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Abstract

Azospirillum brasilense is a class of rhizobacteria capable of nitrogen fixation, root colonization and hence promoting host plant growth. The bacteria posses cell interaction behaviors like clumping and flocculation that contribute the survival of the organism in nutrient limited conditions.  Change in the cell surface adhesive properties allows the cells to progress from free swimming to clumping and finally flocculation. Less is known about the genetic regulation of these processes with flcA being the only transcriptional regulator known so far to directly control flocculation. Recent evidence suggesting that Che1, a chemotaxis like signal transduction pathway controls the cell behavior clumping and hence indirectly controlling flocculation,
To understand the genetic regulation of clumping and flocculation in A. brasilense Sp7, the research here focuses on a subset of 27 of these transposon mutants. The objective of this research was to map the insertion by rescue cloning, characterize the mutant for growth, motility and clumping using qualitative and quantitative assays and characterize the effect of the mutations identified on flocculation.
By rescue cloning we mapped the transposon insertion for nine out of the twenty-seven mutations. The insertions were mapped on glycosyltransferases, glucosyltransferase, putative TonB-dependent siderophore receptor, Acyl-CoA thioesterase and sugar phosphatase of the HAD superfamily.  All these mutants were characterized for the clumping and flocculation phenotype and while some of these mutants showed severe delay in clumping and/or flocculation indicating changes in cell surface adhesive properties of the mutants compared to the wild type. Further investigations like supplementation of media with different sources of iron provided an insight into understanding the indirect effect of the PM3 mutation on the iron transport pathway. Also, the lectin-binding assay provided insightful information about the changes in the exopolysaccharide (EPS) composition during the different stages of cell aggregation. In conclusion the experiments provided good measure of information about the changes in the cell surface properties specifically with relation to proteins and EPS as an initial investigation. Future work will concentrate on screening the effects of these mutations on the expression of downstream genes and further phenotypic characterization of the selected mutants.













				Table of Contents

Chapter 1 Introduction and General Information	1
Background:	1
Motivation and Research Objectives:	3
Thesis Outline:	3
Chapter 2  Literature Review	5
Introduction:	5
Morphology	6
Natural habitat	7
Plant root interactions	7
Motility:	8
Clumping and Flocculation:	10
Other factors contributing to root colonization:	16
Factors that contribute to the plant growth promoting effect of Azospirillum.	17
Chapter 3  Methodology	21
Strains and growth conditions	21
Rescue cloning of transposon mutants	22
Clumping and Flocculation	24
Effect of metals on clumping and flocculation	24
EPS isolation and quantitation	25
Detection of polar flagellin by Western blotting	25
Lectin binding assay:	26
Chapter 4   Results	28
Mapping of transposon insertions:	28
Clumping and flocculation phenotype of mutants:	32
Identification of cysts in cultures	33
Effect of iron on clumping and flocculation phenotype for PM3:	37
Colony Morphology of different mutants	38
Results of western blotting:	39
Lectin binding	39
Chapter 5: Discussion	42
REFERENCES	51

LIST OF TABLES


Table 1. Time dependent changes in the cell behavior pattern of A. brasilense Sp7….
Table 2. List of 27 mutants generated by transposon mutagenesis
Table 3 Primers used in this study
Table 4 List of mutants identified so far with the gene altered by transposon insertion
Table 5 Number of cells per aggregate based on hours post inoculation (hpi)













LIST OF FIGURES

Figure 1. Azospirillum cells in stress conditions

Figure 2 Genomic context of the transposon insertions within the genome of A. brasilense

Figure 3 Progression of cells from free swimming to flocs in wild type and mutant cultures

Figure 4 Nine-day-old cultures in flocculation media

Figure 5 Effect of Iron supplementation on wild type and PM3 cells

Figure 6 Effect of growth conditions on colony morphology

Figure 7 Effect of iron supplementation on flocculation.
Figure 8 Live dead staining of wild type and PM3 mutant cells.
Figure 9 Lectin binding assay

Figure 10 Schematic representation of the PM3 mutation in the genomic context.

Figure 11 Schematic representation of the PM6 mutation in the genomic context.


 


ii


[bookmark: _Toc285535799][bookmark: _Toc191557556]Chapter 1
Introduction and General Information
[bookmark: _Toc191557557]Background:
The rhizosphere is a narrow region of soil that forms an interface between the plant and the soil surrounding the plant root. The microorganisms that inhabit and colonize the root surfaces are called rhizobacteria. One such group of bacteria belonging to the genus Azospirillum (subclass of proteobacteria) is capable of promoting host plant growth by processes like nitrogen fixation, release of hormones etc. (Steenhoudt and Vanderleyden 2000). These gram negative, motile, free-living bacteria can adsorb to the root surfaces resulting in colonization. Adhesion to the root surface provides the bacteria with nutrition and protection from dispersing into the nutrient limited regions in the rhizosphere.  The root surface provides a nutrient rich environment, which can be sensed by the bacteria by a physiological process called chemotaxis. Genome sequence from Azospirillum strain, Sp245 revealed the presence of four chemotaxis-like pathways (http://genome.ornl.gov/microbial/abra/19sep08/). In E.coli, there is a single chemotaxis pathway which functions to control the probability of changes in the swimming direction, which results in biased movement in gradients of chemoeffectors, i.e. chemotaxis (Whadams and Armitage, 2004). One of the four chemotaxis-like pathways in A. brasilense, named Che1 was previously shown to contribute to chemotaxis, albeit with a minor role in A. brasilense. Recent evidence indicate that Che1 controls the swimming speed of cells that contribute to chemotaxis as well as “clumping”, a cell–to-cell interaction behavior that depends on changes in motility and the cell surface adhesive properties including extracellular polysaccharide (EPS) composition (Bible et al., 2008; Edwards et al., 2011; Bible et al., submitted). 

In order to survive in the soil, Azospirilla spp. are also capable of differentiating into flocculated cells and under certain conditions, dormant cysts (Sadasivan and Neyra 1985; 1987). Flocculation has been studied in most detail because of its potential for use in plant inoculation formulations (Steendhoudt and Vanderleyden 2000). Flocculation occurs when cells are grown under nitrogen limitation (high C/N ratios) and high aeration (Sadasivan and Neyra 1985). Compared to free-swimming spirilla-shaped cells, flocculated Azospirillum cells are round, non-motile and contain granules of poly-- hydroxybutyrate (PHB). Recent work has demonstrated that flocculation is regulated in a Che1-dependent manner (Bible et al., 2008, Bible et al., submitted) with clumping being a prerequisite to flocculation (Bible et al., submitted). To date, only one gene named flcA, which encodes for an orphan response regulator has been shown to contribute to flocculation in A. brasilense with flcA mutants unable to flocculate (Pereg-Gerk et al., 1998). Mutagenesis experiments have also shown that FlcA acts downstream and independently of the Che1 pathway in regulating flocculation (Bible et al., submitted).  Given that the Che1 pathway contributes to clumping and flocculation and the paucity of information regarding the molecular mechanism(s) underlying clumping and flocculation, current work in the Alexandre lab has aimed at identifying genes involved in clumping and flocculation. 


[bookmark: _Toc191557558]Motivation and Research Objectives:
To further understand the genetic regulation of cell behaviors like clumping and flocculation in A. brasilense Sp7, transposon mutagenesis was previously employed to generate a library of random insertion mutants that were screened for defect in flocculation. A total of 27 transposon mutants that were either hypoflocculating or not flocculating have been previously isolated (). The research here focuses on a subset of 27 of these transposon mutants shown in Table 2.

The main objectives of this research are:
· To map the transposon insertion by rescue cloning.
· To characterize the flocculation defects of the mutants, including, growth, motility and clumping using qualitative and quantitative assays.
· To characterize the effect of the mutations identified on flocculation.

[bookmark: _Toc191557559]Thesis Outline:
Chapter 1 will explain the motivation and the research objectives behind the thesis project. Chapter 2 will provide a literature context for the work undertaken during the thesis and include a review of the literature pertaining to the organism, Azospirillum brasilense, its role in the rhizosphere, explanation about the physiology and metabolism to elucidate the known interaction between the plant and bacteria. Chapter 3 will focus on the experimental methodology used in the experimental research with a short explanation about the work that has been done in the lab previously. Chapter 4 will present the results with the discussions presented in chapter 5.  Conclusions and recommendation for further study will close this thesis.
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[bookmark: _Toc191557560]Chapter 2 
Literature Review

[bookmark: _Toc191557561]Introduction:
This chapter provides a brief review on the extensive literature available in the area of Azospirillum research. In recent times, much emphasis has been laid on minutely understanding the organisms belonging to the genus Azospirillum and hence deciphering the mode of action by which these rhizobacteria benefit the growth of their host plant. This review focuses on detailing the morphology, physiological processes, cell behaviors, and mode of action of the bacteria Azospirillum brasilense. Bacteria from the genus Azospirillum are free-living nitrogen-fixing rhizobacteria with fifteen species described to date:  A. amazonense (Falk et al. 1985), A. brasilense (Helsel et al., 2006), A. canadense (Mehnaz et al., 2007a), A. doebereinerae (Eckert et al., 2001), A. halopraeferens (Reinhold et al.,1987), A. irakense (Khammas et al., 1989), A. largimobile (Ben Dekhil et al., 1997), A. lipoferum (Tarrand et al., 1978), A. melinis (Peng et al. 2006), A. oryzae (Xie and Yokota 2005), A. palatum (Zhou et al., 2009), A. picis (Lin et al.,2009), A. rugosum (Young et al. ,2008), A. thiophilum (Lavrinenko et al., 2010) and A. zeae (Mehnaz et  al., 2007b). Even today the best-studied species include A. brasilense and A. lipoferum. Based on the 16S rRNA analysis, it has been shown that the genus Azospirillum belongs to group 1 of the  subclass of proteobacteria. This subclass of proteobacteria harbors many plant associated and symbiotic bacteria such as Rhizobacterium, Bradyrhizobium, Agrobacterium and Gluconacetobacter and have been isolated from agronomically important crops from all over the world existing in diverse climatic conditions. The beneficial effect that Azospirillum exerts on its host crop has been documented both in field trials and green house studies (Steendhoudt and Vanderleyden 2000)

[bookmark: _Toc191557562]Morphology
Azospirillum brasilense is highly pleomorphic, microaerophilic and is capable of changing its metabolic activities and morphological form upon sensing changes in environmental conditions. These environmental changes include variations in the availability of carbon, nitrogen, moisture content and oxygen tension (Pereg Gerk et al., 2000)
Azospirillum cells are plump, slightly curved, straight rods of about 1.0 m in diameter and 2.0 to 3.0 m in length. On growing Azospirillum brasilense Sp7 in liquid culture, the cells show vibroid shape after 24 hours of inoculation and an oval shaped and encysted form after 48 hours. In deleterious conditions like desiccation and nutrient limitation in the surrounding soil, Azospirillum cells undergo encystation. Encystation is a stress coping mechanism characterized by loss of motility, a thick outer coat, an enlarged spherical form and accumulation of poly--hydroxybutyrate (PHB) granules within the cells. These PHB granules are a source of carbon and favor survival and competitiveness for Azospirillum cells in nutrient and energy depleted conditions (Bahat- Samet et al., 2004)


[bookmark: _Toc191557563]Natural habitat
Species belonging to the genus Azospirillum have been isolated from all over the world and from a diversity of environments and plant rhizospheres (Lin et al., 2011). Each strain within the Azospirillum genus interacts with the root of host plants differently, some predominantly colonize the root surface while others can infect the plant by colonizing the root interior and thus act as endophytes. Studies using fluorescently labeled rRNA-targeted oligonucleotide probes in combination with scanning confocal microscopy confirmed that the Sp7 strain of Azospirillum brasilense colonizes only the root surface (Burdman et al., 2000)

[bookmark: _Toc191557564]Plant root interactions
Once the bacteria are in the vicinity of the plant roots, its attachment to the root is essential for efficient association with host plants and subsequent colonization.  If the bacteria are not found adhered to the plant roots, the substances excreted by them will diffuse into the surroundings and be rapidly consumed by other competing microorganisms (Bashan and Holguin, 1997). Using short term in vitro binding assays, it has been demonstrated that attachment is a biphasic processes (Michiels et al., 1991) 
a. The primary adsorption is fast, reversible, weaker and occurs within 2 hours of inoculation and garnered predominantly by bacterial proteins, lectins and motility controlled by polar flagella. 
b. The second phase of secure and irreversible anchoring takes 8-16 hours after incubation. This strong attachment is mediated by bacterial extracellular surface polysaccharides (EPS).
To gain a deeper understanding about the plant-bacteria interaction, it is imperative to understand the molecular mechanisms, cell behaviors and biological factors in Azospirillum that promote root adsorption cell-to-cell interaction, root colonization and hence plant growth promotion. The following sections highlight these key processes and factors.

[bookmark: _Toc191557565]Motility:

Azospirillum like many other bacteria can sense environmental cues in the soil by a trait called chemotaxis. Chemotaxis provides the bacteria an advantage against the other microbes co-existing in the mixed soil community by enabling Azospirillum to move towards plant roots or a medium that is rich in nutrients. Some field studies have shown that strain Azospirillum brasilense Cd can move up to 30 cm from the site of inoculation to the root surface (Bashan and Holguin, 1994). The motility in Azospirillum is achieved by peritrichous flagella i.e. a mixed flagellation pattern with a single polar flagellum and additional lateral flagella. The activity of both the flagella is dependent upon the media in which they are grown (Moens et al., 1995). The constitutively expressed polar flagellum is active in liquid media whereas the inducible lateral flagella aids movement in semi-solid media. The polar flagellum is active during the first phase of root colonization aiding in movement and initial attachment of the bacterial to the root surface (Moens et al., 1995). It has been shown that the polar flagellin, Fla1 is a glycoprotein. The lateral flagella are produced on media of increased viscosity with the laf gene, encoding the lateral flagellin induced specifically upon growth on semi-solid media (Moens et al., 1995).  
All Azospirillum species possess plasmids that range from 6 kb to over 300 kb (Elmerich, 1996). All the strains possess a 90 MDa plasmid, which revealed the presence of several important genes important for root colonization i.e. for exopolysaccharide (EPS) production, bacterial motility, and wheat adsorption. Loci Mot1 and Mot2 affect the synthesis of the lateral flagella and Mot3 loci affect the synthesis of lateral and polar flagella. In silico analysis of the Mot3 locus revealed homology to two flagellin modification genes, flmAB in Caulobacter crescentus. FlmA and FlmB are homologous to dehydratases and aminotransferases respectively. These proteins are required in the biosynthesis of modified sugars. Additionally, mutants with deletions on the Mot3 locus of the p90 plasmid displayed an altered motility, lack of flagella synthesis and hence reduced attachment to plants (Vanbleu et al., 2004). In conclusion the importance of the p90 plasmid in the outer surface composition of A. brasilense cannot be underestimated. Sequencing of this plasmid has revealed regions that code for proteins involved in cell surface composition, synthesis, assembly or export of cell surface polysaccharides. The evidence for the glycoprotein nature of polar flagellin has been obtained (Moens et al., 1995). The role of glycosylation of flagellin was hypothesized to be in improving the plant root adsorption by promoting the binding of putative plant root lectin(s) to the glycan chains of Fla1. Alternatively Fla1 could also act as a lectin identifying plant root sugar moieties (Croes et al., 1993).  However, these hypotheses remain to be conclusively validated in experiments.

[bookmark: _Toc191557566]Clumping and Flocculation:

Aggregation is a common phenomenon in the microbial world characterized by a gathering of cells to form fairly stable, contiguous and multicellular associations composed of natural polymers like complex polysaccharides and polyaminoacids. These polymeric molecules function as bridges between the microbial cells. In Azospirillum, flocculation is characterized by the formation of white visible aggregates in a nitrogen-limited medium. Microscopically, flocculation is characterized by a loss of flagella and motility, the production of a thick capsule, and accumulation of PHB granules. Cysts are dormant cells and may form within aggregated flocculated cells (Pereg Gerk et al., 2000). The ability of Azospirillum brasilense to aggregate has been an important factor in determining its survival in depleted soil conditions.

In an assay to determine the changes in morphology of the wild type Sp7 cells over a course of 24 hours, the motility and characteristics of the Azospirillum cells were observed. In the time line of events, a distinct precursor of flocculation was observed and called “clumping”. Clumping is a transient cell-to-cell behavior exhibited by motile Azospirillum cells where they transiently adhere to each other at the non-flagellated poles before swimming apart. Clumping precedes flocculation and occurs at discrete times upon inoculation into flocculation media (media with high fructose and low nitrogen) and is elaborated in Table 2. 

Flocculation is thought to contribute to enhancing the ability of A. brasilense to survive in changing environments due to the presence of carbon storage reserves in the form of intracellular granules of polyhydroxybutyrate (PHB) and the presence of thick outer walls (Sadasivan and Neyra 1985, 1987). In aging cultures of Azospirillum grown in minimal media with limited nutrient availability, cysts developed.  Microscopic images of these encysted cells showed PHB granules with thick outer capsule coat and melanin like granules surrounding this outer coat (Fig 1).

	While the phenomenon of flocculation has been described in A. brasilense, little is known about its genetic regulation. So far, only one gene named flcA, which encodes for an orphan response regulator has been shown to contribute to flocculation in A. brasilense, with flcA mutants unable to flocculate (Pereg-Gerk et al., 1998).  Analysis of the genome sequence of A. brasilense strain, Sp245 revealed the presence of four chemotaxis-like signal transduction pathways (Wisniewski-Dye et al., 2011). It has been established that Che1, one of the four chemotaxis-like pathways plays a role in motility and an indirect role in regulating flocculation by controlling clumping (Bible et.al. unpublished material). Mutagenesis experiments with Che1 mutants have shown that FlcA acts downstream and independently of the Che1 pathway in regulating flocculation, consistent with flocculation being independently regulated (Bible et al., submitted).  
 By studying different Che1 mutant strains, it has been hypothesized that the progression of cells from clumping to flocculation is influenced by the activity of the Che1 pathway. Che1 has been shown to regulate the swimming speed of cells, with this activity contributing to chemo-and aerotaxis. In addition, Che1 was shown to indirectly affect the cell surface adhesive properties, perhaps via influencing the activity of other pathway(s) directly involved in remodeling the EPS to stabilize cell-to-cell aggregations that result in flocculation. The remodeled EPS were also shown to contribute to attachment to biotic and abiotic surfaces but there was no direct correlation between increased clumping or flocculation and the ability to colonize plant roots, suggesting that flocculation may primarily contribute to the ability of A. brasilense to survive in the soil rather than to colonize the surface of plants (Siuti et al., 2011, Edwards et al., 2011). However, the genes and pathway(s) that control EPS remodeling and changes in cell surface properties during clumping and flocculation have not been identified. 
. 






[image: ]
Figure 1: Azospirillum cells undergoing encystment in stress condition. A) cells showing features of initial cyst formation i.e. formation of PHB granules and thick outer capsule, B) Encysted cells at a higher magnification surrounded by melanin like granules (Sadasivan and Neyra 1985)












Table 1 Time dependent changes in the cell behavior pattern of A. brasilense, Sp7.
	Hours post inoculation
	Behavior
	Description

	0 hours
	Motile 
	Individual cells swim randomly.

	9 hours
	Clumping of 2-3 cells adhering for 1 second.
	Three to five cells interact at non-flagellated poles transiently.

	12-14 hours
	Clumping of 8-10 cells adhering for a longer time.
	Cells are still motile

	18 hours
	Mini-flocs 
Large aggregates of cells
	Cells are non-motile, round and refractile.

	24 hours
	Visible flocs
	Aggregates continue to grow until they are large enough to be visible to the naked eye.






 















EPS production and flocculation
	
	In Azospirillum cells two major forms of polysaccharides are shown to exist, a dense capsular polysaccharide (CPS) and a loosely bound exopolysaccharide (EPS). The production of these surface polysaccharides was demonstrated by growing Azospirillum colonies on media containing the fluorescent dye calcofluor which binds to the-1, 4 and -1, 3 glucans present in the EPS. Non-fluorescent mutant of A. brasilense show loss of ability to form flocs and an inability to anchor to the root surfaces (Sadasivan and Neyra 1985, 1987).  This shows that EPS mediates anchoring by being involved in the cell-to-cell aggregation phenomenon (also called flocculation) by its special interaction with bacterial envelope components (Mora et al., 2008). EPS composition varies during different phases of bacterial growth; the highest amount of EPS is produced during the exponential phase that is subsequently consumed during the stationary and death growth phase (Bahat-Samet et al., 2004). During the exponential growth phase glucose is the primary sugar in the EPS whereas during the subsequent stages the dominant sugar is L-arabinose corresponding with the aggregation phase.  The other components include D-glucose, L-rhamnose, and D-galactose. The relationship between EPS production and flocculation is still a topic of investigation, however recent studies have highlighted the role of production of clumping specific EPS that may cohere the cells to form clumps and hence result in flocculation (Bible et al., submitted). The regulation and details about clumping specific EPS needs to be further studied.



[bookmark: _Toc191557567]Other factors contributing to root colonization:

Lectins
One of the factors that may be responsible for the root colonization of Azospirillum are sugar-binding proteins called lectins present on the cell wall that can specifically and reversibly recognize and bind to carbohydrates present on the plant root surface. Alternatively, specific receptors are present on the cell surface of the bacteria that can bind to the lectins present on the root surface of the plant (Castellanos et al., 1998). Most of the species in the Azospirillum genus can bind to the lectin, wheat germ agglutinin, while some were bound to specific plant lectins like lentil lectin and soybean lectin (Del Gallo et al., 1989), suggesting different receptors exposed on the surface of the different Azospirillum species. A similar hypothesis has been proposed for Rhizobia spp., which form specific symbioses with their legume host plants. Plant lectins were suggested to be involved in the binding of rhizobia to host surfaces and to represent key determinants of host specificity because of the strong correlation between the nodulation specificity of rhizobial strains and their capacity to bind to those lectins produced by specific legume hosts (Bohlool and Schmidt, 1974). 

MOMP
A bioassay was used to study the biological factors that are involved in the cell-to-cell interactions aka cell aggregation in A. brasilense. Results from this investigation suggested the involvement of a 42 kDa protein from the outer membrane called the major outer membrane Protein (MOMP). This protein constitutes about 60% of the total outer membrane proteins in A. brasilense (Bachchawat and Ghosh, 1987). Characterization of the MOMP protein sequence has shown low, yet significant homology with certain bacterial porins and shown to possess cell surface exposed domains that could be involved in the reversible adhesion process to the roots (Burdman et al., 2000a) or it could be important for flocculation. Mora et al. (2008) also suggested that such a MOMP could have a lectin activity and be involved in recognizing specific carbohydrates produced by A. brasilense and thus would be involved in cell-to-cell interaction. In A. brasilense, the production of lectin(s) was suggested to contribute to the ability of the bacteria to aggregate by-cell-to-cell interaction when grown under condition of nutrient limitation. 

[bookmark: _Toc191557568]Factors that contribute to the plant growth promoting effect of Azospirillum.
In countries like US, Mexico, Brazil and Europe different strains of A. brasilense are used for inoculation of economically important crops (wheat, corn, sorghum) as bio-fertilizers. Different factors like nitrogen fixation, and phytohormone production determine the efficiency of each strain as an inoculant with the production of Indole acetic acid being the most often recognized critical contributing factor to plant growth promotion (Masseina Reis et al., 2011). In addition, siderophore production and the ability to enhance phosphate solubilization have been identified as additional factors contributing to the plant growth promotion effect for a few strains. Since multiple factors can be accounted for the mode of action of Azospirillum, an additive hypothesis has been proposed. According to the hypothesis, each individual mechanism may contribute to the plant promotion effect in a minor way (e.g. the nitrogen fixing capability is only 5-18% compared to the other competing nitrogen fixers in the existing community), however when all the factors are considered collectively these mechanisms may contribute significantly to explain the root-bacteria interaction (Bashan and Dubrosky 1996; Bashan and Levony, 1990).

The earliest mechanism proposed to improve plant production was the nitrogen fixation (encoded by nif gene) capability of Azospirillum. However studies with nif- mutants have shown that the nitrogen fixing capability of the mutant strain is similar to the wild type strain even though the mutant lacks the nitrogenase activity. Further analysis revealed that Azospirillum nitrogen fixation activity was higher in mixed bacterial cultures compared to pure Azospirillum cultures (Bashan and Holguin 1997; Holguin et al., 1999)

Phytohormones are chemical messengers in plants that regulate and promote growth, development and differentiation. They are divided into five classes, auxins (mainly indole-3-acetic acid, IAA), cytokinins, gibberellins, abscisic acid and ethylene. (Losipenko and Ignatov, 1995; Patten and Glick, 1996; Radenmacher, 1994; Strylcyk et al., 1994). Azospirillum spp. produce high amount of auxins i.e. IAA during the stationary phase of growth, which corresponds with conditions of nutrient limitations. Inoculation of flocculated Azospirillum cells to various cereal hosts results in plant growth promotion activity due to the increased production of IAA during flocculation (Omay et al., 1993; Neyra et al., 1995). In addition the production of gibberellins, GA3 were shown to contribute to the increase in root density observed upon inoculation of A. brasilense Cd (Holguin et al., 1997). While the effect of these phytohormones has been mainly observed in in vitro studies, it is important to get an insight into the phytohormone production of these rhizobacteria in the presence of the competing microbes in field studies. This would highlight the mechanism of action of these phytohormones as a primary factor or an additive effect with the other factors in promoting plant growth. In addition mutants generated for a complete loss of production of the particular phytohormone will provide evidence to their effect on root colonization and growth promotion (Bashan and Holguin, 1997)
Siderophores are low molecular weight compounds with high iron affinity that allow bacteria like Azospirillum to sequester iron in depleted environmental conditions, hence increasing their competitiveness in the soil and the rhizosphere. Production of siderophores by Azospirillum spp. could limit the growth of soil pathogens and thus indirectly promote plant health (Masseina Reis et al., 2011). 

Conclusions
A detailed study of the different strains of Azospirillum is an area of active research conducted by different groups around the world. The recent release of the complete genome sequence of several strains of Azospirillum (Kaneko et al., 2010; Wisnieski-Dye et al., 2011), provides added opportunities to fully understand the molecular mechanisms and genetic regulatory networks that contribute to the ability of Azospirillum cells to colonize various environmental niches and survive under diverse conditions in the soil and rhizosphere. One of the most used methods to understand the role of different genes controlling phenotypes is by creating and screening Tn5 mutant libraries for a specific phenotype followed by subsequent mapping of transposon insertion site to identify the gene(s) altered by cloning and sequencing. This approach had been used to understand the control of E and its cognate anti-E in the regulation of carotenoid synthesis in Azospirillum brasilense Sp7 (Tripathi et al., 2008). Van Rhizn et al. had used a similar method to analyze Azospirillum brasilense mutants impaired in motility and chemotaxis (Van Rhizn et al., 2003). 

In this study we aim to characterize a subset of mutants impaired in flocculation that were generated by Tn5 mutagenesis. The mutant libraries were screened previously and this work focused on identifying the set of genes and function(s) impaired in these mutants.



[bookmark: _Toc285535809][bookmark: _Toc191557569]
Chapter 3 
Methodology
[bookmark: _Toc285535817]
[bookmark: _Toc191557570]Strains and growth conditions
Azospirillum brasilense wild-type parental stain Sp7 (ATCC29145) and mutants generated by transposon mutagenesis were used as shown in Table 2. Except when noted all the A. brasilense strains were routinely maintained on solid tryptone-yeast (TY) medium (per liter 10 g Bacto tryptone, 5 g yeast, and 15 g Noble agar) with 100 mg ml-1 Ampicillin (bacteria are naturally resistant). In A. brasilense Sp7, transposon mutagenesis was previously employed to generate a library of random insertion mutants that were screened for defect in flocculation. A total of 27 transposon mutants that were either hypoflocculating or not flocculating have been previously isolated (Green 2009). The research here focuses on a subset of 27 of these transposon mutants shown in table 1 that are randomly categorized into two groups i.e. A series and PM series (Table 2).

A. brasilense and the transposon inserted mutants were grown in MMAB media (per liter 3 g K2HPO4, 1g NaH2PO4, 0.15 g KCl, trace amount of Na2MoO4 and salts [5 ml L-1 MgSO4-2, 500 l L-1 CaCl2 and 250 l FeSO4 {per 50 ml, 0.631g FeSO4 and 0.592 g EDTA}]) after autoclaving with the addition of antibiotics, carbon and nitrogen sources. The carbon and nitrogen sources are added to the media depending upon the type of media used, i.e. growth media (1M malate and 1M NH4Cl) or flocculation media (8mM fructose and 0.5mM sodium nitrate).

Table 2 List of 27 mutants generated by transposon mutagenesis, randomly categorized into A and PM series of mutants. The mutants were selected and categorized based on the flocculation phenotype relative to the wild type, Sp7

	A series
	Flocculation
	PM series
	Flocculation

	4A
	Little
	7
	Little

	8A
	Little
	8
	Little

	9A
	Little
	21
	Little

	10A
	Little
	3
	No

	15A
	Little
	5
	No

	22A
	Little
	6
	No

	25A
	Little
	9
	No

	5A
	No
	10
	No

	11A
	No
	22
	No

	18A
	No
	23
	No

	21A
	No
	27
	No

	23A
	No
	29
	No

	16A
	No
	30
	No

	17A
	No
	
	





[bookmark: _Toc191557571]Rescue cloning of transposon mutants
The PCR protocol for the sequencing of DNA regions flanking the transposon was accomplished by a method called rescue cloning. The ori6k origin of replication in the transposon on the pRL27 vector allows the transposon to be propagated as a plasmid after transformation into E. coli strains (Metcalf et al., 1994). The transposon along with the flanking genomic DNA were isolated and digested with restriction enzymes including, BamHI, EcoRI, PstI, SalI, SacII or SphI which do not cut within the transposon sequences. The digested DNA was ligated using T4 DNA ligase enzyme and transformed into PIR1 (Invitrogen cat.no. C1010-10) or DH5 (PIR+) cells (Metcalf et al., 1994,).
After transformation, colonies were sequenced to identify DNA sequences flanked by the transposons. Sequencing utilized transposon specific primers (Table 3) tnpnRL17-out and tnp13-out for oriR6k and Kmr ends of transposon sequences respectively. The transposon insertion site was identified on the obtained DNA sequence and translated before being compared to the protein sequence database (GenBank and http://genome.ornl.gov/microbial/abra/19sep08/) using the BlastX algorithm (Altschul et al., 1990).
To verify the presence of the transposons on the isolated genomic DNA of the mutants a PCR was carried out. Wild type Sp7 and a previously isolated and sequenced mutant were used as controls to verify the size of the transposon band (1711bp) on the mutant DNA.  The primers used to amplify the transposon were tpnRL 13-in and tpnRL 17-in. 














[bookmark: _Toc191557572]Clumping and Flocculation

To study the clumping and flocculation phenotypes, 100ul of an overnight culture of cells grown in TY media (O.D.600nm = 1), was inoculated to 5 ml of flocculation media (MMAB liquid with 0.5 mM sodium nitrate as nitrogen source and 8 mM fructose as the carbon source) (Bible et al., 2008) and grown with shaking at 28ºC with high aeration at 250 rpm. Cultures were observed under the microscope at the time of inoculation, 3 hours post-inoculation (hpi), 6 hpi, 9 hpi, 14 hpi and 24 hpi. Cells were visualized using a Nikon Eclipse E200 light microscope and photographs were taken of at least three different fields-of-view per sample per time point during this time course using a Nikon Coolpix P5000 camera (Bible et al., submitted).

[bookmark: _Toc191557573]Effect of metals on clumping and flocculation
Strain Sp7 and mutant cells were inoculated in the flocculation media with the addition of different salts of iron in varying concentrations i.e. 100M and 1mM.
 The cultures were incubated under conditions conducive to flocculation and cells were observed as above at different time points to analyze any variation in the clumping time or flocculation.




[bookmark: _Toc191557574]EPS isolation and quantitation
Extraction and quantitation of exopolysaccharide (EPS) was performed as described by Bible et al. (Bible et al., 2008). Cells were allowed to grow for 6 hours at 28C with shaking in 500 ml of MMAB liquid supplemented with 5 mM malate and 5 mM fructose. The cells were harvested by centrifuging at 8,000 rpm for 10 minutes in a Sorvall GSA rotor. The pellets were re-suspended in PBS (20 mM sodium phosphate [pH 7.3]. 100 mM NaCl) and vortexed for 1 minute. Cells were then incubated on a gyratory shaker for 1.5 hours at 30C. This step was repeated again and the resuspended pellet was then allowed to incubate on the shaker for an additional 1.5 hours. Cells were then centrifuged at 8,000 rpm for 15 minutes in a PTI F18S-12  50 rotor. The supernatant was treated with proteinase K to a final concentration of 200 g/ml and incubated on a gyratory shaker overnight at 37C. Phenol-chloroform extraction method was then used to extract the samples and precipitated with 95% ethanol. The pellets were then washed with 70% ethanol followed by re-suspension in water. EPS production was quantitated by the method described by Dubois et al. (1956) using a 5% phenol-sulfuric acid solution.

[bookmark: _Toc191557575]Detection of polar flagellin by Western blotting
Western blotting was performed as described previously (Alexandre et al., 1999). Briefly, wild type A. brasilense and the glycosyltransferase mutants (11A, 21A, PM29) were grown overnight in TY liquid. Cells were harvested by centrifuging at 10,000 g for 10 minutes and lysed by vortexing for 1 minute followed by boiling for 5 minutes. Protein concentrations were measured using the Bradford protein estimation assay (Bradford, 1976) and standardized. Protein samples were analyzed using a 12% SDS-PAGE gel and transferred to a nitrocellulose membrane. The western blots were probed with A. lipoferum anti-Fla antiserum (1:10,000) (Alexandre et al., 1999) followed by an HRP-tagged rabbit secondary antibody (1:5,000). SuperSignal West Rico Chemiluminiscent Substrate (Pierce) was used in order to develop the western blot.

[bookmark: _Toc191557576]Lectin binding assay:
A modified version of the fluorescent lectin-binding protocol was used in this work (Wasim et.al. 2009). The wild type Sp7 cells and mutant cells were allowed to grow in flocculation media till they started clumping. 200 l of clumping cultures was added to a dark eppendorf tube with 2 l of Fluorescein Isothiocyanate (FITC) (LcH; Sigma #L9282) -conjugated lectin was added at a final concentration of 50 g ml-1. The cells were allowed to incubate at room temperature for 20 minutes in the dark. Cells were then washed and harvested at 8000 rpm with water. The cell pellets were resuspended in 20 l of phosphate buffer saline (PBS- pH 7). A 20 l drop of melted 1% agarose (dissolved in PBS) was spread over the slide. After the agarose solidified, 10 l of the sample was added and covered with a coverslip. The cells were visualized using a Nikon 80i fluorescent microscope equipped with differential interference contrast and photographed. 



Table 3 Primers used in this study
	Primer
	Sequence

	tpnRL 13-out
	CAG CAA CAC CTT CTT CAC GA

	tpnRL 17-out
	AAC AAG CCA GGG ATG TAA CG

	tpnRL 13-in
	TCT GAC GGT ACC GGG

	tpnRL 17- in
	GTC TCG CTT CTG CCT




















[bookmark: _Toc191557577]Chapter 4 
 Results 
			
[bookmark: _Toc191557578]Mapping of transposon insertions:
The transposon insertions on the A. brasilense mutants were mapped by rescue cloning in 9 of the 27 mutants. Six transposon mutants mapped to genes on different loci that code for glycosyltransferases. Four out of these six mutations (5A, 11A,18A and 21A) had the transposon inserted in the same locus, AZL_f00160. The other two insertions were mapped on a glucosyltransferase (4A; locus A4TUTI) and another glycosyltransferase (PM29, locus AZL_026460). In addition to the glycosyltransferases, the other three transposon insertions were mapped to a gene encoding for a putative TonB-dependent siderophore receptor (PM3, AZHUU5), a putative acyl-CoA thioester hydrolase (PM6, AZL_009800) and a putative sugar phosphatase of the HAD superfamily (PM21, AZL_026470). 
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Figure 2. Genomic context of the transposon insertions within the genome of A. brasilense. The directions of the arrows indicate the direction of transcription. 

Table 4. List of mutants identified so far with the gene altered by transposon insertion 


	Mutant name
	Gene altered
	Predicted Function
	Clumping
	Flocculation

	4A
	A4TUT1
	Glucosyltransferase
	 6 hours
	Y (reduced) 

	5A
	AZL_f00160
	Glycosyltransferase
	6 hours 
	Y(reduced)

	   11A
	AZL_f00160
	Glycosyltransferase
	6 hours 
	Y(reduced)

	18A
	AZL_f00160
	Glycosyltransferase
	6 hours 
	Y(reduced)

	21A
	AZL_f00160
	Glycosyltransferase
	6 hours 
	Y(reduced)

	PM3
	AZHUU5
	TonB dependent siderophore receptor
	3 hours
	N

	PM6
	AZL_009800
	Acyl CoA thioester hydrolase
	6 hours
	N

	PM21
	AZL_026470
	Predicted sugar phosphatases of the HAD superfamily
	6 hours 
	Y (reduced) 

	PM29
	AZL_026460
	Glycosyltransferase
	9 hours 
	Y (reduced)


	Mutant name
	3 hpi
	6 hpi
	9 hpi
	18 hpi
	24 hpi
	9 days

	Sp7
	Free swimming, dividing
	Motile
	1-2 with transient adhesion
	8-10 cells forming stable aggregates
	10-12 cells forming immobile flocs. 
	cysts, immobile, round shaped cells

	PM3
	1-2 with transient adhesion
	3-4 cells sticking to each other, motile
	8-10 cells forming stable aggregates
	8-10 cells forming stable aggregates
	8-10 cells forming stable aggregates
	8-10 cells forming stable aggregates, some cysts

	PM6
	Free swimming, dividing
	1-2 cells with transient adhesion
	3-4 cells sticking to each other, motile
	3-4 cells sticking to each other, motile
	3-4 cells sticking to each other, motile
	3-4 cells sticking to each other, motile, some cysts

	4A
	Free swimming, dividing
	1-2 cells with transient adhesion
	3-4 cells sticking to each other, motile
	8-10 cells forming stable aggregates
	10-12 cells forming immobile flocs, still many are motile.
	Stable 10-12 cells flocs, some cysts, many motile

	11A
	Free swimming, dividing
	1-2 cells with transient adhesion
	3-4 cells sticking to each other, motile
	8-10 cells forming stable aggregates
	10-12 cells forming immobile flocs, still many are motile.
	Stable 10-12 cells flocs, some cysts, many motile

	PM21
	Free swimming, dividing
	Motile
	1-2 cells with transient adhesion
	1-2 cells with transient adhesion
	3-4 cells sticking to each other, motile
	3-4 cells sticking to each other, motile

	PM29
	Free swimming, dividing
	Motile
	1-2 cells with transient adhesion
	8-10 cells forming stable aggregates
	10-12 cells forming immobile flocs, still many are motile.
	Stable 10-12 cells flocs, some cysts, few are motile


Table 5. Number of cells per aggregate based on hours post inoculation (hpi)
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Figure 3. Progression of cells from free-swimming to flocs in wild type (Sp7) and mutant cultures. Black arrows indicate the formation of clumps at different time points. The progression of cells from free-swimming to floc formation was tracked at specific hours post-inoculation (hpi) in flocculation media. 


[bookmark: _Toc191557579]Clumping and flocculation phenotype of mutants:
The mutants were tested for clumping, flocculation and motility. The cells were observed under the microscope at regular time points for assessing these behaviors and the details are elaborated in Table 5 and Figure 3. In the wild type strain, Sp7, the cells start showing clumping 6-9 hours post inoculation and remain motile. With time, the briefly interacting cells form larger clumps (12-15 hours post inoculation) which stay adherent to each other for a longer time. Approximately 15-18 hours post inoculation, the cells within the clumps start losing their motility. Over time, larger aggregates of non-motile cells are formed with cells becoming more round, forming min-flocs. The mini-flocs continue to grow larger until these flocs within the culture become visible to the naked eye as white macroscopic aggregates. From the glycosyltransferase A group of mutants (5A, 11A, 18A and 21A) 11A was chosen as the representative mutant to carry out further studies. For characterizing the ability and timing to clump and flocculate, 11A, 4A, PM3, PM6, PM21 and PM29 were used and studied relative to wild type, Sp7. Mutant strain 11A, 4A and PM6 started clumping after 6 hours and PM3 initiated clumping the earliest after 3 hours. However, the other glycosyltransferase mutant PM29 showed clumping very similar to wild type cells. However, none of the mutants except, PM29, 4A and 11A showed any visible flocs in the culture after 24 hours. PM21 showed signs of clumping and the transient cell-to-cell adhesion phenomenon at approximately 9 hours, which is similar to the wild type, however it only progressed to the stage of forming stable clumps consisting of 3-4 cells at 24 hours but never beyond this stage. Most of the PM21 cells remained free-swimming cells with a marked difference in motility from that of the wild type. Cells of the PM21 mutant strain showed an increase stopping phenotype, yielding cells with a  “jerky’ swimming. Additionally this is the only mutant among the list of identified mutants that shows little clumping at 24 hours.
The progression of cells from free swimming to flocculation is controlled by different regulators (Bible et al., submitted). While Che1 has been shown to control the stage of transient clumping to the formation of stable clumps, FlcA has been shown to act downstream of Che1. Additionally via an effect on the swimming motility, remodeling of EPS is considered affected by other unknown regulator(s) that act downstream of Che1 and upstream of the response regulator, FlcA. All the mutants that have been characterized for clumping and flocculation are affected at different stages of this regulation. 

[bookmark: _Toc191557580]Identification of cysts in cultures
The cultures used to study the clumping and flocculation phenotypes were incubated for a longer period in order to determine whether cysts could form. As seen in Figure 4, the wild type Sp7 cells change drastically in morphology and motility, assuming a more rounded shape and become highly refractile with formation of larger aggregates that are non motile with hardly any free-swimming cells. Some of the mutants that do not flocculate at 24-48 hours showed little flocculation in a 9-day-old culture. However, the mutant PM6 showed a cloudy culture without any floc formation even in a 9-day-old culture. Microscopically, in PM3 and 4A the numbers of free-swimming cells were higher than the aggregated cells. On the other hand, the 11A and PM29 mutants showed more aggregated cells than free-swimming cells. In 11A and PM29, the aggregated cells formed cysts and displayed a round shape. In contrast, PM21 showed very few stable clumps, with the highest number of free-swimming cells in a 9-day-old culture and no cyst being formed. In 9-day-old cultures, the wild type Sp7 cells undergo complete cyst formation: all cells within the cultures appear to have differentiated into cysts, However, the PM3, 4A, 11A and PM29 mutants that have a reduced ability for flocculation compared to the wild type showing only a few cells undergoing cyst formation within the cell aggregates, suggesting a delay in differentiating into cyst, rather than a loss of this ability.  Since the 11A and PM29 mutants are capable of producing more cysts than PM3 and 4A, the former mutants appear to be less delayed in cyst formation compared to the latter mutants, PM3 and 4A. In contrast, the PM21 mutant that is severely impaired in flocculation was incapable to differentiate into cysts. These results indicate that cyst formation depends on initial flocculation of cells and further highlight a correlation between the ability to flocculate and the ability to differentiate cysts cells.
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Figure 4. Nine-day-old cultures in flocculation media. Blue arrows indicate  presence of cysts  in the culture of the corresponding mutants.
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Figure 5. Effect of iron supplementation on A. brasilense wild type (Sp7) and PM3 mutant cells. The upper panel shows the effect of supplementing the media by varying the concentration of iron sources and concentration on clumping and the lower panel shows the effect of chelation by EDTA.
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                      Figure 6. Effect of growth conditions on colony morphology

[image: ]     
		Figure 7. Effect of iron supplementation on flocculation.





[bookmark: _Toc191557581]Effect of iron on clumping and flocculation phenotype for PM3:
Since in the strain PM3, the transposon was inserted within a gene encoding for a putative TonB-dependent receptor which is predicted to function in sensing available iron in bacteria, the effect of iron availability (supplementation or chelation) on clumping and flocculation was tested next. 
		Figure 5 demonstrates the effect of addition of iron salts to the culture causing the cells to aggregate randomly. For a given concentration of iron, the wild type formed larger aggregate than the PM3 mutant, consistent with PM3 lacking a functional receptor for iron. Varying the concentration of iron also indicated that the PM3 mutant was less sensitive to the addition of iron than the wild type, regardless of the salt used. It is thus likely that there are other receptors for iron in A. brasilense. In addition, chelation with EDTA did not have any effect on both the wild type and mutant even at the time when the cells typically clump. Hence we can infer that, iron seems to trigger an aggregation behavior in these cells. However this aggregation seems to be distinct from clumping and flocculation. Flocculation is characterized by the formation of microscopic flocs with the formation of white macroscopic aggregates. The cell aggregation that is triggered by supplementing additional iron into the media does not promote floc formation in the PM3 mutant cells, as seen in Figure 7. This observation supports the idea  that while the cells may aggregate on sensing the varying concentrations of iron in the media, it is not a factor that is directly regulating flocculation. However its involvement in the initial regulation of clumping and aggregation cannot be ruled out.

[bookmark: _Toc191557582]Colony Morphology of different mutants
To observe the changes in the colony morphology (Figure 6), wild type and mutant cells grown in liquid MMAB media were inoculated on agar plates with TY and MMAB media supplemented with or without nitrogen. The glycosyltransferase group of mutants i.e. 4A, 11A and PM29 showed similar morphology in all three conditions.
Of all the colonies, PM21 was of most interest to us, since it showed morphology indicative of lysis. To further investigate if the cells on the colonies were dead cells, a live-dead staining was done. When compared to Sp7, PM21 cells showed similar fluorescence when viewed for the live cells, however the number of dead cells was significantly more than the wild type indicative of some lysis. The live dead staining results can be interpreted with the green staining indicative of living cells with cell membranes intact, while the red staining shows dead cells with ruptured cell membranes.
[image: ]
Figure 8. Live dead staining of A. brasilense wild type (Sp7) and the PM3 mutant cells. The panels show the three different contrasts to view the cells, DIC- Differential interference contrast, FITC- Fluorescein isothiocyanate stains cells green indicative of live cells; TRITC- TRITC- Tetramethyl Rhodamine Iso-thiocyanate stains red indicative of dead cells.


[bookmark: _Toc191557583]Results of western blotting:
Previous studies have shown the role of bacterial flagella in the flocculation and adhesion in A. brasilense (Burdman et al., 1998; Moens et al., 1995). Furthermore, the flagellin, the major subunit of the flagellum is a glycosylated protein in A. brasilense but the mechanism of glycosylation is not known. In order to ensure that there was no structural defect in the flagellum that could have been caused by changes in the glycosylation of the flagellin, we used western blot to detect the flagellin, which is a glycoprotein with a molecular weight about 97 kDa, in the wild type and representative glycosyltransferase mutant, 11A. The western blots were probed with A. lipoferum anti-fla antibody (1:5000) (Alexandre et al., 1999), which cross-reacts with the A. brasilense flagellin, followed by a goat HRP-tagged anti-rabbit secondary antibody (1:5,000). Both the wild type (Sp7) and the glycosyltransferase mutant (11A) displayed a similar profile, including the presence of similar bands corresponding to glycosylated flagellin (data not shown), suggesting no change in flagellar structure in the mutant. Potential changes in flagellar structure for the mutants 4A and PM29 remains to be investigated.

[bookmark: _Toc191557584]Lectin binding 
Clumping cultures of wild type and mutant cells were used and analyzed for the ability to bind fluorescent lentil lectin. The lentil lectin used in this assay specifically recognizes and binds to terminal glucose and mannose residues which are thus detected because they are exposed on the cell surfaces, likely present within the EPS.  As seen in figure 9, the wild type Sp7 cells display fluorescence that indicates that the EPS they produce have the characteristic lentil lectin binding ability. The PM3 and PM6 mutants were also fluorescent after incubation with the lentil lectin, indicating that they too are capable of producing a similar EPS to that of the wild fluorescing cells that bind to the lectin indicating the presence of glucose in the EPS of these mutants.  However none of the other mutants showed any fluorescence when assayed under similar conditions with the lentil lectin, indicating that these mutants are impaired in the ability to remodel their EPS to produce the characteristic EPS found in wild type cells under these conditions.


[image: ] 
Figure 9. Binding of lectins in the wild type and mutants cells. Left panel shows pictures taken using DIC- Differential interference contrast; the middle panel shows pictures taken using FITC- Fluorescein isothicyanate; and the right panel shows the pictures taken using TRITC- Tetramethyl Rhodamine Iso-thiocyanate. The same cell field was used to visualize the cells using the three different contrasts. The cells viewed under different settings are shown in the white highlighted box.








[bookmark: _Toc191557585]Chapter 5: Discussion	

This thesis drove us one step closer in understanding the genetic basis of flocculation in the diazatroph, A. brasilense. The research here highlights and focuses on understanding some of the genes that may be directly or indirectly controlling the cell behaviors or the process of clumping and flocculation. 

In this research, we characterized nine out of the twenty-seven transposon mutants (I) 4A, 5A, 11A, 18A, 21A and PM29 with the transposon insertions mapped on genes encoding for different glycosyltransferases, (II) PM3, with the insertion on a gene coding for a putative TonB-dependent siderophore receptor, (III) PM6, with the insertion on gene coding for a putative acyl coA thioesterase, (IV) PM21, with the insertion on a gene coding for a sugar phosphatase of the haloalkanoate dehalogenase (HAD) superfamily. Characterizing the clumping and flocculation phenotypes of the mutants indicated that genes encoding for glycosyltransferase functions and the sugar phosphatase of HAD family were impaired but not null for flocculation.  Mutants impaired in a putative TonB-dependent receptor (PM3), a putative acyl coA thioesterase (PM6) were null for flocculation at 24 hours. However in cultures that were 9 days old, PM6 still showed no signs of flocculation or characteristics of advanced stages of clumping, but PM3 showed some limited flocculation. Interestingly, a variety of defects in the timing and intensity of clumping was seen in all these mutants relative to the wild type cultures.


Six glycosyltransferases coding genes were identified with the transposon insertion, with one of the mutant, 4A coding for a putative glucosyltransferase. Glycosyltransferases are enzymes that catalyze the transfer of a sugar moiety from an activated sugar donor to an acceptor molecule that can be either a saccharide or non-saccharide; such as a protein or lipid.  In agreement with such a possible role, the mutants affected within a gene encoding for a putative glycosyltransferase were impaired in the ability to bind lentil lectin, which specifically recognizes the EPS of the wild type cells capable of flocculating. Binding of lentil lectin to the cell surface of A. brasilense has been previously correlated with the ability of these cells to form large clumps and to aggregate (Edwards et al., 2011). Inability to bind lentil lectin suggests that several glycosyltransferases contribute to remodeling of the A. brasilense cell surface. Consistent with this hypothesis, all of the mutants were impaired in the timing to clumping and in the extent to which they could flocculate. Collectively, these results are consistent with the hypothesis that differentiation of A. brasilense into flocculated cells requires major changes in cell surface properties (Burdman et al., 2000; Edwards et al., 2011; Siuti et al., 2011).

In a separate mutant (PM21), the transposon was found to be inserted downstream of the putative glycosyltransferase gene mutated in the PM29 mutant, and this mutation mapped to the AZL_026470 locus (PM21) that encodes for a putative sugar phosphatase of the HAD superfamily. Based on the COG classification (http://www.ncbi.nlm.nih.gov/COG/), proteins from this group of enzymes are responsible for carbohydrate transport and metabolism. The finding that two independent mutations mapped to two adjacent loci suggests that these gene products have critical roles in clumping and flocculation. The PM21 mutant had the most intriguing phenotype in that cells did not flocculate and could not form cysts and yet, these cells, did appear viable under these conditions. Under other conditions lysis could be detected, suggesting that perhaps, the inability to flocculate may affect survival. However, a more detailed characterization of the growth characteristics and viability of this mutant after prolonged incubation is required for definitive conclusions to be made. Furthermore, the transposon insertion in PM21 could also be polar on downstream genes (including an unknown transcriptional regulator) with some of the phenotypes displayed by PM21 perhaps resulting from pleiotropic indirect effects caused by polarity on other gene(s).  Functional complementation and/or construction of defined mutations should help resolve this issue.


The mutation in the PM3 mutant was found to be within a putative TonB-dependent siderophore receptor gene that belongs to the ferric siderophore transport pathway. The transport is based on the proton motive force that is generated in the inner membrane and transduced by a TonB complex (Noinaj et al., 2010). The transposon mapped in a gene coding for a TonB-dependent receptor (FecA-like protein) that lies upstream of other components that are likely to comprise a siderophore transport regulation cassette (Figure 9) and includes a putative FecR-like transmembrane sensor and a putative -70-dependent transcriptional regulator downstream of FecR. In homologous systems, FecA is suggested to transduce signals related to iron ability to FecR which then activates the sigma-70 factor (putative FecI), allowing the RNA polymerase to transcribe the iron transport genes (Noinaj et al., 2010).  Our results are consistent with PM3 acting as a sensor for iron and suggest that under the conditions of growth conducive to flocculation, sensing of iron contributes to initiating clumping and flocculation. Indeed mutation within this receptor severely impaired flocculation with PM3 mutants showing some limited flocculation, 9 days after inoculation in this medium. Interestingly PM3 mutant cells responded to external iron supplementation by exhibiting aggregation rather than flocculation, suggesting that sensing iron may contribute to initiate cell-to-cell aggregation. However, iron supplementation did not enhance flocculation or delayed it in the wild type cells suggesting that sensing iron does not act simply as a triggering cue.  One possibility is that detection of iron modulates the expression of genes that enhance the ability of cells to flocculate. In this regard, the effects of PM3 mutation on the expression of downstream genes and determining if such effects correlate with iron availability should be productive.

The transposon insertion in the PM6 mutant maps to the gene that codes for a putative Acyl-CoA thioester hydrolase. Based on the genome sequence of A. brasilense Sp245, we found the mutation to be on a paralog of the E. coli ybgC gene that forms a complex with the Tol-Pal system in Gram-negative bacteria (Godlewska et al., 2009). In E.coli and few other Gram-negative bacteria in which the Tol-Pal system has been studied, its exact function remains relatively enigmatic and it has been best studied in E.coli (Figure 10).  In these few bacterial models, the Tol-PAL system was proposed to function in the translocation of colicins through the cell envelope  (R. Godlewska et al., 2009), but it has also been shown to have a role in motility and normal cell division in other bacteria (Webster R, 1999), and, in yet others, a possible role in the biogenesis and/or transport of LPS components was suggested (Lazzaroni et al., 1992). In E.coli, a few other proteins that interact with Tol-Pal system have been identified (Godlewska et al., 2009). However, the role of YbgC remains poorly characterized. In E.coli, YbgC was found to be a cytoplasmic protein that codes for a protein of unknown function. The transposon insertion in PM6 may be polar on downstream genes and it remains possible that the phenotypes of the PM6 mutant may results from polar effect on other genes of the Tol-Pal operon. Hence it would be crucial to determine in A. brasilense whether the transposon insertion on the ybgC gene has any effects on the expression of the genes downstream of it. The clumping and flocculation phenotype of the PM6 mutant indicate that YbgC and perhaps the entire Tol-Pal operon functions in regulation of cell morphology and motility in A. brasilense: PM6 mutant cells did not flocculate, even after 9 days post-inoculation into the medium and cells were still of wild-type size and motile. This suggests a major function for this system in cellular differentiation during flocculation. 

The genetic regulation of flocculation and clumping has been hypothesized to be under the control of multiple factors (Bible et al. 2011, Alexandre lab, unpublished material). It has been seen that the initial transient clumping in A. brasilense is dependent on changes in motility that are controlled by chemotaxis system signal transduction. Stable cell-to-cell aggregation and flocculation depend on remodeling on the cell surface properties, including EPS. This work identifies several glycosyltransferases that are likely to contribute to these changes. In addition an intriguing role for a putative iron-sensing regulatory network and a putative Tol-Pal system in modulating flocculation were also suggested by the identification of several mutations. However the exact contribution of these functions to cellular differentiation in A. brasilense deserve further investigation in to order for conclusive evidence to be obtained.
The mutations identified here represent a subset of potential candidates for function in regulating clumping and flocculation. The mutants that have been studied so far have shown a gamut of errors in clumping or flocculation. As mentioned previously, the regulators of flocculation whether direct or indirect function to impair these mutants in the biosynthesis of EPS and/or cell surface properties. The glycosyltransferase group of mutants shows early clumping and reduced flocculation when compared to the wild type. It is known that Che1 pathway regulates the early stages of clumping, and may directly affect changes in the swimming speed of cells that occur prior to changes in cell surface properties.  This suggests that the glycosyltransferase group of mutants may affect clumping downstream of the Che1 pathway, perhaps by contributing to cell-to-cell aggregation. The lentil-lectin staining support this hypothesis since none of the glycosyltransferase mutants were able to bind the lentil lectin, indicating an inability to remodel their cell surface adhesive EPS to produce lentil lectin-binding EPS. In contrast the regulation in other mutants like PM3 and PM6 appears to be further downstream of the control of the che1 pathway, since both mutants show significant clumping and produce lectin-binding EPS but are still unable to flocculate at 24 hours like the wild type cells. 
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Figure 10. Schematic representation of the PM3 mutation in the genomic context. Panel A shows a schematic representation of the components of the iron transport pathway that were detected in Azospirillum downstream of the PM3 mutation. The PM3 mutation lies in the TonB dependent siderophore receptor (TBDR). Panel B highlights the gene with the PM3 mutation in the genomic context (http://genome.ornl.gov/microbial/abra/19sep08/) 
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Figure 11. Schematic representation of the PM6 mutation in the genomic context. Panel A shows the schematic representation of the genes that were identified from the tol-pal operon in A. brasilense with the PM3 mutation on the ybgc gene. Panel B shows the gene with the mutation and the genes downstream of it. 















Clumping and flocculation are cellular interactions that occur due a change in the cell surface adhesive properties. The set of mutants that we analyzed showed that the glycosyltransferase groups of mutants have no growth defect. They are however affected in the cell surface adhesive properties, which indicate their defect in forming larger stabilized clumps and flocs. The TonB mutation (PM3) appears to regulate the process of clumping and flocculation by an indirect mechanism since iron chelation or supplementation did not rescue the defect in the corresponding mutant and the mutation only triggered transient cell aggregation but not flocculation. The mutation seems to cause a defect in iron sensing which is not direct in regulation, hence it can be hypothesized that the mutation blocks some metabolism or prevent the activation of genes that may be needed to be turned on during flocculation. PM6 mutation that is mutated on the ybgc gene was the most interesting of all mutations. While the mutation of this gene causes no other phenotypic defect when it is mutated from the tol-pal operon in other gram-negative organisms, in A. brasilense Sp7 the mutation severely impaired and delayed flocculation hence causing an alteration in the ability of the cells to interact and adhere to each other most severely. The mutation plays a major role in in differentiation of cells during flocculation and cyst formation since cells did not change their morphology or motility under stressful conditions and this mutation was the most severely affected in flocculation. Follow up studies and future work should include functional complementation of mutations to conclusively ascribe a role for the gene products in clumping and flocculation. In conclusion, the influences of the other regulators also need to be thoroughly investigated to further our knowledge about the processes that control clumping and flocculation in A. brasilense.
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