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ABSTRACT 

Molecular characterization of the plant growth promoting bacterium 

Enterobacter sp. SA187 upon contact with Arabidopsis thaliana  

 Wiam Alsharif 

Salt stress is a severe environmental challenge in agriculture, limiting the quality and 

productivity of the crops around the globe. Plant growth promoting rhizobacteria (PGPR) is 

proposed as a friendly solution to overcome those challenges. The desert plant endophytic 

bacterium, Enterobacter sp. SA187 has shown plant growth promotion and salt stress 

tolerance beneficial effect on the model plant Arabidopsis thaliana in vitro as well as under 

the field conditions on different crops. SA187 has a distinguished morphology of yellow 

colonies (SA187Y) that could be due to carotenoid biosynthesis. However, the bacteria tend 

to lose the yellow color upon incubation with the plants and the colonies turn to white 

(SA187W). In comparison to SA187Y, SA187W shows 50% reduction on the beneficial 

impact on A. thaliana fresh and dry weight of root and shoot system. By counting the 

CFU/plant, we showed that SA187Y and SA187W both have similar colonization rate in both 

shoots and roots. Under non-salt conditions, optimal bacterial colonization was observed 

on day 8 after inocubation, however, under the salt stress condition, the optimal 

colonization was observed at day 4. Moreover, during the time period of the incubation of 

the SA187Y with the plants, there was a consistent noticeable loss of the yellow color of 

the colonies. This change in color is only observed eight days after transfer and the number 

of white colonies increases with the increase of the incubation time. In addition, SA187W 

was GFP-tagged by Tn7 transposon system and visualized by confocal laser scanning 

microscopy. The SA187W-GFP colonies have shown a similar colonization pattern as 
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SA187Y-GFP, bacteria were colonizing the differentiation zone and cell elongation zone in 

the roots. Finally, the gene expression of the carotenoid biosynthesis pathways genes in 

SA187Y showed an overall higher gene expression compared to SA187W. In conclusion, the 

color loss seems to affect the beneficial impact of the bacteria on plants. However, the 

reduced beneficial impact is not due to the colonization efficiency of bacteria on the plant 

roots but could be due to a regulation of gene expression of carotenoid biosynthesis.  
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Chapter 1 

Introduction 

1.1  The Global Challenge in Agriculture 

The agriculture around the globe is facing many hurdles of water sources scarcity, climate 

changes and the increasing water and soil salinization. The agricultural sustainability is 

threatened by two important factors of an increase in the human population growth and 

the reduction in the land availability for crops cultivation (1). Major reductions in the 

cultivated land areas, crops production, and crops quality, are caused by various 

environmental stresses of drought, high temperatures, floods and the most devastating, 

soil salinity (2). By the year 2050, it has been estimated that more than 50% of the arable 

lands would be salinized (3). For that, a significant increase in the major crop plants yields is 

required to fulfill the food supply needs for the estimated 9 billion population by 2050 (4). 

Plants under salt stress are affected dramatically in almost all aspects of the plants growth 

and development, including the germination, vegetative growth, water and nutrients 

uptake and photosynthetic capacity (5). Furthermore, the accumulation of salt ions in the 

soil causes ion toxicity in the plants, osmotic stress, nutrient deficiency and oxidative stress 

which limits the plant's ability to grow and uptake of water and nutrients (6). All these 

factors severely affect the plant’s growth and development at both the molecular levels 

and subsequently the physiological level.  Sustainable biotechnology is needed to improve 

the productivity of the crops and increase the tolerance to different environmental 

stresses. As well as improving the soil health naturally and environment friendly through 
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utilizing the microorganisms living symbiotically with the plants in the desert lands, these 

microbes are improving the desert plants growth and tolerance to the difficult 

environmental conditions (7).  

1.2  Plant Growth Promoting Bacteria  

In their natural environment, plants represent a habitat for diverse microorganisms, those 

that colonize the aerial parts (phyllosphere), the root surface (rhizoplane) as well as the 

zone around the root (rhizosphere). They could be extracellular or intracellular; 

extracellular microorganisms exist freely in the air or in the rhizosphere and in the root 

cortex’s spaces between the cells, while the intracellular microorganisms exist within the 

plant cells (8).  

The phyllosphere comprises the aerial parts of plants and is dominated by the leaves, while 

the Rhizoplane is the root surface zone where microorganisms attach themselves using 

surface structures such as flagella, fimbriae or cell surface polysaccharides (9). In addition, 

the rhizosphere is defined as the soil surrounding the plants roots and influenced by the 

plants supply of organic carbon in the form of roots exudates, which makes it an attractive 

habitat for a dense population of diverse microorganisms, it’s richer in nutrients than the 

rest of the bulk soil by possessing a higher number of bacteria of 10-100 times (8) (10). 

The boundary between rhizoplane and rhizosphere is very thin and therefore this habitat 

is largely considered as a continuum (11). The microbial community colonizing the 

rhizosphere includes fungi, bacteria, protozoa, actinomycetes and algae (12). It is widely 

accepted that rhizosphere and rhizoplane microorganisms can influence plant growth and 
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development. Plant growth promoting rhizobacteria (PGPR), are capable of improving the 

plants performance under several environmental stresses, of heat, drought and salinity. 

They enhance the plants growth and yield by both direct and indirect mechanisms (13).  

The direct mechanisms have an impact on the plants growth and development by making 

the nutrients available to the host plant via several means of nitrogen fixation, phosphorus 

solubilization, and production of the siderophores by the bacteria which facilitate iron 

sequestering, the regulation of the plants phytohormones and growth regulators such as 

indole-3-acetic acid (IAA), and ACC deaminase (14)(15). The indirect mechanisms include 

protecting the plants against the biotic stresses of the soil-borne diseases such as the 

pathogenic fungi, by the Induction of the plant’s systemic resistance and production of 

protectant enzymes such as β-1,3-Glucanase (EC 3.2.1.39) and Chitinase (EC 3.2.1.14) (14) 

(15). 

In the recent years, researches started focusing on the desert environment and plants 

habitats, plants that are perfectly growing in a harsh environment of extreme temperature, 

high UV index, water scarcity and in high saline soils. They started isolating halophilic and 

halotolerant bacteria that might be helping the plants to adapt to these harsh 

environments (16). Later, it was found that the desert soil around the globe contains 

abundant and diverse populations of bacterial phyla of Actinobacteria, Protobacteria and 

Bacteriodtes (17).  
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Desert soil contains microbes that are evolutionary highly adapted to extreme conditions 

such as heat and high salinity, exploiting stress responses genes, promoting plants growth 

and enhancing the soil fertility more than microbes in non-arid soils (18) (19). 

Darwin 21 project (www.darwin21.net) was launched by Hirt group with the aim to pursue 

this idea in search of pioneer plants to explore the diversity of their microbial communities 

and utilize them to improve the agricultural sustainability in arid lands. The Darwin21 team 

has isolated large diversity of bacterial and tested them for their potential of growth 

promotion of different crops under several biotic and abiotic stresses, and the preliminary 

results showed that indeed they exhibit a PGPR activity. One of these isolates is the 

beneficial bacterium Enterobacter sp. SA187 which display the highest and the more 

consistent plant multi-stress tolerance promoting capacity (20). 

1.3  SA187 a Plant Growth Promoting Bacterium 

SA187 is an entophytic bacterium isolated from the indigenous desert plant growing in the 

Kingdom of Saudi Arabia, Indigofera argentae, more specifically from the root nodules of 

Indigofera argentae. SA187 belongs to the Gram-negative Enterobacteriaceae family. The 

inoculation of the model plant Arabidopsis thaliana with SA187 under the salt stress 

showed a noted PGPR effect (20) (21).  

To highlight the PGPR capacity of SA187, a number of biochemical tests were conducted. 

Some of the biochemical characteristics of SA187 are the siderophores production and Zinc 

solubilization. However, the bacterium was unable to solubilize phosphate. Antibiotic 

resistance trait of rhizobacteria confers the bacteria with a beneficial competing property 

http://www.darwin21.net/
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with other co-living rhizosphere microorganisms, and SA187 showed resistance to both 

ampicillin and penicillin G, but it was sensitive to chloramphenicol, erythromycin, 

kanamycin, tetracycline, streptomycin and rifampicin (20). When SA187 is subjected to 

several abiotic stresses such as the osmotic stress, drought stress and heat stress, the 

bacteria grew well under the drought condition. As well as under heat stress of up to 42°C. 

Under salt stress, the bacterium was tested under increasing concentrations of NaCl (0.1M-

2M). The growth of SA187 was relatively good up to 0.5M, and growth rate was delayed 

with salt concentrations higher than 0.5M and up to 1M. However, with higher 

concentrations of salt (< 1M NaCl) the bacterial growth was completely inhibited. This 

suggests that SA187 is moderately halophilic (20).  

At the molecular level, the functional genomic analysis of SA187 has revealed a large 

number of genes involved in the biosynthetic pathways of a number of important osmo-

protectants, ATP-binding cassettes (ABC) transporters and Ion transporters.  SA187 also 

codes for genes involved in the exchange of bacterial metabolites and nutrients produced 

by the host plant, such as ABC transports that are involved in the uptake of several metals 

and amino acids. As well as genes involved in the carbohydrates uptake, genes specified 

for the iron and manganese uptake, iron ABC transporters and genes coding for the 

siderophores production (20).  

SA187 encodes for several protein secretion systems where through these systems, they 

secret to the surrounding environment important enzymes, toxins, peptides and antibiotics 

that allows them to compete with the other co-existing microorganisms for the host plant 

(22). Moreover, the genome of SA187 contains genes necessary for the chemotaxis, bacterial 
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mobility and flagella synthesis, SA187 has a mobile nature, which enables it to move 

through the soil and inside the plant, as well as spreading within the plant. In fact, a high 

number of genes of SA187 were found to be involved in flagella biosynthesis and assembly, 

and this characteristic can be seen with the transmission electron microscope (Figure 1.2 

A). Additionally, SA187 genome also encodes for necessary genes to mediate the adhesion 

and colonization of plants roots via the production of cellulose and exopolysaccharides (20). 

In addition to the genes involved in the exchange and uptake of nutrients, along with genes 

involved in the colonization of the plants roots. SA187 genome encodes for the operon of 

seven genes for the entire carotenoids biosynthesis pathway (Figure 1.3 A), that is 

responsible for the carotenoids production; this is a critical surviving property of microbes 

in the rhizosphere as well as UV radiation protection and association with the plant (20). The 

information encoded in SA187 genome manifests several PGPR characteristics of the 

bacterium including survival under extreme conditions in the rhizosphere, adapting to 

different environments and providing abiotic stress tolerance and growth promotion to A. 

thaliana (Figure 1.1) (20). 
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Figure 1.1: Genome map of the SA187. The bacterial have one chromosome with a 4.4 Mb 

in size. The outer concentric circles (blue) include the annotation, location and direction of 

expression of predicted genes, the middle circle (black) indicates the % GC content, and the 

inner circle indicates de GC skew [(G–C)/(G+C)] positive (green) and negative (purple). A 

number of interesting genes are highlighted. 

 

 

 

 

Figure 1.2: Transmission Electron Microscopy Section of SA187. Bacteria were cultured in 

LB broth before fixation and negative staining. SA187 shows a high number of peritrichous 

flagella. 
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1.4  Morphology of SA187 (Yellow and White) 

As mentioned previously SA187 genome encodes for seven genes organized in one cluster 

(crtE-idi-crtXYIBZ, SA187PBcda_000002248-000002254) arranged in a gene cluster, which 

are involved in the biosynthetic pathway of carotenoids (Table 1: Figure 1.3 A). One of the 

genes (crtB) has shown a clear elevated gene expression upon colonization of the plant, 

which reveals a significant role of the carotenoids in the plant-microbe interactions of 

SA187 and A. thaliana (20). The major genes functions are represented in (Table 1.1). 

Moreover, in a genetically close relative to the genus Enterobacter, a homolog gene cluster 

was identified in Cronobacter sakazakii BAA-894 (22). Interestingly and similar to SA187, this 

bacterium formed yellow colonies when grown on LB agar. Later, it was found that this 

yellow pigment is due to the production of two carotenoids: zeaxanthinmonoglycoside and 

zeaxanthin-di-glucoside. According to the conserved synteny of the gene cluster in C. 

sakazakii BAA894 and in SA187, it was hypothesized that the yellow color produced by 

SA187 could be due to the production of the same zeaxanthin, which also could have a role 

in the plant's colonization (20). 

Normally, when growing SA187 on synthetic LB media, they produce yellow pigmented 

colonies. However, a multi-phenotypic complex of yellow and white colonies was observed 

after re-isolating the bacteria from SA187 inoculated plants roots. (Figure 1.3 B). To further 

investigate this unusual phenotype, the 16S rRNA gene sequence was performed, and both 

of the yellow and white isolates were genotyped by (GTG) 5-rep-PCR fingerprinting to 
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assure that the white colonies are not the result of any possible contamination. Based on 

the results of both experiments, it was confirmed that both the yellow and white colonies 

belong to the same bacterial strain (Figure 1.3 C).  In principal, according to these results, 

it was hypothesized that this yellow to white color change in colonies after plant 

inoculation might be due a mutation that has happened upon plant colonization, which 

might decrease/abolished the carotenoids production (20). Further investigations are 

needed to study and clarify how the carotenoids play a role in the SA187 association with 

the plants. 

 

Figure 1.3: (A) Carotenoid biosynthesis gene cluster. (B) SA187 multi-phenotypic complex. 

After a certain period of interaction between SA187 and the plant host Arabidopsis, two 

morphologies differing in the pigmentation are observed: yellow (SA187Y) and white 
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(SA187W). (C) (GTG) 5-rep-PCR fingerprinting. Genotypic characterization of the SA187Y 

and SA187W isolates, comparison with the original SA187 stock and the inoculum used for 

one of the screening experiments. The same amplification pattern shown by the four 

samples shown in the panel indicates that both phenotypes, yellow and white, are 

genetically identical. 

 

Gene Name Protein Name Function 

K01823 SA187PBcda (idi)  K01823 IDI isopentenyl-diphosphate delta-
isomerase 

Hydrolase activity 

K14596 SA187PBcda (crtX) Zeaxanthin glucosyltransferase, K14596 crtX 
zeaxanthin glucosyltransferase 

Transferase activity, transferring 
hexosyl groups 

K06443 SA187PBcda (crtY) K06443 CrtB crtL1 crtY lycopene beta-
cyclase 

Oxidoreductase activity 

K10027 SA187PBcda (crtI)  K10027 CrtI : phytoene desaturase 
 

Oxidoreductase activity 

K02291 SA187PBcda (crtB) K02291: CrtB phytoene synthase   Transferase activity  

K15746 SA187PBcda (crtZ) K15746: CrtZ beta-carotene 3-hydroxylase Oxidoreductase activity 

Table1.1 : List of important genes in the carotenoids biosynthesis gene cluster and their 

functions.  

1.5  Root Colonization by Plant Growth Promoting Rhizobacteria 

Successful root colonization by the PGPR is a very critical step in the plant-microbe 

interaction. The root colonization is a competitive process which is affected by both, the 

PGPR and the host plant characteristics as well as the soil properties (23). In order for the 

bacteria to exert their beneficial effect successfully, bacterial survival and growth in their 
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host plant’s rhizosphere is important. The bacterial viability is influenced by several 

environmental factors, such as the biotic and abiotic stresses. The bacterium will also face 

several factors that will affect their colonization ability, such as the water content, pH, the 

type of the soil, the temperatures, and the root exudates composition, other 

microorganisms, mineral content and nutrients availability (24).  

The colonization of the plant's root includes three main steps: (1) the migration of the 

rhizobacteria to the host plant’s root which is dependent on the bacterial motility and 

chemotaxis towards the plant’s roots.  Root exudates play an important role in recruiting 

and attracting the PGPR. (2) Attachment of the rhizobacteria to the root (3) Proliferating 

and entrance to the plant's root for endophytic colonization.  

Two fundamental mechanisms are controlling the dispersion of the rhizobacteria from the 

inoculation point (In this case, the seed) towards the growing roots for the colonization: (1) 

the active bacterial motility (with associated chemotaxis). (2) The passive movement of the 

bacteria in the percolating water (water flow) (25).  

1.5.1 Migration to the Plant’s Roots  

Motility is known to be an important survival trait, in which the bacteria use to move 

towards the increasing gradients of attractive molecules and move away from the repellent 

molecules.  This process, which is also known as chemotaxis, allows the bacterium to reach 

the higher concentrations of nutrients and avoid the toxins, the bacterial chemotaxis is 

triggered by stimulating molecules in the environment that bind to their cognate 

chemoreceptors, this causes downstream modifications on the molecular level that effect 
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the flagellum motor which results in the bacterium’s motile behavior by utilizing their 

flagella (26). 

PGPR is known for using their motility ability to move toward the plant secreted root 

molecules, which is required for promoting the initial host and microbe interaction (25). The 

importance of the active bacterial motility and chemotaxis in colonizing the plants roots 

have been demonstrated by several mutant studies. Such as, the colonization of tomato 

plants by non-flagellated mutants of several strains of Pseudomonas fluorescens and 

Bacillus, which resulted in the failure of these mutants to colonize the apex of the roots (27).  

Also, potato and tomato roots colonization by P. fluorescens was studied in relation to the 

flagella presence. Once again, the ability to colonize the root tips of both plants was 

impaired by the non-motile mutants. These studies prove that the bacterial chemotaxis 

towards root exudates have a major role in the root colonization by the rhizobacteria (28).  

1.5.2 The Influence of Water Percolation and Root Elongation on Bacterial Colonization 

of the Rhizosphere 

The percolating water can have an effective role in facilitating the transport of the 

rhizobacteria. Bowers and Parke did not observe any significant difference between pea 

root colonization by a P. fluorescens and its non-flagellated derivative strain in the absence 

of the percolating water. Interestingly, the colonization was enhanced by water percolation 

for both strains. The researchers concluded that the water flow has a more effective role 

in transporting the bacteria than the bacterial motility (29). Behme and Scroth also showed 

that the speared of Pseudomonas spp. strains colonizing the potato roots were majorly 
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affected by the water flow (30).  Another important factor involved in transporting the 

rhizobacteria down the root is the root elongation. The roots of wheat inoculated with P. 

fluorescens and Bacillus subtilis grown in a petri dish, showed that there was no detected 

movement of these strains towards the root base. However, bacteria inoculated at the level 

of the root elongation zone successively spread down towards the root tip (31). As the root 

system develops and expands, the nutrients concentrations available for the rhizobacteria 

decreases, due to high microbial densities, therefor; the relevance of the bacterial motility 

is lost. However, some short-range associated motility and chemotaxis might still exist (32).  

1.5.3 Attachment to the Root Surface by the Rhizobacteria  

Once the rhizobacteria have reached their host plant’s rhizosphere, further colonization 

mainly depends on their ability to adhere to the external surface of the root tissue. Plant-

strain specific bacterial agglutination is an indicative of a successful long-term colonization 

by the rhizobacteria.  

1.5.4 Bacterial Colonization Sites on and Inside the Plant Roots  

The bacterial distribution in the rhizosphere can be in two forms: (1) the distribution from 

the roots exterior to interior. (2) The longitudinal distribution, from the seed to the root 

tip. This distribution is the result of all the previous colonization steps, starting from the 

migration of the bacteria, the adherence to the root surface tissue and their ability to 

maintain the attachment and survive to proliferate and spread. Generally, the distribution 

of the bacteria along the root depends on the inoculation method of the PGPR with the 
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plant. In our experiments, the distribution of the PGPR is in the form of the longitudinal 

distribution, because the point of inoculation is the seeds. (23)  

Once the seeds are inoculated with the bacteria, the bacteria colonize the areas near the 

inoculation point more extensively than the areas further away. This could be due to the 

bacterial inability to divide fast enough to keep up with the fast growing root (30). The 

rhizobacteria usually are not present at the root cap and colonize the root hair areas, this 

was confirmed by the experiment conducted by Mahaffe (33) where they used luminescent 

strains that showed the most luminance in the root hair zone. In addition, the lateral root 

emergence site is also a good colonization site used by the bacteria. Rovira and Campbell 

found that this zone, where the lateral root emergence and the cortex cell lysis take a place, 

is an extensive exudation and cell lysis site, hence, the heavy colonization of the bacteria 

of this site (34 ).  

The cells junctures of the roots is another site for the bacterial colonization. Dandurand 

found that the aggregation of the P. fluorescens was often along the root cells junctures, 

and this is a response of the high nutrient concentration in these sites (35). Finally, it should 

be taken to account that the bacterial distribution along the plant's root varies greatly over 

the inoculation time.  

In order to find if SA187 is able to colonize A. thaliana efficiently, the Hirt lab stably 

transformed SA187 to express GFP. Confocal microscopy results showed that SA187-GFP 

on vertical ½ MS agar plates, first colonize the elongation zone in the root epidermis, 

especially in the junctions between the epidermal cells. Moreover, in the older root regions 
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and the differentiation zone, the colonization was denser and proportional to the age of 

the plant. 

In the cavities around the base of the lateral roots, SA187-GFP colonies were also found 

colonizing that part. For the 5-7 old day seedlings, it was rare to detect any bacterial 

colonies inside the cells of the root tissue. However, older plants of 3 weeks showed regular 

colonization of small scattered colonies within the apoplast of the root cortex and the 

central cylinder. When the shoots were inspected, it was found that SA187-GFP colonies 

were deeply colonizing the insides of the hypocotyls apoplast, cotyledons and leaves (21).   

 

1.6 Visualization of the root colonization by GFP-tagged SA187Y and SA187W  

To gain a better understanding of the colonization pattern of the beneficial plant growth 

promoting rhizobacteria and how they function in contact with their host plant, the in situ 

live cell visualization of these bacteria is a pretty useful approach. It can be established by 

the genetic tagging of the bacteria with marker genes that allows them to express very 

distinguishable florescent proteins, for easy microscopically detection of the live bacteria 

associated with the plant (36).  

The system used to genetically tag the bacteria should be chosen carefully to fulfill a 

number of criteria. Preferentially, the marker genes should be specifically inserted as a 

single copy, at one neutral chromosomal site. This is used to enable the bacteria to stably 

maintain the marker genes (37).  
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The mini-Tn7 transposon system is an optimal system for the site specific tagging of 

pseudomonas spp. and many Gram-negative bacteria (38). Important characteristics of this 

system are that it inserts the marker genes in one orientation as a single copy intro a 

specific neutral chromosomal site, located downstream of the coding region of the glmS 

gene. The glmS gene is an essential gene for growth and cell wall biosynthesis, therefore 

its present in most of the known bacteria (37). The mini-Tn7 transposon insertions have 

shown that they do not interfere and affect the bacterial performance or growth (38) (39) (40). 

The GFP genes inserted by the mini-Tn7 transposon system are located on a delivery 

plasmid between the Tn7L and Tn7R transposon ends. The Tn7 transposase genes 

(tnsABCDE) are needed for the insertion of the mini-Tn7 transposon and they are located 

on the helper plasmid (Table 2.1) and (Figure 1.5) (38) (39) (40). The principal of the Tn7 system 

for tagging the bacteria of interest mainly depends on the direct contact of the bacterial 

strains carrying the plasmids. The delivery and the helper plasmids must be introduced to 

the bacteria of interest, where the transposase genes will be expressed and the GFP insert 

flanked by the Tn7L and Tn7R can be transposed to the specific chromosomal site (Table 

2.1) and (Figure 1.4)  (38)(39)(40). There are two methods for the transformation of the 

plasmids into the recipient bacterial strain: either by the mobilization or electroporation; 

the mobilization method is based on the bacterial conjugation that required the direct 

physical contact of the donor and recipient strains (38) (39) (40). 

The main conjugation method carried by the bacteria is the tri-parental conjugation, which 

carries the transfer of the genetic material from one donor strain that contains a 
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mobilizable plasmid, with the help of a second bacterial strain containing the conjugative 

plasmid that assists the transfer of the genetic material intro a third recipient strain.   

In this study, the conjugation was carried by the four-parental mating, which has the same 

principal of tri-parental mating. However, two donor bacterial strains are used with the 

help of a third strain that has the conjugative plasmid to carry the transfer to the recipient 

strain of interest (Figure 1.6). As both the delivery plasmid and helper plasmid are 

mobilizable plasmids that are unable to promote their own transfer to the bacteria of 

interest, they contain an origin of transfer site (oriT) and have genes coding for the Mob 

proteins which are required for mobilization of DNA during the bacterial conjugation 

process. However, the Mob proteins alone are not sufficient to carry the genome transfer. 

And additional transfer proteins (Tra) are needed and involved in the sex pilus formation 

which basically provides the bridge of where the bacterial chromosome can be transferred 

to the recipient bacteria. The mobilizable plasmids do not code for the Tra proteins and for 

this specific reason they require the help of the conjugative plasmids (41). 

 

 

Figure 1.4 : The mini-Tn7 gfp3 insert carried by the delivery plasmid in the mini Tn7 

transposon system. 
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Figure 1.5 : The mini-Tn7 system plasmids. 

  

 

 

 

 

 

Figure 1.6 :  Schematic presentation of the four-parental conjugation carried out to 

deliver the GFP insert into SA187W Genome. 
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1.7 Aim of the study 

As further investigations are needed to study and clarify how the carotenoids play a role in 

the SA187 association with the plants. We set up several experiments explained in this 

thesis. Starting from the plant phenotypic assay of A. thaliana incubated with SA187Y and 

SA187W to study the plant growth promotion affect played by the bacteria of interest. 

Because, it is important to compare and evaluate the effect of the SA187Y and SA187W 

with the plants, to see if the color loss will affect the PGPR capacity of SA187. As well as 

monitoring the colonization rate by counting the viable number of SA187Y and SA187W in 

A. thaliana roots at specific time points during the plant-microbe inoculation time. To see 

if the number of the bacteria colonizing the roots has any relation to the beneficial impact 

played by the bacteria, and to understand the bacterial dynamics of colonization during 

this time period inoculation. For that, GFP-tagging the SA187W in order to visualize the 

colonization of the bacteria in the roots and cotyledons upon the plant-microbe association 

and comparing it to the GFP-tagged SA187Y is necessary. Finally, measuring the gene 

expression of several genes found within the carotenoids operon to investigate the gene 

expression and if it’s similar or if there is any difference between SA187Y and SA187W of 

the bacteria alone without the association with the plants. 
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Chapter 2 

Materials and Methods  

 2.1 Preparation of the Bacterilized MS Plates  

The bacterial strains SA187 yellow and SA187 white were grown overnight in LB broth 

(Lennox L Broth Base, Invitrogen) at 28◦C with 220rpm. New fresh cultures were prepared 

the next morning by inoculating 25ml LB media with 100µl of the pre-culture and let to 

grow for three to four hours until it reached the exponential phase. half-strength 

Murashige-Skoog Basal Salt broth pH 5.8 ( ½  MS) (Murashige and Skoog,1962) (Sigma, 

Germany) was prepared and cooled down to reach 37-40◦C. then 50ml of the ½ MS media 

was inoculated with 100µL of a bacterial suspension of 107 bacteria per 12x12cm square 

petri plate. 100µL of liquid LB was inoculated with 50ml ½ MS media for the control and 

plates were let dry to solidify. 

Strain   Antibiotic 
resistance  

Plasmid harbored by 
the E. coli strains   

Comments  Reference  

Escherichia coli: AKN67 Km→Sm, 
Cm→  

ApR 

pBK-miniTn7-gfp3  

 

Mobilizable plasmid 
pUC19 derivative 

Koch et al., 2001  

 

E. coli: AKN68  ApR pUX-BF13  

 

Helper plasmid, providing 
the Tn7 transposase 
proteins. 

Bao et al., 1991 

E. coli #311 ApR pRK600 Conjugative plasmid 
(transmissible).Contains the 
RP4/RK2 transfer genes 

Koch et al., 2001  

 

Enterobacter sp SA187Y  - - Andrés-Barrao et al., 
2017 

E. sp SA187W  - - This study  

E. sp SA187Y Gfp- ApR, RifR - - de Zélicourt et al., 2018 

En. sp SA187W Gfp- ApR, RifR - - This study 

Table 2.1 : list of bacterial strains and plasmids used in this study. 
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2.2 Plant assays 

Arabidopsis thaliana seeds were surface sterilized by 10 min shaking in 1ml of 70% EtOH + 

0.05% sodium dodecyl sulfate (SDS) and washed 2-3 times in 1ml of milliQ water. Sterilized 

seeds were sowed on the bacterilized ½ MS plates and control plates. Seeds were stratified 

for 2 days at 4◦C in the dark. Then, plates were transferred vertically for germination to a 

Percival (22◦C, 16 h light cycle). The five-day old colonized seedlings were subjected to salt 

stress by transferring to fresh ½ MS + 100mM NaCl agar plates (six seedlings/plate). 

Seedlings were also transferred to ½ MS plates without bacteria as a control for normal 

conditions. Plant growth was followed for 16 additional days after transfer. To evaluate the 

effect of the bacterial treatment in the plant growth, several parameters were measured 

over the course of bacterial incubation with plants. Eight days after plant transfer, the 

plates were scanned and the images were used to measure the principal root length using 

Image J software. The number of lateral roots of the plantlets on the ½ MS condition was 

counted on the 8th day after transfer and on the 12th day for the plantlets on the ½ MS+ 

100mM NaCl condition. Then the lateral root density was determined. Aerial fresh weight, 

root fresh weight, and total fresh weight were measured at the end of the experiment 

(Figure 2.1) (20). 
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Figure 2.1 : The plant assay experimental timline. (A) The number of lateral roots of the 

plantlets on the ½ MS condition was counted on the 8th day after transfer. (B) The number 

of lateral roots of the plantlets on ½ MS+ 100mM NaCl condition was counted on the 12th 

day. (C) The lateral root density was determined. Aerial fresh weight, root fresh weight, 

and total fresh weight were measured on day 16. 

 

2.3 Measurement of Bacterial CFU Colonized in Arabidopsis Plant  

To measure the viable number of bacteria that colonize the total plant and the plant roots 

and to understand the bacterial dynamics during the time period inoculation of the bacteria 

with the plant, the colony forming units per milligram of sample were determined at 5 time 

points: on the day of transfer, 4 days after transfer, 8 days after transfer, 12 days after 

transfer and 16 days after transfer (T0, T4, T8, T12 and T16). At each time point, plates were 

scanned and three of 2ml tubes with two metal beads per tube were weighted and the 

average was taken. Then in 2ml tubes plantlets were added with two metal beads for 

grinding and homogenizing. Plants were weighted and homogenized by using the 

TissueLyser II© (QIAGEN). Then 500µL of 100mM MgCl2 + 0.02% silwet L-77 was added and 
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the plants were ground again by the TissueLyser II. Homogenized samples of total plants 

and roots were serially diluted in 100mM MgCl2 + 0.02% silwet L-77 (1:10) until a 10-6 was 

reached. Aliquots of 10µL were plated from each dilution onto LB agar plates and incubated 

at 28◦C. Next day the colonies were counted and the CFU was measured per milligram of 

the plant.  

 

2.4 Generation of Rifampicin Resistant Mutants  

Rifampicin spontaneous mutants were obtained for SA187W in order to generate a 

selection marker for subsequent procedures. A single colony was obtained from SA187w in 

50 ml of LB broth (Lennox L Broth Base, Invitrogen) at 28C with 220rpm and let to grow 

overnight. The next day 100µL was taken from the overnight culture and plated on LB agar 

+ Rif 100µg/ml. The plates were incubated at 28◦C for 10 days. Growth was daily evaluated 

and new spontaneous mutant colonies were subcultures 5 times in LB agar + Rif 100µg/ml 

in order to maintain selective pressure and stabilize the mutation. Rifampicin resistance 

was tested by culturing the strain in LB broth supplemented with Rifampicin 100 µg/ml. 

Resistant mutant’s identity was verified by performing the 16srRNA PCR. 

 

2.5 Colony PCR for Amplifying the 16SrRNA Gene  

To confirm the bacterial identity, a PCR was performed directly from a single colony 

inoculated in 1ml water and incubated at 95◦C for 5 minutes. The 16SrRNA was amplified 

from the bacterial suspension using the universal primers 27F (5’-

AGAGTTTGATCCTGGCTCAG-3’) and 1492R (5’- GGTTACCTTGTTACGACTT-3’) (42). The 
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amplification was carried out in a 20µL reaction under standard conditions on a C1000 

Touch Thermo Cycler (Bio-Rad) as shown in the table below: 

 

Reagent Volume (µL) 

PCR Master Mix, 2X (PROMEGA) 10 

27F primer (10uM) 2 

1492R primer (10uM) 2 

Template DNA 1 

Nuclease free water (PROMEGA) 5 

Table 2.2 : PCR reaction mix for 16sRNA amplification 

 

Temperature and cycling conditions were as follows: one 95◦C denaturation cycle for 5 min, 

followed by 35 cycles of 95◦C denaturation for 30 sec, primer annealing at 55◦C for 45 sec, 

and elongation at 72◦C for 1 min, finishing with 5 min incubation at 72◦C.  

 

2.6 Agarose Gel Electrophoresis 

In order to visualize the samples, 5µL of the PCR products were separated on a 0.8% 

agarose gel. 0.8% (w/v) agarose gel was prepared by adding 0.8g of agarose to 100ml of 1x 

TAE buffer, which was then heated in a microwave. 22.5 µL of 10,000X Syber safe DNA gel 

stain (Invitrogen) was added before pouring the gel. 6X DNA gel-loading dye was used, and 

1kb Plus DNA Ladder (Thermo Scientific™, GeneRuler™) was used as a size marker and gel 

was run at 100V.  The DNA samples were visualized with ChemiDoc™ MP Imaging System 

(Bio-Rad). 
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2.7 Purification of PCR Product  

To prepare a good quality DNA template that can be sent for sequencing, primers and 

excess nucleotides should be removed. They were removed from the amplified DNA using 

ExoSAP-IT™ PCR Product Cleanup Reagent (Affymetrix™) which enzymatically purifies the 

PCR products by hydrolyzing the excess primers and nucleotides. 10 µL of the PCR product 

was mixed with 4 µL of ExoSAPIT™ reagent for a combined 14 µL reaction volume. The 

sample was incubated at 37°C for 15 minutes to degrade remaining primers and 

nucleotides. Then it was incubated at 80°C for 15 minutes to inactivate ExoSAP-IT™ 

reagent. Then the purified PCR product was sent for DNA sequencing. 

 

2.8 DNA Sequencing of the 16srRNA Gene  

After the PCR product’s purification, 14µL of 330.5 ng/µL of the sample was sent for Sanger 

sequencing of the 16s rRNA gene, with the universal primers 27F (5’ 

AGAGTTTGATCCTGGCTCAG-3’) and 1492R (5’- GGTTACCTTGTTACGACTT-3’) (42) at King 

Abdullah University of Science and Technology’s core labs.  

 

2.9 GFP-labeling of SA187W by Tn7 Transposon System 

Tn7 transposon system was used to perform the chromosomal GFP labeling of SA187W. 

GFP delivery plasmids were obtained from Addgene, (mobilizer and helper E.coli strains 

(AKN67, #311 and AKN68). Which are required to deliver the GFP gene into the bacterial 

chromosomal site downstream of the glmS gene by four-parental conjugation. 
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2.10 Four-Parental Conjugation  

The E. coli strains were grown on LB medium supplemented with the appropriate 

antibiotics as the follow:  AKN67 the GFP donor strain on LB agar + Amp. 100µg/mL, AKN68 

that contains the helper plasmid pUXBF13 on LB agar + Amp. 100µg/mL, #311 strain which 

has the pRK600 the mobilizer plasmid on LB agar + Cm 6ug/mL and the recipient Rifampicin 

resistant SA187W strain on LB agar + Rif. 100µg/mL. An overnight culture of each E.coli 

strains was obtained by inoculating a single colony in 50ml LB broth supplemented with the 

appropriate antibiotic at 37◦C with 200rpm, and a single colony from the recipient 

Rifampicin mutant strain SA187W in 50 mL LB broth + Rif. 100µg/mL at 28◦C with 220rpm 

and let to grow overnight.  

The morning after, the overnight cultures were refreshed by inoculating 100µL of overnight 

culture in 25mL of LB broth with the appropriate antibiotic. The bacterial growth was 

followed by reading the absorbance at 600nm, and the appropriate OD600 that corresponds 

to 108 of cells was used. For E.coli strains OD600 0.5 was used and OD600 0.21 for the recipient 

Rifampicin resistant SA187W. Then 1ml from each E.coli strain’s liquid culture was used and 

2mL of the recipient Rifampicin resistant SA187W liquid culture. The samples were 

centrifuged at 22◦C with 6000rpm for 5 minutes, the supernatants were removed and the 

pellets were washed with 1mL 0.09% NaCl solution. The samples were centrifuged again at 

22◦C with 6000 rpm for 5 minutes, and supernatants were removed. The pellet of the first 

E.coli strain (AKN67) was suspended in 1ml of 0.09% NaCl solution and this 1ml was added 

to the 2nd pellet of the second E.coli strain (AKN68), suspended and added to the third 

pellet of the third E.coli strain #311. After suspending the pellet, this 1ml was added to the 
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fourth pellet of the recipient Rifampicin resistant SA187W mutant. The tube was inverted 

5-6 times and centrifuged at 22◦C with 6000 rpm for 5 minutes. The final pellet was 

suspended in 40µL of 0.09% NaCl solution and plated on an LB agar plate without any 

antibiotics and incubated at 28◦C for 24h.  

 

2.11 Selection for the Transformed Colonies 

To purify the GFP-labeled bacteria, the conjugation mixture was inoculated on a selective 

media (LB+ Rifampicin 100 µg/ml + Chloramphenicol 6 µg/ml + kanamycin 50µg/ml) and 

incubated at 28◦C. The growth was evaluated daily for the transformed colonies. Purified 

GFP-labeled bacteria fluorescence was evaluated by a fluorescent microscope (ZEISS, 

Germany).  

 

2.12 Seeds Sterilization and Inoculation with GFP-tagged Bacteria  

Seeds were shaken in 1ml of 70% ethanol for 10 minutes. Ethanol was removed and 1ml of 

10% of bleach was added to the seeds and left for shaking on a vortex for 10 minutes. Then 

the seeds were washed 2-3 times with 1ml of sterile distilled water. Most of the water was 

removed and seeds were kept in water at 4°C for 3 days in the dark to stratify seeds. 

Stratified seeds were then sowed on the bacterilized ½ MS square plates, and transferred 

vertically for germination to a Percival (22◦C, 16 h light cycle) for five days. 
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2.13 Visualizing the GFP-tagged Bacteria Incubated with the Plants  

In order to analyze and visualize the colonization of the SA187Y and SA187W in the plant 

roots during the time period interaction with the plants, the 7 day old seedlings (after 

transferring the plants to the light chamber for germination). Samples were prepared by 

submerging the plantlets in water and shaking gently for five minutes in order to visualize 

the bacteria that are attached to the roots surface only and reduce the background noise 

of unattached bacteria. Then the plantlets were placed on a ½ MS agar block that doesn’t 

contain any bacteria. The block was then inverted on a 50µL drop of propidium iodide 

(diluted with water 1:500) on a glass slide chamber system (Thermo Fisher Scientific™, 

Germany) in order to stain the plant's root. Finally, samples were examined using the 

inverted confocal laser scanning microscope (CLSM) ZEISS LSM 880 (ZEISS, Germany). And 

the result images were processed and obtained using the ZEN 2.3 imaging software (ZEISS, 

Germany).  

2.14 Gene Expression Measurement of the Carotenoids Biosynthesis Operon Genes  

To measure the gene expression of each of the seven genes in the carotenoids biosynthesis 

operon SA187Y and SA187W were grown on LB and the RNA was extracted from the 

bacteria directly. Total RNA of SA187Y and SA187W was extracted by using the RiboPureTM 

RNA Purification Kit, bacteria (Ambion), following the manufacturer’s instructions. 

2.15 Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR) 

A total of 100ng of total RNA samples were retro-transcribed by using the SuperScript™ III 

First-Strand Synthesis System for RT-PCR (Invitrogen), using random hexamers and 
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following the manufacturer’s instructions.  The reaction was carried out in a 10µL reaction 

on a C1000 Touch Thermo Cycler (Bio-Rad) as shown in Table 2.3 : 

Component  Amount (µL) 

Up to 5ug total RNA n  

50ng/µL random hexamers  1  

Annealing buffer 1  

RNase/DNase- free water  8 

 

Table 2.3 : cDNA synthesis reaction 

The reaction was incubated in the thermal cycler for 5 minutes at 65◦C, then immediately 

placed on ice for 1 minute. In order to inhibit the RNase enzyme to protect the samples 

from RNA degradation by the ribonuclease activity the SuperScript™ III/RNaseOUT™ 

Enzyme mix is used. And the following was added to the reactions:  

Component  Amount (µL) 

2X First Strand Reaction mix 10  

SuperScript™ III/RNaseOUT™ Enzyme mix 2  

 

Table 2.4 : Components needed for the cDNA synthesis.  

 

The samples were run again in the thermal cycler for 5-10 minutes at 25◦C, followed by 50 

minutes at 50◦C. the reaction was terminated at 85◦C for 5 minutes, and then stored at -20 

for the subsequent qPCR. 
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2.16 Real Time Quantitative PCR (RT-qPCR) 

Two µL of the obtained cDNA solution diluted 10 fold was mixed with the SsAdvanced™ 

Universal SYBR® Green Supermix (Bio-Rad), and with specific primers for carotenoid 

biosynthetic pathway genes described previously; (crtE, Idi, crtX, crtY, crtI, crtB and crtZ) as 

well as the house keeping gene primer (InfB). Primers are described in the following table:  

Primer Sequence (5’-3’) Reference  

crtE_F1 TTCAGACAAAGCAGGATGCAAA Andrés-Barrao et al., 2017 

crtE_R1 GCCGGTCATAATCTGACCAGGAA Andrés-Barrao et al., 2017 

idi_F1 TTTGAACACTGTGCGATGCC Andrés-Barrao et al., 2017 

Idi_R1 GCCGGTCATCGAGCTTATCA Andrés-Barrao et al., 2017 

crtX_F1 GCGGAGGTGACTGATTTTGC Andrés-Barrao et al., 2017 

crtX_R1 ATCACCGTATTGAGTCCGCC Andrés-Barrao et al., 2017 

crtY_F1 CATCTGACTATTGGCGCACAGG Andrés-Barrao et al., 2017 

crtY_R1 GCGTATAGACAAAGCGATAGCC Andrés-Barrao et al., 2017 

crtI_F1 TTTACGGCATGGTGTCATCGTT Andrés-Barrao et al., 2017 

crtI_R1 TAGAGGATGAGGTGGCGAAG Andrés-Barrao et al., 2017 

crtB_F1 CCACTATGAGACGTTCGGGG Andrés-Barrao et al., 2017 

crtB_R1 GGCTTCAGCATCCTCCACAA Andrés-Barrao et al., 2017 

crtZ_F1 TTTTATGGTGCATGACGGGCT Andrés-Barrao et al., 2017 

crtZ_R1 CGCCTGGAGCTTTGAGAC Andrés-Barrao et al., 2017 

infB 01-F ATYATGGGHCAYGTHGAYCA Brady et al., 2008 

infB 02-R ACKGAGTARTAACGCAGATCCA Brady et al., 2008 

Table 2.5 : List of primers used for the qPCR. 
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The qPCR was carried in a 10 µL reaction with the following components:  

Component Amount (µL) 

cDNA sample 2  

Primers 3.3µM  (Forward and Reverse mixed) 3  

Universal SYBR® Green Supermix  5  

Table 2.6 :  qPCR reaction mix set up. 

 

The reaction was run in a CFX384 Touch™ Real-Time PCR Detection System (Bio-Rad) as 

follows:   

95◦C for 30 seconds, 39X [95◦C for 10 seconds and 60◦C for 40 seconds], 65◦C for 5 seconds 

and a final melting curve [65-95◦C, 0.5◦C increment, for 5 seconds]. All reactions were 

performed in three biological replicates. Gene expression values were calculated relative 

to the housekeeping gene infB, by using the ΔΔCt method.  

 

2.17 Statistical Analysis 

All data were analyzed with three biological replicates and two technical replicates. Values 

represent the mean, and the error bars represent the standard error values. The 

significance differences between the treatments based on the Kruskal Walis Test with (*P 

< 0.05), and Mann-Whitney test (*P<0.05) for samples values n<30. 
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Chapter 3 

Results: 

3.1 Plant assay of Arabidopsis thaliana incubated with SA187Y & SA187W in normal  and 

salt stress conditions 

3.1.1 Phenotypic Analysis  

The treatment of Arabidopsis thaliana Columbia (Col-0) with SA187Y and SA187W under 

the normal condition (½ MS) for 16 days of growth, plantlets treated with both strain 

SA187Y and SA187W showed similar growth phenotype compared to the control untreated 

plants. In addition, plantlets treated with SA187Y didn’t show any significant observable 

phenotypic difference from plantlets treated with SA187W (Figure 3.1). However, under 

the salt stressed condition ( ½ MS + 100mM NaCl ) the incubation of A. thaliana with 

SA187Y and SA187W for 12 days growth has shown a clear noted PGPR effect compared to 

the control stressed plants without bacteria, both seedlings treated with SA187Y and 

SA187W showed bigger aerial parts and more developed root systems compared to the 

control plants. However, plantlets incubated with SA187W showed smaller shoots and less 

developed roots in comparison to plantlets incubated with SA187Y to some extent (Figure 

3.2).  
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Figure 3.1 : Phenotypic Analysis of A. thaliana incubated with SA187Y or SA187W under 

normal condition. (A) A. thaliana growing in ½ MS, with no bacterial treatment (-B, 

Control). (B) A. thaliana growing in ½ MS, Incubated with SA187 yellow (+SA187Y). (C) A. 

thaliana growing in ½ MS, incubated with SA187 white (+SA187W). 

Figure 3.2 : Phenotypic Analysis of A. thaliana incubated with SA187Y and SA187W under 

salt stress condition. (A) A. thaliana growing in ½ MS + 100mM NaCl, with no bacterial 

treatment (-B, Control). (B) A. thaliana growing in ½ MS + 100mM NaCl, treated with SA187 

yellow (+SA187Y). (C) A. thaliana growing in ½ MS + 100mM NaCl, treated with SA187 white 

(+SA187W). 
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3.1.2 Principal Root Length  

The principal root length of A. thaliana incubated with SA187Y and SA187W was measured 

at day 8 after transfer to the normal conditions (½ MS). Plantlets treated with +SA187Y 

didn’t show a significant change in the primary root length compared to the control 

untreated plants.  However, the +SA187W treated plantlets showed shorter primary roots 

compared to the control plantlets (Figure 3.3 A). For the salt stressed plants, the principal 

root length was measured at day 12 after transfer to the salt condition (½ MS + 100mM 

NaCl). Plants treated with +SA187Y showed no significant change compared to control 

plants, while plants treated with SA187W showed a significant change of a slight reduction 

in the primary root length compared to the control plants (Figure 3.3  A). 

The beneficial impact of SA187Y and SA187W was calculated to evaluate and compare the 

efficiency of the PGPR effect on the A. thaliana plants. Under the normal ½ MS condition, 

plants treated with SA187W have a reduction by 10% impact on the principal root length 

compared to SA187Y’s beneficial effect (Figure 3.3 B), also from (Figure 3.3 B) we observe 

a significant reduction of about 12% in the beneficial impact of SA187W on the principal 

root length under the salt condition in comparison to SA187Y.  
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Figure 3.3 : Effect of SA187Y and SA187W on A. thaliana’s principal root growth under 

normal and salt stress condition. (A) Principal Root length in cm of A. thaliana treated with 

SA187Y and SA187W. (B) The beneficial impact of SA187Y and SA187W on the principal 

root length of A. thaliana. Values represent means of three biological replicates (n = 54), 

Error Bars represent standard error values. Stars indicate statistically significant differences 

between treatments (Kruskal Walis Test, *P< 0.05).  

3.1.3 Lateral Roots Number 

The number of lateral roots was counted 8 days after transfer to normal ½ MS condition.  

The lateral root number of plants incubated with SA187Y didn’t show any significant change 

compared to control plants.  The incubation with SA187W showed a significant decrease in 

the later root number in comparison to both the control plants and plants treated with 

SA187Y (Figure 3.4 A). In contrast, under the salt condition, both treated plants with 

SA187Y and SA187W show a significant increase in the lateral roots number of 12 days 

B A 
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growth compared to control plants. However, SA187W treated plants show a significant 

lower lateral root number compared to the SA187Y treated plants (Figure 3.4 B). 

Figure 3.4 : Effect of SA187Y and SA187W on A. thaliana lateral root formation. (A) Total 

lateral root number in A. thaliana treated with SA187Y and SA187W after 8 days of transfer 

to normal ½ MS condition. (B) Total root number in A. thaliana treated with SA187Y and 

SA187W after 12 days of transfer to the salt condition. Values represent means of three 

biological replicates (n = 54), Error Bars represent standard error values. Stars indicate 

statistically significant differences between treatments (Kruskal Walis Test, *P< 0.05).  

3.1.4 Lateral Root Density  (LR/cm)  

Arabidopsis plants treated with SA187Y and SA187W under the normal condition and after 

8 days of transfer didn’t show any significant change compared to control plants. However, 

under salt stress, both plants treated with SA187Y and SA187W showed a significant 

increase in the lateral root density 12 days after transfer in comparison to the control 

plants. However, when comparing plants incubated with SA187W to plants incubated with 

A B 
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SA187Y, a slight reduction in the lateral root density is observed (Figure 3.5 A).  Under both 

normal and salt stress conditions, the beneficial impact of SA187Y and SA187W on the 

lateral root density of the treated plant showed that SA187W beneficial effect is less than 

the beneficial effect of SA187Y (Figure 3.5 B). 

Figure 3.5 : Effect of SA187Y and SA187W on A. thaliana lateral root density under normal 

and salt stress conditions. (A) Lateral root density of A. thaliana treated with SA187Y and 

SA187W. (B) The beneficial impact of SA187Y and SA187W on the lateral root density of A. 

thaliana. Values represent means of three biological replicates (n = 54), Error Bars 

represent standard error values. Stars indicate statistically significant differences between 

treatments (Kruskal Walis Test, *P< 0.05).        

3.1.5 Total Fresh Weight  

Compared to the control plants, no significant changes were observed in the total fresh 

weight of plants treated with SA187Y and SA187W In the normal ½ MS condition. While in 

the salt stress condition, both SA187Y and SA187W had a significant increase in the total 

A B 

B A 
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biomass of the plants, and plants incubated with SA187W showed a significant reduction 

in the total biomass fresh weight compared to plants treated with SA187Y (Figure 3.6 A) 

From (Figure 3.6 B), SA187W showed a reduction in the beneficial impact of approximately 

26% compared to SA187Y beneficial effect on the plants total fresh weight under salt stress. 

Under normal condition, plants treated with SA187W also show a significant reduction of 

almost 11% compared to SA187Y.  

Figure 3.6 :  Effect of SA187Y and SA187W on A. thaliana total fresh weight in normal and 

salt stress conditions.   (A) The total fresh weight of A. thaliana treated with SA187Y and 

SA187W. (B) The beneficial impact of SA187Y and SA187W on the total fresh weight of A. 

thaliana. Values represent means of three biological replicates (n = 54), Error Bars 

represent standard error values. Stars indicate statistically significant differences between 

treatments (Kruskal Walis Test, *P< 0.05). 
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3.1.6 Aerial  Fresh Weight  

In the normal ½ MS condition, plants treated with SA187Y display a significant increase in 

the shoot fresh weight compared to control plants. While plants treated with SA187W 

show no significant change from control plants (Figure 3.7 A). Under salt stress, both plants 

treated with SA187Y and SA187W show a significant increase in the aerial fresh weight. 

However, plants treated with SA187W show a significant lower aerial fresh weight 

compared to plants treated with SA187Y (Figure 3.7 A). Similar to the previous results of all 

the other PGPR screening parameters, we observe a significant lower beneficial effect of 

SA187W compared to SA187Y. In the normal conditions, this reduction is about 10%, while 

in the salt stress condition; it displays a higher value of 20% reduction (Figure 3.7 B). 

Figure 3.7 :  Effect of SA187Y and SA187W on A. thaliana on aerial fresh weight in normal 

and salt stress conditions.  (A) The aerial fresh weight of A. thaliana treated with SA187Y 

and SA187W. (B) The beneficial impact of SA187Y and SA187W on the aerial fresh weight 

of A. thaliana. Values represent means of three biological replicates (n = 54), Error Bars 

A B 

B A 
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represent standard error values. Stars indicate statistically significant differences between 

treatments (Kruskal Walis Test, *P< 0.05).          

 

3.1.7 Root Fresh Weight   

In the normal ½ MS condition, plants treated with SA187Y didn’t show any noted significant 

change in the root fresh weight in comparison to the control plants, while plants treated 

with SA187W showed significant reduction in the total root fresh weight compared to both 

the control plants and plants treated with SA187Y (Figure 3.8 A). Under salt stress, the 

SA187Y and SA187W treated plants both display significant higher root fresh weight 

compared to control plants. However, the SA187W treated plants showed significant lower 

root fresh weight values compared to the SA187Y treated plant (Figure 3.8 A). From (Figure 

3.8 B), we observe a significant lower beneficial effect of SA187W compared to SA187Y. In 

the normal conditions, this reduction is of about 13%, while in the salt stress condition; it 

displays a higher profound reduction value of about 46%. 
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Figure 3.8 :  Effect of SA187Y and SA187W on A. thaliana on root fresh weight in normal 

and salt stress conditions.  (A) Root fresh weight of A. thaliana treated with SA187Y and 

SA187W. (B) The beneficial impact of SA187Y and SA187W on the root fresh weight of A. 

thaliana. Values represent means of three biological replicates (n = 54), Error Bars 

represent standard error values. Stars indicate statistically significant differences between 

treatments (Kruskal Walis Test, *P< 0.05).         

 

3.2 Colonization of Arabidopsis thaliana by SA187Y and SA187W 

To monitor and compare the bacterial colonization dynamics during the time period 

incubation of SA187Y and SA187W with A. thaliana, the colony forming units per milligram 

of sample were determined at 5 time points: on the day of transfer, 4 days after transfer, 

8 days after transfer, 12 days after transfer and 16 days after transfer (T0, T4, T8, T12 and 

T16) in normal and salt conditions.   

A B 
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3.2.1 Monitoring the colonization rate of SA187Y and SA187W in A. thaliana roots in 

normal conditions  

Colonization of the roots by SA187Y and SA187W in the normal conditions is displayed in 

(Figure 3.9), where at the day 0 we observe a starting number of bacteria of more than 104 

CFU/mg root fresh weight. Then we observe an increase in the colonization rate in the first 

8 days after transfer, and the highest colonization rate was found at day 8 with a mean of 

more than 107 CFU/mg root fresh weight. However, the colonization rate decreases with 

the increase of the incubation time with the plant, and that’s well seen at day 12 and day 

16 where the CFU/mg of root fresh weight is decreasing for both SA187Y and SA187W.  

When comparing the colonization rate of SA187Y and SA187W of the plant's root, we don’t 

observe a significant difference in the colonization rate in the first 8 days. However, at day 

12 and day 16 we observed a slight difference between SA187Y and SA187W in the number 

of bacteria colonizing the root that is considered statistically significant. However, this 

change didn’t have a critical effect on the beneficial effect played by SA187W on the overall 

plant's growth.  
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Figure 3.9 :  The colonization rate of SA187Y and SA187W of A. thaliana roots in normal 

conditions at five time points of time period incubation (day0, day4, day8, day12, and 

day16). Values represent means of three biological replicates (n = 3), Error Bars represent 

standard error values. Stars indicate statistically significant differences between 

treatments (Mann-Whitney U test, *P< 0.05).        

3.2.2 Monitoring the colonization rate of SA187Y and SA187W in the total A. thaliana 

plant in the normal condition 

The colonization dynamics of SA187Y and SA187W in both shoots and roots (total plant), 

showed similar colonization rate pattern to the colonization in the roots, where the number 

of bacteria increases in the early days of incubation and reaches the maximum peak at day 

8. However, after day 8 the colorization rate decreases gradually with the increase of the 

incubation time with the plant. The bacterial colonization dynamics don’t show significant 

differences between SA187Y and SA187W (Figure 3.10).  
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Figure 3.10 : The colonization rate of SA187Y and SA187W of A. thaliana total plant in 

normal conditions at five time points of time period Incubation (day0, day4, day8, day12, 

and day16). Values represent means of three biological replicates (n = 3), Error Bars 

represent standard error values. Stars indicate statistically significant differences between 

treatments (Mann-Whitney U test, *P< 0.05).         

 

3.2.3 Monitoring the colonization rate of SA187Y and SA187W in A. thaliana roots in 

salt stress  

The colonization rate of SA187Y and SA187W of the A. thaliana roots under salt stress 

showed a starting number of more than 104 CFU/mg of fresh root weight. The colonization 

rate increases and reaches its maximum peak at day 8 with a value of more than 107 

CFU/mg fresh root weight. However, the colonization rate gradually decreases with the 
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increase of the inoculation time with the plants. The bacterial colonization dynamics of the 

plant's roots don’t show significant differences between SA187Y and SA187W (Figure 3.11). 

 

 

 

 

 

 

Figure 3.11 :  The colonization rate of SA187Y and SA187W of A. thaliana roots under salt 

stress at five time points of time period inoculation (day0, day4, day8, day12, and day16). 

Values represent means of three biological replicates (n = 3), Error Bars represent standard 

error values. Stars indicate statistically significant differences between treatments (Mann-

Whitney U test, *P< 0.05).         

 

 

 

 

 



58 
 

3.2.4  Monitoring the colonization rate of SA187Y and SA187W in the total A. thaliana 

plant in salt stress 

The colonization dynamics of SA187Y and SA187W in both shoots and roots (total plant), 

showed similar colonization rate pattern to the colonization in the roots, where the number 

of bacteria dramatically increases and reaches the maximum peak at day 4. However, after 

day 4 the colorization rate gradually decreases with the increase of the inoculation time 

with the plant. The bacterial colonization dynamics don’t show significant differences 

between SA187Y and SA187W (Figure 3.12).  

 

 

 

 

 

 

Figure 3.12 : The colonization rate of SA187Y and SA187W of A. thaliana total plant in 

salt stress at five time points of time period inoculation (day0, day4, day8, day12, and 

day16). Values represent means of three biological replicates (n = 3), Error Bars represent 

standard error values. Stars indicate statistically significant differences between 

treatments (Mann-Whitney U test, *P< 0.05).      
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3.3 The ratio of white colonies to the yellow colonies isolated from plants incubated with 

SA187Y 

3.3.1 The ratio of white colonies to the yellow colonies isolated from plants incubated 

with SA187Y in normal conditions 

During the time period incubation of the SA187Y with the plants, there was a consistent 

noticeable loss of the yellow colonies color to the white color. This change in color is only 

observed eight days after transfer, and the number of white colonies increases with the 

increase of the incubation time to the point where at day 12 and 16 about 80% of the 

colonies color changed to white.  

In (Figure 3.13) it displays the ratio of white to the yellow colonies isolated from the SA187Y 

treated plants roots under the normal conditions. As it shows, on day 0 and day 4 there 

was no color loss and the colonies kept their original yellow color. However, eight days 

after transfer 20% of the yellow colonies lost their color to white colonies; a dramatic 

increase in the ratio is observed after 12 days and 16 days of transfer with approximately 

80% increase in the white colonies compared to the yellow), Bacteria was isolated from the 

total plants treated with SA187Y under the normal conditions, and again the color loss only 

appears after 8 days of transfer with more than 20% change. The ration increases to more 

than the half at day 12, and the similar ratio is observed at day 16 of more than 50% change 

(Figure 3.14). 
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Figure 3.13 :  The ratio of white colonies to the yellow colonies isolated from plant roots 

incubated with SA187Y In normal conditions. Values are representative of the mean of 

three biological replicates.  

 

 

 

 

 

 

Figure 3.14 :  The ratio of white colonies to the yellow colonies isolated from total plants 

incubated with SA187Y In normal conditions. Values are representative of the mean of 

three biological replicates. 
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3.3.2 The ratio of white colonies to the yellow colonies isolated from plants incubated 

with SA187Y in the salt stress 

During the time period incubation of the SA187Y with the plants, there was a consistent 

noticeable loss of the yellow colonies color to the white color. This change in color is only 

observed eight days after transfer, and the number of white colonies increases with the 

increase of the incubation time to the point where at day 12 and 16 about 80% of the 

colonies color changed to white.  

In (Figure 3.15) it displays the ratio of white to the yellow colonies isolated from the SA187Y 

treated plants roots in the normal conditions. As it shows, on day 0 and day 4 there was no 

color loss and the colonies kept their original yellow color. However, eight days after 

transfer almost 20% of the yellow colonies lost their color to white colonies; a dramatic 

increase in the ratio is observed after 12 days and 16 days of transfer with approximately 

70% increase in the white colonies compared to the yellow.  

From (Figure 3.16), bacteria were isolated from the total plants treated with SA187Y under 

the salt stress condition, and again the color loss only appears after 8 days of transfer with 

more than 30% change. The ration increases to 60% at day 12, and almost 70% change at 

day 16.  
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Figure 3.15 :  The ratio of white colonies to the yellow colonies isolated from plant roots 

incubated with SA187Y under salt stress condition. Values are representative of the mean 

of three biological replicates. 

 

 

 

 

 

 

Figure 3.16 :  The ratio of white colonies to the yellow colonies isolated from total plants 

incubated with SA187Y under salt stress condition. Values are representative of the mean 

of three biological replicates. 
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3.4 Visualization of GFP-tagged SA187Y and SA187W incubated with A. thaliana  

The fate of the root colonization by SA187Y and SA187W was followed by confocal laser 

scanning microscopy (CLSM) of Arabidopsis plantlets taken after seven days of inoculation 

with the GFP-tagged SA187Y and SA187W in normal conditions only. The images obtained 

from CLSM, where the roots are shown in the red color due to the staining with promidium 

iodide, and the GFP-tagged bacteria are shown in florescent green, show SA187Y-GFP 

colonization of the root surface of the differentiation zone where the root hair clearly 

shown and especially in the junctions between the epidermal cells they show higher 

colonization (Figure 3.17). The same pattern of colonization can be seen with the SA187W-

GFP colonization of the roots. These images didn’t show any distinguished difference in the 

intensity of the root colonization between SA187Y-GFP and SA187W-GFP. From (Figure 

3.18 A), we observe a partial colonization of SA187Y-GFP of the border cells of the primary 

root tip in the cell division zone. 

In (Figure 3.18 B), it shows SA187Y-GFP colonizing the border cells of the primary root tips 

and some of the torn root caps remain next to the root tip. In the third image, we can 

observe clearly SA187W-GFP colonizing the border cells of the primary root tip in a similar 

way to SA187Y-GFP (Figure 3.18 C). When the shoots were inspected, some clear deep 

colonization of SA187W-GFP was found inside the extracellular spaces of the cotyledons. 

Interestingly, some bacterial cells were observed penetrating the opened stomata. 

However, SA187Y-GFP was not inspected, because previous data of SA187Y-GFP colonizing 

the shoots were already published (Figure 3.19) (21). 
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 Figure 3.17 : CLSM images of GFP-tagged SA187Y and SA187W on A. thaliana in the 

differentiation zone, seven days after inoculation. (A) GFP-tagged SA187Y colonizing A. 

thaliana in the differentiation zone, some colonies are shown on the surface of the 

epidermal cells, in junctions between the cells and in the lateral root emergence part 

(Indicated by the arrow). (B) GFP-tagged SA187W colonizing A. thaliana in the 

differentiation zone, some colonies are shown on the surface of the epidermal cells, in 

junctions between the cells and in the lateral root emergence part (Indicated by the 

arrows). Scale bars represent 50 µm. 
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Figure 3.18 : CLSM images of GFP-tagged SA187Y and SA187W on A. thaliana in the cell 

division region of the root, seven days after inoculation. (A) GFP-tagged SA187Y partially 

colonizing A. thaliana primary root tip. (B) GFP-tagged SA187Y partially colonizing A. 

thaliana primary root tip and root cap torn remains. (C) GFP-tagged SA187W partially 

colonizing the border cells of the primary root tip. Scale bars represent 50 µm. 
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Figure 3.19 : CLSM images of GFP-tagged SA187W on A. thaliana in the cotyledons, seven 

days after inoculation. In the cotyledons, SA187W-GFP is colonizing the groves between 

the epidermal cells (Arrow 1), and the extracellular space between the mesophyll cells 

(Arrow 2), a free bacterial cell near the stomata indicated by (Arrow 3) and open stomata 

can be seen (Arrow 4). Scale bar represents 20µm. 
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3.5 Gene expression of the carotenoids biosynthesis operon genes of SA187Y and 

SA187W 

To evaluate the gene expression of the seven genes in the carotenoids biosynthetic gene 

cluster, the expression of the gene was measured for each individual gene in the cluster. 

The (crtE) and (crtZ) genes were highly expressed in SA187Y with the highest peak shown 

for (crtE) gene in comparison to the other genes in the cluster of SA187Y (Figure 3.20). For 

SA187W, and similarly to SA187Y to some extent, the highest gene expression was 

observed in (crtE) gene.  However, for all the other genes there was a clear reduction in the 

gene expression levels. When comparing the overall gene expression levels of the gene 

cluster of SA187Y to SA187W, we observe an overall higher gene expression in the SA187Y’s 

genes and a noted reduction in the SA187W’s genes (Figure 3.20).  

 

 

 

 

 

 

 

Figure 3.20 : Relative gene expression levels by RT-qPCR of the carotenoid biosynthetic 

pathway gene cluster. crt E = Geranylgeranyl diphosphate synthase, idi= isopentenyl-



68 
 

diphosphate delta-isomerase, crtX = zeaxanthin glucosyltransferase, crtY = lycopene beta-

cyclase, crtB = phytoene synthase, crtZ= beta-carotene 3-hydroxylase. Error Bars represent 

standard deviation values. Stars indicate statistically significant differences between 

treatments based on (T-test, P <0.05). 

Chapter 4 

Discussion  

4.1 Plant Assay of Arabidopsis thaliana Incubated with SA187Y & SA187W in Normal 

Conditions and Salt Stress Conditions 

The plant growth promoting SA187, has previously shown to enhance the growth of plants 

under salt stress in both laboratory conditions and in field trials, Under laboratories 

conditions, plants treated with SA187 has shown an increased shoot size and more 

developed root system compared to control non treated plants, SA187 has shown a clear 

salt stress tolerance impact on the plants, by an increase of about 50% in all measured 

parameters, such as aerial fresh weight, root fresh weight, total fresh weight and the lateral 

root density (20) (21). SA187 was used as a biological inoculum for alfalfa seeds, the plants 

were clearly improved in the yield in a way that is independent of the applied water regime 

(high or low salt stress). SA187 had similar effectiveness in two different growing seasons. 

However, in the second year, the high and low saline conditions were reduced, which could 

be due to the increase of the rain fall in the second year that may have diluted the salinity 

effect. The researchers concluded from these results that SA187 is more effective under 

extreme environmental conditions, and this characteristic could be biologically utilized as 
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a simple solution to improve the growth and productivity of the crops under the extremely 

harsh environmental conditions (21).  

SA187 has distinguished yellow colonies when growing on LB, however, SA187 tends to 

lose their yellow color and turn to white colonies (SA187W) upon the incubation with the 

plants. According to that observation, Arabidopsis plants were incubated either with 

SA187Y and SA187W, and the beneficial impact on the plants was compared. Interestingly, 

SA187Y has shown a clear PGPR effect on the plant shoots and root system as described 

earlier.  However, plants treated with SA187W show a reduction in their beneficial effect 

in all the measured parameters this includes the principal root length (Figure 3.3), lateral 

root density (Figure 3.5), aerial fresh weight (Figure 3.7), root fresh weight (Figure 3.8) and 

the total fresh weight (Figure 3.6).  

4.2 Colonization of Arabidopsis thaliana with SA187Y and SA187W 

The viable number of bacteria colonizing the plants roots (CFU/ mg) during 16 days of 

incubation with the bacteria and at specific time points In the inoculated plants with 

SA187Y and SA187W was counted in order to see if this reduction in the SA187W’s PGPR 

capacity compared to SA187Y is due to different colonization pattern of the plant roots, or 

if it’s colonizing the roots to a less extent. However, the results of colonization rate by 

SA187Y and SA187W in both shoot and root, and under both normal and salt conditions 

didn’t show a significant difference between SA187Y and SA187W and showed similar 

colonization rate. 
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Interestingly, under normal growth condition, the highest colonization rate was observed 

at 8 days (Figure 3.9 and 3.10), this might be due to the late secretion of plants root 

exudates from the plant side. On the other hand, the bacteria are happily using the water 

percolating zone rich in nutrients on the ½ MS agar plate as a source of nutrient for the first 

8 days. While in the salt conditions the highest colonization rate was observed at an earlier 

stage of four days after transfer (Figure 3.11 and 3.12). This might be due to the plant’s 

response to the salt stress as it’s vulnerable in such conditions. And this is could be due to 

the depletion of nutrients available for the bacteria in the water percolating zone due to 

increased salts, which might affect the osmotic potential. And so the bacteria might be 

looking for another source of nutrition which in this case is the plant. And so they might 

colonize the plant and help it to recover from this salt stress at an early stage. once the 

plant is well recovered, it secretes the root’s exudates in return.  

4.3 The ratio of white to the yellow colonies isolated from plants incubated with SA187Y 

During the time period incubation of the SA187Y with the plants, there was a consistent 

noticeable loss of the yellow colonies color to the white color. This change in color is only 

observed eight days after transfer and it starts with 20% change, and the number of white 

colonies increases with the increase of the incubation time with the plant to the point 

where at day 12 and 16 about 80% of the isolated colonies color changed to white. 

However, the white colonies don’t change back to yellow and so this suggests that this 

conversion is stable. It could be that the bacteria are first producing this yellow color to aid 

in the colonization process of the plant roots. However, maybe the bacteria have adapted 

to a new lifestyle of this symbiotic relationship with the plant, to the point that they might 
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not need to produce this color anymore. Or it could be that the plant is somehow affecting 

the bacteria’s genetic makeup.  

4.4 Visualization of GFP-tagged SA187Y and SA187W inoculated with A. thaliana 

The fate of the root colonization by SA187Y and SA187W was followed by confocal laser 

scanning microscopy (CLSM) of Arabidopsis plantlets taken after seven days of inoculation 

with the GFP-tagged SA187Y and SA187W. As mentioned previously, the colonization fate 

of SA187 was followed and the PGPR showed early colonization in the elongation zone in 

the root epidermis, especially in the junctions between the epidermal cells. Moreover, in 

the older root regions and the differentiation zone, the colonization was denser and 

proportional to the age of the plant (21). In this study, the SA187Y-GFP was used and showed 

similar colonization patter. Less to some extent and that’s due to using younger plantlets 

seven days old after inoculating. Additionally, the SA187W-GFP showed the same 

colonization pattern in comparison to the SA187Y-GFP. Both GFP-tagged SA187Y and 

SA187W colonies were found on the surface of the epidermal cells, as well as in between 

the epidermal cells in the grooves, this is due to the high nutrition source in the junctions 

between the plant epidermal cells and used by the bacteria (Figure 3.17). Both SA187Y-GFP 

and SA187W-GFP were colonizing the emergence of the lateral root, this space actually acts 

as an entry point for the bacteria to gain access to the lateral root base (Figure 3.17). In the 

root tip both SA187Y-GFP and SA187W-GFP showed similar colonization, some colonies 

were found colonizing the borders of the root tip cells, and higher colonization was found 

in the torn root cap remains place (Figure 3.18), which could be explained that the bacteria 

might be feeding on the highly nutritious exposed polysaccharides that are exposed after 
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tearing the root cap.  The root cap was probably de attached when the plantlets samples 

were prepared for the microscopy visualization. When the shoots were inspected, some 

clear deep colonization of SA187W-GFP was found inside the extracellular spaces of the 

cotyledons this could also be due to the availability of high nutrition source for the bacteria. 

In addition, the stomata act as an entry point for the bacteria in the shoots, as some 

bacterial cells were observed penetrating the opened stomata gaining access to the 

extracellular spaces in the mesophyll cells cotyledons (Figure 3.19).  

4.5 Gene expression of the carotenoids biosynthesis operon genes of SA187Y and 

SA187W 

The gene expression results obtained from (Cristina Andrés-Barrao), where the SA187Y are 

clearly displaying elevated gene expression levels of the carotenoids biosynthesis gene 

cluster genes and especially (crtE) gene and (crtZ), are supporting the hypothesis of the 

yellow color production by SA187 due to the production of zeaxanthin. As well as, the 

decreased gene expression of SA187W compared to SA187 gene cluster could be due to 

the loss of the yellow color (Figure 3.20). The reason behind this color loss of SA187Y to 

SA187W upon incubation with the plants is still unknown, further investigations are needed 

to fully understand it 
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Chapter 5 

5.1 Conclusion 

The color change of bacteria SA187 upon contact with the plant is an intriguing and 

different line of research could be followed, Sequencing the carotenoids biosynthesis locus, 

or full genome sequence of SA187W. Another approach is mutagenesis: either target or 

random mutagenesis. In the target approach a construction of individual/multi-knockout 

mutants in an individual gene within the operon, to know exactly which gene is the key 

player, then inoculate the plants with a knockout mutant of this gene in the bacteria to see 

how it effects the plant. Random approaches are to generate a random library of Tn5 

mutagenesis and screen for bacteria losing the yellow color and map the mutants. 

Other approaches are gene expression, time course study on the gene expression of the 

SA187Y and SA187W, bacteria on contact with the plant to highlight the gene expression 

dynamic of the carotenoids biosynthesis operon in contact to the plants and dual 

transcriptome using RNA-seq of both plant inoculated with SA187Y and SA187W. This 

might provide us with an information to know if the change is on the gene level, or could 

be a molecule produced by the plant and blocking the transcription of this gene, or if it’s 

an epigenetic change due to an adaptation process by the bacteria to this symbiotic 

relationship with its host plant. 
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