illumina HiSeq deep sequencing (Illumina HiSeq 2000, Illumina). Three
biological replicates were processed for each sample. Paired-end sequencing of
RNA-seq samples was performed using Illumina GAIIx with a read length of 100
bp. Reads were quality-controlled using FASTQC
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Trimmomatic was
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used for quality trimming (Bolger, Lohse et al. 2014). Parameters for read quality
filtering were set as follows: 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. TopHat v2.0.9 (Trapnell, Pachter et al. 2009) was used
for alignment of short reads to the A. thaliana genome TAIR10, Cufflinks v2.2.0
(Trapnell, Williams et al. 2010) for transcript assembly and differential
expression. To identify differentially expressed genes, specific parameters (pvalue: 0.05; statistical correction: Benjamini Hochberg; FDR: 0.05) in cuffdiff
were used. Post-processing and visualization of differential expression were done
using cummeRbund v2.0.0 (Goff, Trapnell et al. 2012). Gene was considered as
regulated if fold change > log2|0.6| and q-value < 0.05 compared to Mock
condition. RNA-Seq data set can be retrieved under NCBI geo submission ID
GSE102950.

For qPCR analysis, mock and SA187-inoculated plants were used for RNA
extraction as described above. Samples were either used for plant or SA187 gene
expression. For bacterium, SA187 incubated 4h in ½ MS or ½ MS + 100 mM
NaCl, at 28 °C, under the dark, were used for RNA extraction, using the
RiboPure™ RNA Purification Kit, bacteria (Ambion) following manual
instructions for Gram-negative bacteria, with the exception that no beads were
used during bacterial lysis. RNA extraction was followed by DNAseI treatment in
order to obtain pure RNA.
cDNAs were synthetized using SuperscriptIII (Invitrogen), 1 μg of total RNA and
oligo-dT following manufacturer’s recommendations. For Arabidopsis gene
expression analyses, ACTIN2 (At3g18780) and UBIQUITIN10 (At4g05320) were
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used as reference genes. For SA187 gene expression analyses, infB, rpoB and
gyrB were used as reference genes. All reactions were done in a CFX96 Touch™
Real-Time PCR Detection System (BIO-RAD) as follows: 50°C for 2 min, 95°C
for 10 min; 40x [95°C for 10 sec and 60°C for 40 sec]; and a dissociation step to
validate the PCR products. All reactions were performed in three biological
replicates, and each reaction as a technical triplicate. Gene expression levels were
calculated using Bio-Rad CFX manager software. Primer sequences used in this
analysis.

Table 7.1: Primer table.

Primer name

Sequence (5' to 3')

27F

AGAGTTTGATCCTGGCTCAG

1492R

TACGGYTACCTTGTTACGACTT

P922-3G56400F1

TGGTTCGTCCACGGAGAATG

P923-3G56400R1

CCCATTGACGTAACTGGCCT

P854-1G01580F1

GCAAGCGAAGCTGGAATCAG

P855-1G01580R1

AATCCCATTGCCGGTAGCAA

P926-4G01250F1

ACTAGCAAACCCAGTGGCTC

P927-4G01250R1

CATGCCCAGACATCGGAGTT

Targeted gene

Purpose of the primer

16S rRNA

Bacterial strain identification

AT3G56400

qPCR analysis

AT1G01580

qPCR analysis

AT4G01250

qPCR analysis
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P888-1G80440F2

ATCGCTACGCCTGAATACCG

P889-1G80440R2

CCAGGAATCGGAGGAAGCTC

P866-1G27730F1

AGTCGAGCACTGGACAAAGG

P867-1G27730R1

TAGCTCAACTTCTCCACCGC

P245-AT2G37870F1

CTGTGCCAAAGTTGGTGCTC

P246-AT2G37870R1

GTAACGTCCACATCGCTTGC

P930-4G13420F1

TACGTGGGGCCAAAGGATTC

P931-4G13420R1

CCCTCCTCCTCCAGACATGA

P309-AT3G30775F1

CAACCCGTCTTCTCCGAACA

P310-AT3G30775R1

CGGTGCTTGTTGTCCAAAGG

P237-AT3G53980F1

CCGTCGGTTACAAGTGTGGA

P238-AT3G53980R1

AGGCCCAATGTTATCTCCTTCA

P329-AT4G37800F1

TTGGTTCGACCCTTCTCGTG

P330-AT4G37800R1

CCCTGATGGGCACATTGTCT

P870-1G35140F1

TGGATGCGAGAACGGACAAA

AT1G80440

qPCR analysis

AT1G27730

qPCR analysis

AT2G37870

qPCR analysis

AT4G13420

qPCR analysis

AT3G30775

qPCR analysis

AT3G53980

qPCR analysis

AT4G37800

qPCR analysis

AT1G35140

qPCR analysis
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P871-1G35140R1

CATGGTCGATCTCCGGGAAG

P281-AT2G39030F1

GAGTCTGGTCTTGCCTCCAC

P282-AT2G39030R1

ATGCGTCTCAAGAAAGGGGG

P962-5G51190F1

CCAACGCAAACCACCTCTTG

P963-5G51190R1

CAGCCGCATACTTACCCCAT

P862-1G13260F1

GGTGTTTCTACGACGGGGTT

P863-1G13260R1

TTAGCTTCCCAACGTCGCTT

P934-4G17490F1

GGCGATTCTGAATTTCCCGC

P935-4G17490R1

TTGTACAGGCCACGACCATC

P882-1G74930F1

CTTTCGACGCCGCTCAATTT

P883-1G74930R1

GGAGGCGTCAACGACTTTTC

P918-3G55980F1

ATTGCAGACGTGTCGGTTCT

P919-3G55980R1

CAGCACAGTGAAGCGGAGTA

AT2G39030

qPCR analysis

AT5G51190

qPCR analysis

AT1G13260

qPCR analysis

AT4G17490

qPCR analysis

AT1G74930

qPCR analysis

AT3G55980

qPCR analysis
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7.17

HIERARCHICAL CLUSTERING AND GENE FAMILY

ENRICHMENT

Arabidopsis regulated genes were used to generate HCL tree using Multi
Experiment Viewer (MeV 4.9.0 version,
TM4, https://sourceforge.net/projects/mev-tm4/files/mev-tm4/MeV%204.9.0/).
Raw data were normalized for every gene. Hierarchical clustering was performed
using Euclidian distances, average linkage and leaf order optimization. Gene
enrichment analyses were performed using AmiGO website
(http://amigo1.geneontology.org/cgi-bin/amigo/term_enrichment). All clusters
were analyzed using default parameter (S4.2 Table).

7.18

HORMONE CONTENT ANALYSIS

Ff For each sample, 10 mg of freeze-dried powder were extracted with 0.8 mL of
acetone/water/acetic acid (80/19/1 v:v:v). For each sample, 2 ng of each standard
was added to the sample: abscisic acid, salicylic acid, jasmonic acid, and indole-3acetic acid stable labeled isotopes used as internal standards were prepared as
described previously (Le Roux, Del Prete et al. 2014). The extract was vigorously
shaken for 1 min, sonicated for 1 min at 25 Hz, shaken for 10 minutes at 4°C in a
Thermomixer (Eppendorf), and then centrifuged (8000 g, 4°C, 10 min). The
supernatants were collected, and the pellets were re-extracted twice with 0.4 mL
of the same extraction solution, then vigorously shaken (1 min) and sonicated (1
min; 25 Hz). After the centrifugations, three supernatants were pooled and dried.
Each dry extract was dissolved in 140 μL of acetonitrile/water (50/50; v/v),
filtered, and analyzed using a Waters Acquity ultra performance liquid
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chromatograph coupled to a Waters Xevo Triple quadrupole mass spectrometer
TQS (UPLC-ESI-MS/MS). The compounds were separated on a reverse-phase
column (Uptisphere C18 UP3HDO, 100 × 2.1 mm, 3 μm particle size; Interchim,
France) using a flow rate of 0.4 mL·min-1 and a binary gradient: (A) acetic acid
0.1% in water (v/v) and (B) acetonitrile with 0.1% acetic acid. For ABA, salicylic
acid, jasmonic acid, the following binary gradients were used (time, % A): (0 min,
98%), (3 min, 70%), (7.5 min, 50%), (8.5 min, 5%), (9.6 min, 0%), (13.2 min,
98%), (15.7 min, 98%), and the column temperature was 40°C. Mass
spectrometry was conducted in electrospray and multiple reaction monitoring
scanning mode (MRM mode), in the negative ion mode. Relevant instrumental
parameters were set as follows: capillary 1.5 kV (negative mode), source block
and desolvation gas temperatures 130°C and 500°C, respectively. Nitrogen was
used to assist the cone and desolvation (150 L·h-1 and 800 L·h-1, respectively),
argon was used as the collision gas at a flow of 0.18 mL·min-1. Samples were
reconstituted in 140 μL of 50/50 acetonitrile/H2O (v/v) per mL of injected
volume. The limit of detection (LOD) and limit of quantification (LOQ) were
extrapolated for each hormone from calibration curves and samples using
Quantify module of MassLynx software, version 4.1.

7.19

MEASUREMENT OF IN VITRO ETHYLENE EMANATION

A fresh SA187 culture was prepared by inoculation of 50 mL of liquid LB
medium with 1 mL of overnight-grown culture. Subsequently, 2 mL of fresh
culture was transferred to 10 mL chromatography vials and sealed with a rubber
plug and snap-cap (Chromacol) after 0, 1, 2 or 4 hours of growth on a shaker
incubator (220 rpm, 28°C). The sealed vials were again transferred to the shaker
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incubator for another 2 hours to allow ethylene accumulation. Three biological
replicates were prepared at each time point along with 3 controls to correct for
background ethylene emanation. Ethylene emission was measured with a laserbased photo-acoustic detector (ETD-300 ethylene detector, Sensor Sense, The
Netherlands) (Van de Poel and Van Der Straeten 2017). Immediately after
ethylene measurement, OD600 was measured with Implen NanoPhotometer NP80
(Sopachem Life Sciences, Belgium) to correct for the total amount of bacterial
cells present in the samples.

7.20

PLANT GROWTH CONDITIONS AND INOCULATION FOR

CHAPTER 5.

Arabidopsis thaliana Col-0 seedlings were grown as described earlier. Briefly,
Arabidopsis seeds were surface sterilized 10 min in 70% EtOH + 0.05% sodium
dodecyl sulfate on a shaker, washed 2 times in 96% EtOH and air dried. Sterilized
seeds were sown on half-strength Murashige and Skoog (Murashige and Skoog,
1962) (MS) 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 MS plates without (non-salt, MS) or
with 100 mM NaCl (salt stress, MSS), 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 MS and resuspended in MS to a final
OD600 = 0.2. Plates containing 50 ml of cooled-down MS or MSS were inoculated
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with 0.1 ml of the bacterial suspension (~107 CFU) and let solidify. At the end of
the experiment, whole 17 day-old plantlets where collected and immediately
submerged in liquid nitrogen, then stored at -80˚C until needed. The schematic
representation of the experimental set-up is shown in Figure 5.1.

7.21

PLANT SCREENING ASSAYS

The salt stress tolerance assays was done as Figure 51.7, with some modification,
in brief 5-day-old colonized seedlings were transferred onto ½ MS 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 after transfer of seedlings. Dry weight was measured after drying shoot and
shoots for 2 days at 70°C.

7.22

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
MS and resuspended to a final OD600 = 0.2 (~107 CFU). Five hundred microliters
of this bacterial suspension was inoculated into 50 ml of MS or MSS, and the
bacterial culture was incubated 4h at 28˚C, in darkness. Whenever necessary,
broth was supplemented with 1% sucrose. After incubation, 20 ml of bacterial
culture was harvested and the cell pellet (~1.4·1010 CFU) was stored at -80˚C until
needed.
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7.23

RNA EXTRACTION FOR CHAPTER 5

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”) by using the Nucleospin
RNA plant kit (Macherey-Nagel) (de Zélicourt, Synek 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).

7.24

RNA-SEQ LIBRARY PREPARATION AND SEQUENCING.

As starting material, 1 g RNA from bacteria samples and 1 g 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
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Abdullah University of Science and Technology, Saudi Arabia). Three biological
replicates of each sample were used.

7.25

RNA-SEQ ANALYSIS AND QUANTIFICATION OF

DIFFERENTIAL GENE EXPRESSION.

The schematic representation of the RNA-Seq workflow is shown in Figure 2.5

Strand-specific paired-end sequencing of RNA-seq samples was performed by
using Illumina HiSeq2500 with a read length of 101 bp. Reads were qualitycontrolled 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, Lohse 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, Pachter 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, Antunes 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
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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, Williams et al. 2010). To overcome the difference of
sequence coverage between cultured bacteria and symbiotic samples
(Supplementary Table S5.3), library size normalization 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 (DeLuca, Levin 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,
Trapnell et al. 2012). To identify differentially expressed genes, the threshold of
p-value ≤ 0.05 was used. Additionally, genes were considered to be regulated if
fold-change > 2 or fold-change < 0.5.

On average of 16-20 million high quality paired-end reads were obtained from the
single bacterial and 60-82 million from single Arabidopsis or dual SA187Arabidopsis RNAseq (Supplementary Table S5.1). The symbiotic samples showed
a sequencing depth of < 4 % of bacterial reads and confirmed the quality of the
RNAseq libraries Figure 52.7.
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Figure 7.2: Pearson correlation matrix (a). Correlation coefficients between
normalized expression values (FPKM) of biological replicates used in this
study. Expression range from 0 (red) to 1 (white). Gene expression pattern
(b). Overall gene expression (FPKM) of all biological replicates. Expression
range from 0 (blue) to 4000 (yellow). Heatmaps were generated with R
(Rstudio v1.0.136). General profile of the sequencing data (c). Distribution of
the mapped cleaned reads obtained from every biological replicate. “B” =
SA187 bacterium in MS broth, “SB” = bacterium in MSS broth, “PB” =
SA187 inoculated Arabidopsis in MSS, “SPB” = SA187 inoculated
Arabidopsis in MSS.
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
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and symbiotic samples, respectively) with the exception of replicate SB1 (R2 =
0.73) which was hence excluded from further analysis.

7.26

RNA-SEQ VALIDATION BY RT-QPCR

To validate the results derived from the RNA-Seq experiment, 50 DEGs were
selected and their gene expression analyzed by RT-qPCR by using specific
primers (Supplementary Table S5.5). Primers were designed by using PrimerBlast 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, Synek et al.
2018).

For RT-qPCR analysis, cDNAs were synthetized 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.

7.27

DATA SUBMISSION FOR CHAPTER 5

RNA-Seq data are available at NCBI/GEO DataSets
(https://www.ncbi.nlm.nih.gov/gds) under the accession numbers GSE124591
(free- living SA187), GSE102950 (Arabidopsis-associated SA187) (de Zélicourt,
Synek et al. 2018) and GSE133175 (Arabidopsis root-associated SA187).
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Appendix
Supplementary table 1. MS or Salt indicate the growth medium: ½ MS or ½ MS + 100mM NaCl ; RL: root length (cm), LRD: lateral
root density (lateral root number/cm root length), TFW/RFW/SFW : total/root/shoot fresh weight (mg); RDW/SDW : root/shoot dry
weight (mg); K/Na : ion concentration (mmol/g dry weight); D: day after transfer. Statistical differences were calculated based on
Student t-test.
Colors indicate if p-value is <0.05 (red), <0.01 (green) or <0.001 (yelow).
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Supplementary fig S1.4: Meteorological data for fields trials in Hada Al-Sham.
Precipitations, and maximal/minimal temperature recorded in the experimental
agriculture facility in Hada Al- Sham (Saudi Arabia) where field trials with alfalfa
were conducted in seasons 2015-16 and 2016-17.
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Supplementary fig S2.4: Root hair length of 16-day-old seedlings.
Average root hair length of 10% longest root hairs (n > 100) in 16-day-old seedlings
grown vertically on ½ MS medium with or 100 mM NaCl. Seedlings were transferred
5 days after germination from ½ MS agar plates without (mock) or with SA187. Only
root hairs emerged after the seedling transfer were measured. Error bars represent SD.
Asterisks indicate a statistical difference based on the Student t-test (*** P < 0.001).
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Table S5.1. Sequencing summary

GC content (%)

Nb of reads (million)

Q3 bases (%)

Sam
ple
R1

R2

R1

R2

R1

R2

B1

52.76

51.95

18,819,783

18,819,783

96.61

95.23

B2

52.95

52.2

16,239,805

16,239,805

96.5

94.9

B3

53.15

52.34

20,296,246

20,296,246

96.15

94.71

SB1

57.27

57.14

7,435,639

7,435,639

93.58

85.29

SB2

52.7

51.69

15,865,563

15,865,563

96.56

95.05

SB3

52.66

51.66

19,167,673

19,167,673

96.58

95.2

PB1

44.07

43.99

75,674,644

75,674,644

96.68

95.45

PB2

43.79

43.87

70,215,283

70,215,283

95.53

90.92

PB3

43.81

43.72

70,541,455

70,541,455

95.1

91.88

44.17

43.99

81,493,714

81,493,714

96.81

95.67

44.19

44.34

59,809,351

59,809,351

95.46

90.71

SPB
1

SPB
2
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SPB
44

43.94

71,499,985

71,499,985

95.19

91.85

3

Table S5.3. Reads mapping summary to Enterobacter sp. SA187 (CP019113) and
Arabidopsis thaliana (TAIR10) genomes.

Input reads

Mapped to CP019113

Mapped to TAIR10

Aligned

%

Aligned

%

90.7

---

---

89.8

---

---

90.1

---

---

84.9

---

---

92.8

---

---

91.6

---

---

Sam
ple
Paired

Unpaired

16,130,48
B1

14,653,49
2,645,289

3

9

13,744,79
B2

12,392,91
2,456,126

0

3

17,571,04
B3

15,903,21
2,673,691

4

SB1

4,807,201

4

2,603,442

13,750,64
SB2

4,092,753

12,806,44
2,077,138

4

0

16,627,85
SB3

15,256,46
2,493,414

4

0
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70,925,77
PB1

4,588,392

352,298

0.5

68,569,817

96.3

5,510,741

247,859

0.4

61,967,474

95.7

5,078,026

272,868

0.4

63,009,418

96.2

4,320,091

395,068

0.5

74,574,807

96.4

3,979,278

397,881

0.7

53,575,872

95.8

3,227,223

247,237

0.4

66,244,860

96.9

4

64,396,49
PB2
0

65,210,61
PB3
4

SPB

77,010,85

1

6

SPB

55,561,54

2

0

SPB

68,015,52

3

6

Table S5.5. Primers used for RT-qPCR validation.

Primer

Sequence (5’  3’)

Primer

Sequence (5’  3’)

crtE_F1

TTCAGACAAAGCAGGATGCAAA

glgC_F1

CTACTCGCGCATGCTCATTG

crtE_R1

GCCGTCATAATCTGACCAGGAA

glgC_R1

CTTCTCGACGAAAGCGACCA

idi_F1

TTTGAACACTGTGCGATGCC

treX_F1

CGCATGTAAAAGGGCTGACG
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idi_R1

GCCGGTCATCGAGCTTATCA

crtX_F1

GCGGAGGTGACTGATTTTGC

treX_R1

ATGCCGAGGCGTTTGAAGTA

bscA_1761_
CGATAACTGGAACGCCACCT
F1

bscA_1761_
crtX_R1

ATCACCGTATTGAGTCCGCC

TGCATTTTCAGCGCGGTATG
R1

bcsA_1770_
crtY_F1

CATCTGACTATTGGCGCACAGG

AACCCGATGTCGCAGTTCAT
F1

bcsA_1770_
crtY_R1

GCGTATAGACAAAGCGATAGCC

GTAGCGACAGGAAACGGTCA
R1

crtI_F1

TTTACGGCATGGTGTCATCGTT

otsB_F1

AACACCAGTATTCCTGGGCG

crtI_R1

TAGATGGATGAGGTGGCGAAG

otsB_R1

CATCTGTTCGAGCCACTGGT

crtB_F1

CCACTATGAGACGTTCGGGG

cydA_3341_
CCCTATCGCGTCGGATTTCA
F1

cydA_3341_
crtB_R1

GGCTTCAGCATCCTCCACAA

CCCGAGGCTACGGTATGAAC
R1

cydB_3342_
crtZ_F1

TTTTATGGTGCATGACGGGCT

GCGTGTGGGTAGTGTATGGT
F1

cydB_3342_
crtZ_R1

CGCCTGGAGCTTTGAGAC

AAGACGTGACATCAGGGTGG
R1
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cydA_4298_
scrA_F1

CATGCTGGCGAACGTTTTCA

AGGGTTGTGGCTGAAAACCA
F1

cydA_4298_
scrA_R1

CAACAATATCCGGGCGCTTG

GATAGGCCATCACCAGACCG
R1

cydB_4299_
afuA_F1

AACCGGAATACAAAGGCGAGAT

CGGTCATTATTGACGCGCTG
F1

cydB_4299_
afuA_R1

CTGAGAGATATTGGTATTAAGCTGC

ACCACTATCCCCTGGGTGAA
R1

fliC_2994_F
opuC_F1

GTTTTCAGGTTACGCCGCAG

GCCAATCGCCTCTCTTCTGT
1

fliC_2994_R
opuC_R1

CAGCGAGGTGCCGGTATATT

ACATCGCTGAGACTTCCGTG
1

fliC_3250_F
fes_F1

CGATGTTTGGTGCTGGCAAA

CTGGGTCGCATGAAAGACCT
1

fliC_3250_R
fes_R1

GCGGAAAAATCGCTGTCGTT

TTTCCTGACCCAGTTCGTCG
1

fliC_3930_F
entS_F1

TTTTAATGCGCAGTCCGCTG

GAGCGCCTGACCATCGATAA
1

fliC_3930_R
entS_R1

CGACATTTGCCAGTTCACCG

GATCACCTCCATCGGACCAC
1
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PGI_F1

CACTGAAGAAACGCTCTCCCTGT

cheB_F1

AGGGTTCAGAAGTGACGCTG

PGI_R1

ATTGGCGTATTGCTGCGGTTA

cheB_R1

TAACTGCGGTTTGGTGACGA

GTCGATTTGACCGTCACCCT

cheA_F1

TCGTGATTTCGCGTCTGAAAGA

GTTCGTCGCTGTAACCCAGA

cheA_R1

GAGGGAGTCGCTGCCTTTGA

por_F1

TACGGCCTCTCCTCCAAAGA

flhC_F1

GCCGTGATCAAAGCTTACCG

por_R1

CGGTAACGACAGGTTGGTGA

flhC_R1

TAAAATTGCCGTCGCAGCAG

CS_F1

GCTTCGGGCATCGTGTTTAC

flhD_F1

AGTCAGGACAAAGCCTCAGC

CS_R1

GCTCGATGAAGTACGGGTCG

flhD_R1

GATCGTCTGGTGGCTGTCAA

katE_F1

GGTTTCTGGAAAAGCTGGCG

GAPDH_F
1

GAPDH_F
1

fliC_4844_F
TTCCAGGTTGGTTCCAAAGAC
1

fliC_4844_R
katE_R1

GTGACGGTAAAGGTGCCGTA

CATGGATTTGGTGTTCAGCACAG
1

cysK_2874

fliC_4845_F
CACTTCGTGGAGAGAGCCTG

_F1

GGTTCTTCCGGTACTGTGC
1

cysK_2874

fliC_4845_R
ATCTGGCGGAAGATGCTGTC

_R1

TGCGCTGAGAGTCAACAGATTT
1
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cysK_3045
ACGAAGAAGCCATCGACACC

bioB_F1

ATGCCGACCTCCTTTGTACG

AACGCTCACCTGAAGAAGGG

bioB_R1

CCATAAAGCACATCGCCTGC

trpB_F1

ACTCCATTTCTGCCGGTCTG

bioC_F1

CTGACTGACACGGTGAGTGG

trpB_R1

CGTCATCGGTGATGGACACA

bioC_R1

GCTGAGCGCATCGTCAAAAT

trpE_F1

ACCTGGTGGCAGGTTTTGAA

infB_2F

GAAACGCGAATCCGCTAACC

trpE_R1

CGTAAAGAGGCTTGCCTGGA

infB_2R

TGGGCAGTCCTGGTCATTTC

_F1

cysK_3046
_R1
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