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PREFACE 
 

Pantoea ananatis, a member of the family Enterobacteriaceae, is distributed globally and has 

been isolated from a wide range of environmental sources. Strains of this species are 

frequently found in close association with a number of plant species and may cause a wide 

range of disease symptoms. However, little is known about how P. ananatis causes these 

symptoms and whether or not strains are host specific. Genomic analyses revealed the 

presence of flagellin glycosylation island (FGI) in this bacterium, which is involved in the 

posttranslational modification of bacterial flagella. This modification has been linked to a 

number of different functions, including host specificity and virulence in related 

phytopathogens. In this, comparative genomic and molecular genetic approaches will be used 

to analyse the FGIs in a number of P. ananatis strains isolated from different plant hosts.  

 

In Chapter 1 of this dissertation, literature pertinent to the topic of the dissertation will be 

reviewed and will include aspects of the genetics, regulation and structural components of 

flagellar motility, before providing an in depth discussion on flagellin glycosylation, with a 

specific focus on this phenomenon in phytobacteria. In the first research chapter, Chapter 2, 

the molecular genetics and evolution of the extensive and versatile flagellin glycosylation loci 

in the genomes of seventeen distinct P. ananatis strains for which genome sequences are 

available will be undertaken.  In Chapter 3, genetic screening to determine the presence of 

FGIs in a large collection of P. ananatis strains, as well as the prevalence of each distinct FGI 

type will be employed. Finally, any linkage between the FGI type an individual P. ananatis 

strain contains and the particular host it infects, and geographical location from which it was 

isolated, will be elucidated.  
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1.1 Abstract 
 

Bacteria are one of the most abundant living organisms that are capable of dwelling in a 

broad range of ecological niches that have numerous stresses. Their fitness is determined by 

the capabilities they possess to survive in a particular ecological niche, through the use of 

various mechanisms including flagella and flagellin glycosylation. Flagella and the post-

translational modification, flagellin glycosylation provide the bacteria with several abilities to 

assist with motility, adhesion, invasion, infection and survival in its niche. This review 

focuses on the genetic, phylogenetic, physical assembly and functional aspects of both the 

flagellum and flagellin glycosylation. As well as how both flagella and flagellin glycosylation 

make the bacterium capable of avoiding host defence responses. 

 

1.2 Introduction 
 

Bacteria are among the dominant living organisms, with an estimated 9.2 to 31.7 x 1029 

bacterial cells found on Earth (Kallmeyer et al., 2012). Their dominance can be attributed to 

their capacity to survive and thrive in almost all of Earth’s ecological niches, including soil 

(Geisseler et al., 2010, Husen, 2013, Udikovic-Kolic et al., 2014), water (Morohoshi et al., 

2007, Maleki et al., 2015), the atmosphere (Maruthamuthu et al., 2008, Hospodsky et al., 

2012), food (Gobbetti et al., 2010, Ryan et al., 2015), as well as in association with various 

vertebrate, insect and plant hosts (Coutinho & Venter, 2009, Rosenberg et al., 2010, Feasey 

et al., 2012, Eleftherianos et al., 2013, McFall-Ngai et al., 2013, Oliver et al., 2014, Scharf et 

al., 2016). In these diverse ecological niches, bacteria are exposed to a wide range and 

combination of biotic and abiotic stresses (Davey & O'toole, 2000, An et al., 2006), including 

UV irradiation and associated DNA damage on light exposed surfaces (Davey & O'toole, 

2000, Jacobs & Sundin, 2001), nutrient limitation (Redford et al., 2010, Remus-Emsermann 

et al., 2012), low water availability (Remus-Emsermann et al., 2012), antibiotics and toxic 

compounds (Ramos et al., 2004) and competition with other bacteria for limiting resources 

(Lindow, 1991, Hirano & Upper, 2000, Coleman, 2001, An et al., 2006).  
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The ability of a bacterium to cope with environmental stress is referred to as their fitness 

(Hirano & Upper, 2000). This fitness can be increased in small increments by a combination 

of phenotypic traits expressed by the bacterium (Hirano & Upper, 2000). Some of these traits 

include the production of exopolysaccharides and biofilms that surrounds the bacteria and 

protects them from harsh environmental conditions (Lindow, 1991, Hirano & Upper, 2000), 

DNA repair mechanisms to repair UV-mediated mutagenic damage (Jacobs & Sundin, 2001), 

as well as producing of siderophores and antibiotics to outcompete other microorganisms 

sharing the same ecological niche (Hirano & Upper, 2000). Another important fitness factor 

among plant-associated bacteria is swimming motility which allows the bacteria to move in 

liquids, and towards nutrient rich areas and away from toxic compounds (Rashid & 

Kornberg, 2000, Tomich et al., 2002). Furthermore, in host-associated bacteria, it assists in 

the infection process as well as evasion of host defences (Tomich et al., 2002, Harshey, 2003, 

Takeuchi et al., 2003, Merritt et al., 2007).  

 

Swimming motility occurs by means of a surface appendage, the flagellum, and has been 

observed in most known bacterial taxa (Aldridge & Hughes, 2002, Thomas et al., 2007). As a 

result, the molecular genetics, mechanical functioning and biological roles they play in 

various bacteria have been well-documented. As such, the flagellum has been demonstrated 

to be a multifunctional organ of the bacterial cell, playing a role not only in motility, but also 

adhesion and biofilm formation, as well as host invasions and virulence in pathogenic 

bacteria (Josenhans & Suerbaum, 2002, Tomich et al., 2002, Ramos et al., 2004, Herrera et 

al., 2008). However, flagella are also highly immunogenic structures and can trigger host 

defence responses (Felix et al., 1999). Some bacteria have evolved several mechanisms to 

counteract this effect. These include phase variable expression of antigenically distinct 

flagellin proteins, the main structural subunit of the flagellum, and glycosylation of the 

flagellin protein (Felix et al., 1999, Schmitt et al., 2001, Ottemann & Lowenthal, 2002, 

Tomich et al., 2002). The latter involves the posttranslational addition of a sugar chain to the 

flagellin protein, effectively masking its antigenic domains (Takeuchi et al., 2003, Hayakawa 

& Ishizuka, 2012). This has been observed in a wide range of bacterial taxa and is 

particularly common among clinical and plant pathogens (Takeuchi et al., 2003, Logan, 

2006, Hayakawa & Ishizuka, 2012).      
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In this dissertation studies were performed, by means of comparative genomic and molecular 

analyses, flagellin glycosylation in the plant-associated bacterium Pantoea ananatis. This 

bacterium is frequently found as epi- or endophyte on a broad host range of plant hosts, but 

more significantly also causes plant diseases in a range of these hosts and we postulate that 

flagellin glycosylation is an important factor in P. ananatis plant host interactions. Here we 

highlight some of the pertinent literature about the flagellum, its structure, assembly, and 

genetics. Furthermore, we discuss means employed by bacteria to prevent detection by the 

host and the launching of host defences, with particular focus on flagellin glycosylation. 

 

1.3 The Bacterial Flagellum 
 

The flagellum is a filamentous organ located in the bacterial membrane protruding to the 

exterior of the cell (Aldridge & Hughes, 2002, Balaban & Hendrixson, 2011, Hayakawa & 

Ishizuka, 2012). It is typically between 15 and 20 nm in width and approximately 10 -15 μm 

in length (Namba & Vonderviszt, 1997, Harshey, 2003, Sowa & Berry, 2008, Parker et al., 

2014). Flagellation is a common phenomenon among bacteria and has been observed in more 

than 80% of all known bacterial species (Thomas et al. 2001). There is tremendous variability 

in terms of the number of flagella and their arrangement on the cell surface (Aldridge & 

Hughes, 2002, Balaban & Hendrixson, 2011, Hayakawa & Ishizuka, 2012). Some bacteria 

contain a single flagellum on one (polar) or both sides (bi-polar) of the cell (Takeuchi et al., 

2003, Amiel et al., 2010, Hayakawa & Ishizuka, 2012). Others have many flagella on one 

side (lophotrichous), both sides (amphitrichous) or around the whole cell (peritrichous) 

(Figure 1). Due to the complexity of its structure, the flagellum is composed of various 

proteins, which all play a role in its structure or functioning (Aldridge & Hughes, 2002).  
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1.3.1 Structure  
 

The flagellum typically comprises of three main components: a basal body, hook and a 

filament (Figure 2). The basal body comprises of several rings which anchor the flagellar 

filament to the bacterial cell envelope (Minamino & Macnab, 1999). The basal body in 

Gram-positive bacteria differs from that of Gram-negative bacteria, due to differences in their 

cell wall composition, and comprises of only two rings, with one in the periplasm and one in 

the cytoplasmic membrane (Courtney et al., 2012, Schuhmacher et al., 2015). In Gram-

negative bacteria, the basal body consists of four rings (L, P, MS and C) located in different 

layers of the cell wall and the rod, which connects the hook to the basal body (Hayakawa & 

Ishizuka, 2012). The inner ring, the C-ring, is located in the cytoplasm (Hayakawa & 

Ishizuka, 2012). It consists of three proteins, FliG, FliM and FliN, which together make up 

components of the flagellar motor switch and energizing component (Pandini et al., 2015). 

FliG directly assists in the rotation of the flagella as it is situated next to the motor complex 

(MotA/B), at the top of the C-ring (Pandini et al., 2015)(Figure 2). The second ring complex, 

the MS-ring (a complex of two rings the M- and S-rings)(Ueno et al., 1994) is located in the 

cytoplasmic membrane and is connected to the hook (Hayakawa & Ishizuka, 2012). The MS-

ring consists of multiple copies of the membrane protein FliF (Ogawa et al., 2015). The P- 

and L- rings are located in the peptidoglycan layer and the outer membrane, respectively 

(Jones et al., 1989). These two rings consist of the structural protein FlgI (Hizukuri et al., 

2008) and the lipoprotein FlgH (Berg, 2003), respectively. Both the P- and L-rings form the 

outer cylinder of a large pore in the basal body, through which the rod passes (Stallmeyer et 

al., 1989, Sowa & Berry, 2008). The combination of the two rings supports the hook like a 

“clamp” to keep the hook in place while it is able to rotate. This is known as bushing, which 

occurs between the rotor and the outer parts of the cell wall (Sowa & Berry, 2008). The 

proximal end of the rod passes through the MS-ring to the P- and L-rings (Figure 2), and 

consists of the FliE, FlgB, FlgC, and FlgF proteins (Dailey & Berg, 1993, Berg, 2003, Saijo-

Hamano et al., 2004). The distal end of the rod connects to the flagellar hook and is 

composed of the FlgG protein (Dailey & Berg, 1993, Berg, 2003, Saijo-Hamano et al., 2004). 

The proteins of the rod are all structural proteins that assist in the rotation of the hook 

(Samatey et al., 2004, Courtney et al., 2012). 
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The flagellar hook is composed of multiple monomers of the FlgE protein and is connected, 

at its proximal end, to the rod and is known as the hollow linker domain (Bonifield et al., 

2000, Berg, 2003, Courtney et al., 2012, Hayakawa & Ishizuka, 2012). The flagellar hook 

forms a hollow cylindrical structure, which serves as an export channel for the filament 

proteins (Logan, 2006). The hook component is also flexible in order to transfer torque from 

the rod to the filament and assists with change in angle that occurs in rotation (Samatey et al., 

2004, Courtney et al., 2012). On the distal terminal of the hook there are two hook-filament 

junction proteins consisting of the hook-associated proteins FlgK and FlgL (Berg, 2003). 

These assist in the connection between the hook and the filament (Berg, 2003). 

 

The filament represents the surface-exposed portion of the flagellum (Figure 2). The filament 

is polymerized from large numbers (between 20,000 – 30,000 subunits) of copies of a single 

protein, flagellin (FliC)(Namba & Vonderviszt, 1997). In some bacteria, there are several 

copies of the fliC gene, which together synthesize the filament. For instance, Campylobacter 

species produce two different flagellin proteins, FlaA and FlaB (Logan, 2006). FlaB has 

homology to the flagellin proteins found in other bacterial species, whereas the FlaA protein 

has no sequence similarities (Logan, 2006). At the distal end of the flagellar structure is the 

flagellar cap protein (FliD)(Berg, 2003). This cap protein assists with the polymerization and 

self-assembly of the flagellin monomers in the filament, ensuring that the flagellin monomers 

are incorporated into the protofilament and do not escape into the extracellular environment 

(Berg, 2003, Hayakawa & Ishizuka, 2012).  

 

Flagellum rotation is driven by a motor (Berg, 2003),that consists of two components, the 

stator and rotor (Reid et al., 2006). The stator is composed of the MotA and MotB proteins 

(Ridgway et al., 1977, Lloyd et al., 1999, Berg, 2003). These proteins span through the 

cytoplasmic membrane into the peptidoglycan layer, that assists in the anchoring of the 

protein complex (Berg, 2003). The rotor is composed of the C-ring containing, FliM, FliN 

and FliG, where the FliG protein is in direct contact with the Mot complex (Berg, 2003, 

Kojima, 2015, Pandini et al., 2015). In the motor complex, MotAB, generates the force 

needed to rotate the flagellum through proton conduction (Hayakawa & Ishizuka, 2012). This 

proton conduction is created by the influx of monovalent cations from the periplasmic space 

to the cytoplasm across the inner membrane (Hayakawa & Ishizuka, 2012).  
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1.3.2 Assembly and regulation of the flagellum 
 

The production of flagella is tightly regulated, as flagellar synthesis places a substantial 

metabolic burden on the bacterial cell (Bonifield et al., 2000, Bonifield & Hughes, 2003, 

Kinoshita et al., 2013). Hence, the flagellar genes are transcribed at three different stages and 

transcription occurs under the control of three distinct classes of promoters (Figure 

3)(Kutsukake et al., 1990, Kinoshita et al., 2013). The first set of genes, Class I, consists of 

the master regulator flhCD, and is controlled by different σ factors depending on the bacterial 

species at an early stage of flagellum synthesis (Aldridge & Hughes, 2002). For example 

Salmonella sp. and Vibrio sp. use the σ⁷⁰ promoter whereas Caulobacter crescentus utilises 

the σ⁷³ promoter (Aldridge & Hughes, 2002). 

 

The second class of genes in the cascade, Class II, has its promoters directly activated by 

FlhCD, and it incorporates genes encoding the basal body and export machinery, as well as 

the sigma factor fliA (σ²⁸), which positively regulates the Class III genes, while flgM 

negatively regulates the next genes in the cascade (Chilcott & Hughes, 2000, McCarter, 2001, 

Aldridge & Hughes, 2002). The Class III regulon incorporates those genes required for the 

synthesis of the hook complex, the filament, motor force generators and chemosensory 

machinery (Chilcott & Hughes, 2000, Aldridge & Hughes, 2002). Once the flagellin (FliC) 

proteins have been produced, the cytosolic chaperone FliS binds to a 40 amino acid region in 

the C-terminal of the former protein (Evdokimov et al., 2003, Ozin et al., 2003, Logan, 

2006). This complex assists in the prevention of premature monomer interaction in the 

cytoplasm (Evdokimov et al., 2003, Ozin et al., 2003, Logan, 2006). Flagellin proteins are 

then driven to the export apparatus through the mediation of a specific N-terminus sequence 

recognition and is then secreted through a type III secretion system channel to the tip of the 

growing filament, where the flagellin monomers are assembled (Macnab, 2003, Logan, 

2006). The flagellin monomers are assembled into 11 protofilaments, which are subsequently 

utilized to produce the filament (Hayakawa & Ishizuka, 2012), forming a long, hollow, 

cylindrical shape in the centre of the filament (Hayakawa & Ishizuka, 2012). This is known 

as the flagellar channel, which enables the transport of the proteins needed for filament 

assembly, post-translational modification and, in some cases, the secretion of virulence 

effectors (Macnab, 1999, Macnab, 2003, Logan, 2006, Abby & Rocha, 2012, Forster & 

Marquis, 2012, Hayakawa & Ishizuka, 2012). This has led to the theory that the flagellar 
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export system may have evolved from a common ancestor to the Type III Secretion Systems 

(T3SS) which are pivotal in the virulence of several clinical and plant pathogenic bacteria 

(Abby & Rocha, 2012, Forster & Marquis, 2012).  

 

1.3.3 Genomic organisation  

 

The flagellum is a complex structure and requires a large number of genes for assembly, 

structure, regulation, motor force generation and the chemosensory machinery (Aldridge & 

Hughes, 2002). In the model organism Escherichia coli, approximately 50 genes are involved 

in flagellum biosynthesis (Soutourina & Bertin, 2003), while the flagellum biosynthetic gene 

complement of Vibrio parahaemolyticus incorporates 57 genes (Kim & McCarter, 2000). 

These genes are localised in distinct loci on the chromosome, and are generally well 

conserved among different bacterial taxa (Chilcott & Hughes, 2000, Aldridge & Hughes, 

2002, Dasgupta et al., 2003, Takeuchi et al., 2003).  In most Gram-negative bacteria, 

including the motility model organisms E. coli, Salmonella enterica and Pseudomonas 

aeruginosa, the genes involved in flagellum biosynthesis, regulation and functioning are 

maintained in three non-contiguous loci (Silverman & Simon, 1973, Soutourina & Bertin, 

2003). Locus I comprises mainly of flagellum structural genes, locus II codes for proteins 

involved in regulation of flagellum assembly, the motor proteins and the chemotactic 

proteins, while locus III incorporates the export apparatus genes, the flagellum-specific sigma 

factor σ28 (fliA) as well as several flagellum structural genes (Silverman & Simon, 1973, 

Soutourina & Bertin, 2003). Within each of the loci, several operons can be found, which 

further assist in the regulatory hierarchy of flagellum biosynthesis (Komeda et al., 1980, 

Kutsukake et al., 1988, Kutsukake et al., 1990, Macnab, 1992).  
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1.3.4 The Chemotactic cascade 

 

Flagellated bacterium are capable of directed motility in response to exposure to distinct 

chemical stimuli, towards nutrients and oxygen, and away from toxic substances (Harshey, 

2003, Takeuchi et al., 2003, Merritt et al., 2007). This phenomenon occurs through the signal 

transduction known as the chemotaxis system (Macnab, 1992, Kojima & Blair, 2004, Olsen 

et al., 2013). This system was first extensively researched in E. coli and S. enterica (Bischoff 

& Ordal, 1992). The chemotactic cascade consists of six major proteins CheA, CheY, CheW, 

CheB, CheR and CheZ (Bischoff & Ordal, 1992). Once an environmental stimulus is present, 

it causes a conformational change in the cell membrane-bound methyl-accepting chemotaxis 

proteins (MCPs)(Bischoff & Ordal, 1992, Ottemann & Miller, 1997, Maurer et al., 2005, 

Hazelbauer et al., 2008, Sourjik & Wingreen, 2012). These MCPs subsequently 

autophosphorylates the histine kinase protein CheA, which has a coupling protein, CheW, 

which autoregulates CheA (Bischoff & Ordal, 1992, Ottemann & Miller, 1997, Maurer et al., 

2005, Hazelbauer et al., 2008, Sourjik & Wingreen, 2012). CheA then phosphorylates the 

CheY protein through transfer of a phosphate group (Bischoff & Ordal, 1992, Hazelbauer & 

Lai, 2010), and the phosphorylated CheY protein (chemotaxis related protein) subsequently 

binds to FliM in the C-ring, which has the capability of switching the rotation direction of the 

flagellum (Sockett et al., 1992, Mathews et al., 1998, Hayakawa & Ishizuka, 2012). When 

the phosphorylated CheY interacts with FliM, clockwise rotation occurs that causes the 

bacterium to tumble, and when there is no CheY to interact with, counter-clockwise rotation 

occurs (Irikura et al., 1993, Mathews et al., 1998, Kojima & Blair, 2004, Hayakawa & 

Ishizuka, 2012). The chemotaxis system is able to adapt to this change due to the covalent 

modifications that occur, with the methylation of CheR and the demethylation of CheB 

(Hazelbauer & Lai, 2010). FliN and CheZ are then capable of dephosphorylating the CheY 

protein, which reverts the latter protein to its original state (Bischoff & Ordal, 1992, 

Lowenthal et al., 2009, Pandini et al., 2015). 

 

1.3.5 Functions of flagellum 

 
A multitude of distinct functions have been ascribed to the flagellum. Notwithstanding, the 

best characterized flagellar function is two distinct forms of motility, namely swimming and 

swarming motility (Young et al., 1999b, Harshey, 2003, Merritt et al., 2007, Herrera et al., 
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2008, Sourjik & Wingreen, 2012). Swimming motility involves the rapid forwards and 

backwards movement, as well as running and tumbling of an individual cell in response to 

chemotactic signals (Harshey, 2003, Merritt et al., 2007, Sourjik & Wingreen, 2012). This 

motility is advantageous to the bacteria as they are able to get access to better nutrients, are 

able to avoid toxic substances and move to more favourable ecological niches (Rashid & 

Kornberg, 2000). Swarming motility occurs when bacterial cells are elongated, 

hyperflagellated, and moves in a coordinated manner as a group in a thin fluid layer on a 

surface (Young et al., 1999b, Harshey, 2003, Herrera et al., 2008). This coordinated 

movement plays a role in surface colonization and biofilm formation (Harshey, 2003). 

Furthermore swarming motility has been observed to assist in the invasion and virulence of 

the human pathogen Helicobacter pylori and phytopathogen Ps. syringae pv. glycinea 

(Hattermann & Ries, 1989, Ottemann & Lowenthal, 2002, Herrera et al., 2008). 

 

Flagella have also been demonstrated to play a role in the adhesion to surface and subsequent 

colonization (Ramos et al., 2004, Merritt et al., 2007). When the adhesion of a flagellated 

Clostridium difficile strain was compared to a non-flagellated strain it was observed that the 

adhesion to the cecal tissue of germ-free mice was 10-fold lower, emphasizing the 

importance flagella has in adherence in this opportunistic pathogen (Tasteyre et al., 2001, 

Ramos et al., 2004). In Listeria monocytogenes it was demonstrated that the flagella played a 

role in adhesion to stainless steel surfaces (Vatanyoopaisarn et al., 2000). The plant-pathogen 

Agrobacterium tumefaciens and plant-growth promoting bacteria Rhizobium leguminosarum 

bv. viciae and Azospirillum brasilense have also been elucidated to utilize flagellum-

mediated adhesion in their infection of plant cells and root surfaces, respectively (Rodríguez-

Navarro et al., 2007). In the cystic fibrosis pathogen Ps. aeruginosa the flagellum was 

observed to play a role in attachment to mucus in the airway lumen (Ramos et al., 2004). 

 

Flagellar motility is pivotal to host invasion and spread within host tissues among several 

pathogenic bacteria (Tomich et al., 2002). Enhanced flagellum-mediated invasion has for 

example been demonstrated in Campylobacter jejuni, Proteus mirabilis, Vibrio anguillarum, 

Salmonella enterica and Listeria monocytogenes (Yao et al., 1994, Mobley et al., 1996, 

Ormonde et al., 2000, Tomich et al., 2002, van Asten et al., 2004, O'Neil & Marquis, 2006). 

Flagellum-mediated motility enabled Burkholderia cepacia to penetrate host epithelial 
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barriers, therefore leading to formation of infection and systemic spread (Tomich et al., 

2002). Furthermore, flagellar motility has been observed to be essential for the effective 

virulence of many bacterial pathogens, and as such this form of motility is generally 

considered as a virulence factor. Moreover virulence factors have also been demonstrated to 

be secreted via the flagellar export system, including Campylobacter jejuni that uses the 

flagellar export system to secrete a set of invasive antigen proteins (Cia proteins)(Konkel et 

al., 2004), S. enterica serovar typhimurium secretes several virulence proteins (Komoriya et 

al., 1999) and  Y. enterocolitica  that secretes numerous extracellular toxins, including YplA 

(Young et al., 1999a). 

 

1.3.6 Antigenicity of the flagellum 

 

While flagella are essential for moving to the site of entry, invasion, attachment, colonisation 

and virulence, the flagellum also serves as a means of recognition of an invading bacterium 

by the host, which can subsequently mount a concerted defence response (Hattermann & 

Ries, 1989, Schmitt et al., 2001, Josenhans & Suerbaum, 2002, Ottemann & Lowenthal, 

2002, Tomich et al., 2002, Harshey, 2003, Takeuchi et al., 2003, Ramos et al., 2004, Merritt 

et al., 2007, Herrera et al., 2008). This can be linked to the highly immunogenic nature of the 

major flagellar structural protein flagellin (Jones & Dangl, 2006). Plant-associated and 

mammal-associated bacteria have flagellin proteins that contain a number of epitopes, which 

can serve as Microbe-Associated Molecular Patterns (MAMPs)(Akira & Takeda, 2004, Jones 

& Dangl, 2006). These elicitors are recognized by host pattern recognition receptors (PRRs) 

located in the transmembrane of the host (Jones & Dangl, 2006). In mammalian hosts the best 

characterised PRR are the Toll-like receptors (TLRs), while plants recognise MAMPs by 

means of receptor kinases (Akira & Takeda, 2004, Jones & Dangl, 2006, Dangl et al., 2013). 

Recognition of MAMPs by these transmembrane PRRs triggers inducible innate immunity 

and MAMP triggered immunity and inducible innate immunity in mammalian and plant 

hosts, respectively (Jones & Dangl, 2006, Cai et al., 2011, Dangl et al., 2013). Recognition of 

flagellin by mammalian TLRs, in particular TLR5 (Gewirtz et al., 2001a, Hayashi et al., 

2001, Akira & Takeda, 2004), activates the production of numerous defence proteins, 

including  nuclear factor NF-κB, interleukin-1b, mitogen-activated protein kinases (MAPKS) 

(McDermott et al., 2000, Gewirtz et al., 2001a, Hayashi et al., 2001), matrilysin, inducible 

nitric oxide synthase and nitric oxide, human β–defensin 2, tumour necrosis factor-α (TNF-

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



12 

α)(McDermott et al., 2000) and chemokines (McDermott et al., 2000, Eaves-Pyles et al., 

2001, Gewirtz et al., 2001a, Gewirtz et al., 2001b, Sierro et al., 2001, Zeng et al., 2003, 

Ramos et al., 2004). This immune response then serves to eradicate the pathogen from host 

tissues and prevent re-infection (Sierro et al., 2001).  

 

MAMP Triggered Immunity (MTI) in plants activates the salicylic acid (SA) signalling 

pathway, activating the production of abscisic acid (ABA), which results in the closure of the 

plants stomata to prevent further pathogen entry, contain the already internalised pathogen 

and potentially destroy the infecting pathogen (Felix et al., 1999, Melotto et al., 2006, Neill 

et al., 2008, Tsuda et al., 2008, Wang et al., 2009, Zeng et al., 2010). MTI also leads to the 

production of reactive oxygen species, phenolic esters, PR’s: protein antimicrobial 

compounds, resistance (R) genes and the thickening of the plant cell wall, to try prevent and 

contain the bacteria from spreading (Dangl & Jones, 2001, Nimchuk et al., 2003). General 

host defence responses will be activated regardless of whether the flagellated bacterial 

invader is pathogenic or non-pathogenic (Hutcheson, 1998). However, non-pathogenic 

bacteria, result in much quicker triggering of host responses and at higher levels than those 

induced in response to pathogenic bacteria (Hutcheson, 1998). 

 

Characterized flagellin epitopes which serve as MAMPs include flgII 28, flg15 and flg22 in 

Ps. syringae species, Agrobacterium tumefaciens, Rhizobium meliloti, and Ralstonia 

solanacearum (Gómez‐Gómez et al., 1999, Meindl et al., 2000, Jones & Dangl, 2006, Cai et 

al., 2011, Veluchamy et al., 2014). The antigenicity of the flagellin protein (FliC) has been 

linked to a highly conserved domain with a short amino acid sequence, namely the flg22 

epitope (Felix et al., 1999). This epitope is a 22 amino acid sequence which is located in the 

N-terminal of the flagellin protein secondary structure (Sun et al., 2013b). In Arabidopsis 

plants, the FLS2 receptor is responsible for recognition of the bacterial-derived flagellin 

elicitor (Felix et al., 1999). The FLS2 protein contains an extracellular leucine rich repeat 

(LRR), transmembrane domain and a cytoplasmic serine/threonine kinase domain (Gómez-

Gómez & Boller, 2000). In a study performed on Arabidopsis thaliana seedlings it was 

observed that the flg22 and flg15 bacterial elicitors were able to cause callose deposition, a 

strong inhibition of seedling growth, the release of active oxygen species and the induction of 

genes that code for the pathogenesis–related proteins PR-1 and PR-5 that help with 
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pathogenesis (Gómez‐Gómez et al., 1999). However if there is a difference in the amino acid 

sequence of the receptor peptide or in the corresponding conserved domain of the flagellin, 

then there will be limited or no host defence response (Gómez‐Gómez et al., 1999, Meng et 

al., 2013).  

 

1.4 Means of avoiding host detection of the flagellum 
 

In response to hosts detecting the flagellin of invading bacteria and initiating defence 

mechanisms, bacteria have evolved several means to avoid host detection of the flagellum 

(Bonifield & Hughes, 2003, Soutourina & Bertin, 2003, Akira & Takeda, 2004, Jones & 

Dangl, 2006, Liu et al., 2012). One well-characterised means of avoiding host detection is 

through the phenomenon of flagella phase variation (Ikeda et al., 2001, Aldridge et al., 2006, 

Yamamoto & Kutsukake, 2006). Flagella phase variation has demonstrated in a number of 

distinct bacterial taxa include E. coli, Pseudomonas sp., Salmonella sp. and Vibrio sp. (Déziel 

et al., 2001, Ikeda et al., 2001, Achouak et al., 2004, Liu et al., 2012, Zhou et al., 2015). 

Flagella phase variation is the stochastic variation in the production of the flagellum, by 

switching genes on and off to create a different flagellum (Ikeda et al., 2001, Van Der Woude 

& Bäumler, 2004, Aldridge et al., 2006). This variation in flagellum is specifically caused by 

the regulation of the production of flagellin (FliC), where several antigenically distinct copies 

may be produced by some taxa (Ikeda et al., 2001, Bonifield & Hughes, 2003, Van Der 

Woude & Bäumler, 2004, Aldridge et al., 2006, Liu et al., 2012, Zhou et al., 2015). For 

example, the genome of Vibrio parahaemolyticus incorporates six fliC genes whereas V. 

cholera contains five flagellin genes (McCarter, 2001, Soutourina & Bertin, 2003). The 

majority of the research undertaken on phase variation has been performed on Salmonella 

enterica which encodes two distinct flagellin proteins, FljB and FliC (Bonifield & Hughes, 

2003, Liu et al., 2012).  

 

The stochastic variation of flagella phase variation is produced through the process where 

each bacterial flagellin has its own H phase, one H phase with a promoter, the flagellin and 

an inhibitory, while the other just consists of a promoter and flagellin (Zieg et al., 1978, Ikeda 

et al., 2001, Aldridge et al., 2006, Yamamoto & Kutsukake, 2006, Feng et al., 2008). 

Salmonella enterica serovar typhimurium is one of the first bacteria that flagellar phase 
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variation was observed in, with the switching between two flagellar types, through the 

alternative expression of two flagellin, FljB and FliC (Stocker, 1949, Ikeda et al., 2001, 

Bonifield & Hughes, 2003, Aldridge et al., 2006, Liu et al., 2012, Zhou et al., 2015). This 

switching is between the expression of a small operon, fljBA, flagellin fljB, and the inhibitory 

gene fljA that inhibits the synthesis of the second flagellin, fliC, and then of just fliC (Zieg et 

al., 1978, Feng et al., 2008, Liu et al., 2012). This process occurs through the site-specific 

DNA inversion of a chromosomal region, the promoter (Ikeda et al., 2001, Bonifield & 

Hughes, 2003, Liu et al., 2012). Due to recombination sites that are 26bp invert repeats 

containing the hin gene that codes for a recombinase, which is needed to assist the switching, 

flanking the promoter and allowing it to be inverted (Silverman & Simon, 1980, Ikeda et al., 

2001, Bonifield & Hughes, 2003, Liu et al., 2012). In the one orientation FljA and FliB are 

produced, while fliC is then inhibited by FljA, and in the other orientation FliC is produced 

while fljA and fljB are inhibited (Steege, 2000, Bonifield & Hughes, 2003, Feng et al., 2008, 

Liu et al., 2012). 

 

More over this process of stochastic variation only occurs in Salmonella enterica serovars 

that are bilateral with two or more flagellin, unlike that of S. enterica serovar typhi that only 

possesses one flagellin FliC (Liu et al., 2012). However, a study performed in 2007 observed 

that S. enterica serovar typhi strains isolated from Indonesia produce two flagellin, FliC and a 

novel flagellin Z66 (Baker et al., 2007). In general flagellin phase variation occurs in those 

bacterial taxa containing more than one flagellin gene. However, a distinct phase variation 

has been observed in some E. coli strains which contain only a single fliC gene (Feng et al., 

2008, Liu et al., 2012). This has been linked to a flagellin-specifying gene flkA and a 

repressor gene, flkB, located on a genomic islet (flk GI)(Liu et al., 2012). The presence of the 

flk GI results in repression of fliC (Liu et al., 2012). However, once the flk GI has been 

removed from the chromosome, flkAB will be deleted and FliC will be produced (Liu et al., 

2012). Another means that some bacteria use to prevent host detection of the flagellar MAMP 

is through posttranslational modification of the flagellin with glycan chains, known as 

flagellin glycosylation. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



15 

1.5 Flagellin glycosylation 
 

Flagellin glycosylation is a modification process whereby bacteria have glycan and 

polysaccharide chains that are post-translationally attached to the flagellin (Logan, 2006). 

Flagellin glycosylation has been observed in a number of different bacterial and archaeal 

taxa, and is particularly prevalent among plant and animal pathogens (Logan, 2006). The 

process of flagella glycosylation was first observed in the human pathogen Campylobacter 

coli (Alm et al., 1992). It has subsequently been demonstrated in other clinical pathogens 

including Helicobacter pylori, Aeromonas spp. and Shewanella spp. as well as 

phytopathogens, including Xanthomonas spp. and Pseudomonas spp. (Schirm et al., 2003, 

Takeuchi et al., 2003, Logan, 2006, Taguchi et al., 2010, Hayakawa & Ishizuka, 2012).  

 

1.5.1  Structure 

 

The monomeric flagellin proteins consist of four distinct domains: D0, D1, D2 and D3 

(Figure 4)(Sun et al., 2013a). The D0 and D1 domains are highly conserved regions and are 

found at the N- and C- terminals of the amino acid sequence, respectively. These two regions 

are composed of α-helices and form the core of the filament structure (Beatson et al., 2006). 

The D2 and D3 domains are hypervariable regions and are composed of β-strands (Beatson et 

al., 2006). These two regions form the central portion of the flagellin amino acid sequence, 

and are located on the surface of the flagellum filament (Figure 4). This hypervariable region 

represents the predominant site for flagellin glycosylation (Takeuchi et al., 2003, Hayakawa 

& Ishizuka, 2012). 

 

Two distinct conformations of flagellin glycosylation of the hypervariable regions of flagellin 

have been observed, namely N- and O- linkage (Takeuchi et al., 2003, Logan, 2006). In N-

linkage the glycan is attached to the nitrogen in either Asparagine or Arginine amino acid 

residues of the flagellin protein (Voisin et al., 2005, Logan, 2006, Nothaft & Szymanski, 

2010, Hayakawa & Ishizuka, 2012). O-linkage involves the attachment of the glycan to the 

hydroxyl oxygen of either Serine, Threonine or Tyrosine amino acid residues (Schirm et al., 

2003, Logan, 2006, Nothaft & Szymanski, 2010, Hayakawa & Ishizuka, 2012). O-linkage 

glycosylation is the more abundant form of glycosylation and has been observed in 

Campylobacter spp., Aeromonas spp., Helicobacter spp., and Ps. aeruginosa (Alm et al., 
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1992, Thibault et al., 2001, Schirm et al., 2003, Schirm et al., 2004, Schirm et al., 2005, 

Logan, 2006). N-linked glycans have been observed for the flagellins of Borrelia burgdorferi 

and Serpolina hyodysenteriae (Li et al., 1993, Ge et al., 1998, Logan, 2006). Differences 

have also been observed in terms of the degree of glycosylation i.e. the number of glycans 

attached to a single flagellin monomer (Alm et al., 1992, Thibault et al., 2001, Zampronio et 

al., 2011). The flagellins of Campylobacter coli VC167 are the most heavily glycosylated, 

with up to 19 Ser/Thr binding sites per flagellin monomer that are glycosylated (Alm et al., 

1992, Thibault et al., 2001, Zampronio et al., 2011). Furthermore, flagellin glycosylation is 

not universally present for all strains of a specific species. For example, Ps. aeruginosa PAK 

is referred to as having a glycosylated ‘type-a’  flagellum, whereas Ps. aeruginosa PA01 

lacks genes for flagellin glycosylation, and its flagellum is hence referred to as a ‘type-b’ 

flagellum (Dasgupta et al., 2003). 

 

Extensive variability has also been observed in terms of the lengths of the glycan chains and 

the types of sugars incorporated (Thibault et al., 2001, Schirm et al., 2004, Logan, 2006, 

Zampronio et al., 2011). The type-a flagella of Ps. aeruginosa PAK, have heterogeneous 

glycan chains consisting of eleven monosaccharide units, that are attached to the flagellin 

monomer at two sites by an O-linkage through a rhamnose residue (Schirm et al., 2004, 

Logan, 2006). Ps. syringae pv tabaci 6605 is glycosylated by a trisaccharide at three residue 

sites (Takeuchi et al., 2007). Campylobacter jejuni 81-176 was found to be glycosylated with 

pseudaminic acid, 5-acetamidino pseudaminic acid, and 5,7-N-(2,3-dihydroxyproprionyl-) 

pseudaminic acid attached to nineteen serine and threonine glycosylation sites (Thibault et 

al., 2001, Zampronio et al., 2011). Campylobacter jejuni 11168 was found to be glycosylated 

with two novel glycans of dimethylglyceric acid derivatives of pseudaminic acid and 7-

acetamidino pseudaminic acid, I and II respectively (Zampronio et al., 2011). These were 

attached by O-linkages, I to two serine sites and one threonine, and II to two serine sites 

(Zampronio et al., 2011). The two flagellins (FlaA and FlaB) of Helicobacter pylori are 

glycosylated with 5,7-diacetamido-3,5,7,9-tetradeoxy-L-glycero-L-manno-nonulosonic acid 

(pseudaminic acid)(Thibault et al., 2001, Logan et al., 2002, Schirm et al., 2005) on seven 

and ten sites, respectively (Logan, 2006). 
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Further modifications of the glycan backbone chains have also been observed. For example, 

methyl, acetyl, acyl, amino and formyl groups are frequently found attached to the glycans 

(Power & Jennings, 2003, Hayakawa & Ishizuka, 2012). Initial observation of other post-

translational modifications namely methylation was first discovered with the human and 

animal pathogen Salmonella enterica serovar typhimurium (Tronick & Martinez, 1971, Sun 

et al., 2013a). These other modifications further contribute to the extensive variability of the 

glycan structures which are attached to flagellin proteins in distinct bacterial taxa. 

 

1.5.2 Genomic organisation of the flagellin glycosylation genes  

 

The genes responsible for flagellin glycosylation are typically found associated with the 

flagellum biosynthetic locus III (refer to Section 2.3), which contains the genes coding for the 

flagellin (FliC) proteins, capping protein (FliD), as well as the motor force generators (MotA 

and MotB), and the chemosensory machinery (Silverman & Simon, 1973, Soutourina & 

Bertin, 2003). Typically, the flagellin glycosylation genes are localised downstream of the 

fliC gene (Power & Jennings, 2003). The G+C content of the FGI frequently differs 

substantially from that of rest of the genome, so it is considered to be a genomic island, 

termed the flagellin glycosylation island (FGI), which may have been derived through 

horizontal gene transfer events (Power & Jennings, 2003, Parker et al., 2014). The size and 

gene content of the FGIs also differs markedly among different flagellin-glycosylated 

species. For example, the Ps. aeruginosa PAK FGI is ~16 kb in size and contains fourteen 

genes (Arora et al., 2001), whereas the ~50 kb FGI of Campylobacter jejuni 11168 encodes 

approximately 50 genes (Logan, 2006). 

 

1.5.3 Assembly of the flagellin glycan chain 

 

The flagellin glycosylation island is translated by the class III promoter, in the late stage 

along with the genes essential for the formation of the filament, motor force generator and the 

chemosensory machinery (section 2.3)(Silverman & Simon, 1973, Soutourina & Bertin, 

2003). The translated protein products are all produced in the cytoplasm (Josenhans et al., 

2002). It was first assumed that the FGI encoded glycan chains would attach by O-linkage 

glycosylation to the surface-exposed hyper variable domain of the flagellin during the 
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filament assembly (Samatey et al., 2000). However, it has since been proposed that O-

glycosylation of the flagellin protein occurs either in the basal body environment, as the 

proteins and glycans are being exported through the type III secretion system channel, or at 

the cytoplasmic membrane close to the basal body (Figure 6)(Logan, 2006). This would 

allow for the assembly of multiple monosaccharides to form a glycan chain (Logan, 2006). 

These glycan chains are linked onto serine and threonine residues of the flagellin surface 

exposed domain by glycosyltransferases that are usually located within the FGI (Hayakawa & 

Ishizuka, 2012). Glycosylated flagellin proteins are then secreted via the type III secretion 

system channel, through the basal body and hook until they reach the filament tip, where they 

are arranged into the growing filament with the assistance of the filament cap protein 

(FliD)(Logan, 2006). 

 

1.5.4 The functions of flagellin glycosylation 

 

Flagellin glycosylation is of importance for bacteria dwelling in different niches including the 

phyllosphere or rhizosphere. It is critical for bacterial survival in harsh conditions, against 

other microorganisms, against plant defence mechanisms, invasion, and spread of infection 

(Hirano & Upper, 2000, Lindow & Brandl, 2003, Logan, 2006, Whipps et al., 2008, Redford 

et al., 2010). Various functional roles have been ascribed to flagellin glycosylation. In some 

bacterial taxa flagellin glycosylation is essential for flagellar gene expression, structural 

formation of the flagellum and flagellar motility. This has been observed, for example, in 

Campylobacter spp., (Logan et al., 2002), Helicobacter pylori (Logan et al., 2002, Power & 

Jennings, 2003) and Caulobacter crescentus (Leclerc et al., 1998, Goon et al., 2003). In 

Aeromonas caviae, the flagellin glycosylation genes are not only required for flagellum 

biosynthesis and motility, but also for the expression of the lipopolysaccharide O-antigen 

(Gryllos et al., 2001, Hayakawa & Ishizuka, 2012). In other bacterial taxa, such as Ps. 

aeruginosa and Ps. syringae, however, flagellin glycosylation is not essential for flagellum 

biosynthesis and functioning, and as a result other functional roles have been demonstrated or 

proposed for flagellin glycosylation. These include adhesion, biofilm formation, virulence, 

host defence avoidance, as well as immune stimulation (Takeuchi et al., 2003, Hayakawa & 

Ishizuka, 2012). 
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Binding of bacterium to a surface is ubiquitous in a diverse ecosystem, this gives the bacteria 

a greater chance for survival and a selective advantage over the rest (Costerton et al., 1999, 

Dunne, 2002). Bacteria can become surface bound through the adhesion of the flagella 

(Dunne, 2002). In Aeromonas caviae, flagellin glycosylation was shown, by means of 

transposon mutagenesis, to play a key role in flagellar adhesion to surfaces (Schirm et al., 

2005, Logan, 2006). This microbial adhesion is furthermore essential in the formation of the 

biofilm (An et al., 2000, Dunne, 2002, Merritt et al., 2007). In Campylobacter 

autoagglutination is the initial steps in the production and formation of biofilms, and has been 

observed to be specifically mediated by the glycans on the flagellin (Jeon et al., 2003, Guerry 

et al., 2006).  

 

In studies performed by Taguchi et al., (2003) and Takeuchi et al., (2003) it was observed 

that flagellin from Ps. syringae pv. glycinea and Ps. syringae pv. tomato were capable of 

producing hypersensitive cell death in a non-host plant (Taguchi et al., 2003, Takeuchi et al., 

2003, Logan, 2006). This process was performed by the glycosylation of the flagellin which 

plays an important role not only in that process but also with host cell recognition. In Ps. 

syringae pv. glycinea it was observed that flagellin glycosylation is essential for virulence on 

its soybean host (Taguchi et al., 2003, Takeuchi et al., 2003, Logan, 2006). By contrast, the 

flagellin glycan resulted in a rapid hypersensitive response in non-host plants and hence 

flagellin glycosylation may be a determinant of host recognition and, concomitantly, host 

specificity (Takeuchi et al., 2003). 
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Flagellin glycosylation was demonstrated to contribute to virulence in the opportunistic 

human pathogen Ps. aeruginosa PAK (Arora et al., 2005, Hayakawa & Ishizuka, 2012). In 

Campylobacter jejuni it was reported that flagellin glycosylation was vital in virulence 

(Guerry, 2007, Ichinose et al., 2013). In this latter pathogen it was demonstrated that 

glycosylation of the flagellin resulted in antigenic variation of this surface structure, and 

prevented host detection and concomitant triggering of host defence responses (Josenhans et 

al., 2002). Similarly, in Ps. syringae pv. glycinea modification of a glycosyl moiety in the 

flagellin glycan also resulted in recognition by the host soybean, thereby further 

demonstrating a potential role for flagellin glycosylation in avoidance of host defences 

(Takeuchi et al., 2003). In 2013, Ichinose et al., created a glycosylation defective mutant of 

Xanthomonas campestris pv. campestris and it was discovered that there was a decrease in 

the bacterium’s motility as well as virulence (Ichinose et al., 2013). Also Campylobacter spp. 

has been hypothesized to use flagellin glycosylation in antigenic variation on the bacterial 

cell surface to assist the bacterium in the avoidance of the host defence responses (Josenhans 

et al., 2002). Given the extensive variability in terms of the flagellin glycan structure and 

different functions ascribed to flagellin glycans in different bacterial taxa, it can be expected 

that flagellin glycosylation makes a tailor-made contribution towards bacterial physiological 

functions and host interactions, and further work on the growing number of taxa in which 

flagellin glycosylation is observed will contribute towards our understanding of how it 

functions and what additional functional roles it plays in bacterial biology.   
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1.6 Conclusion 
 

The literature review focused on the flagella and posttranslational modification of flagellin 

glycosylation in bacteria from different ecological niches. Flagella are complex and highly 

versatile structures, found in the majority of bacterial taxa. Aside from their role in motility, 

they play roles in biofilm formation, attachment to surfaces and colonization and infection of 

both plant and animal hosts. However, as flagellin, the major structural protein of the 

flagellum, is highly immunogenic, recognition of conserved domains in this protein can lead 

to the launching of host defence responses and disruption of the infection cycle. To 

counteract this effect, bacteria have developed various means to avoid detection of the 

flagellum, including phase variation and the posttranslational modification of flagellin with 

sugar chains. The latter mechanism is found mainly in plant and animal pathogens and is 

highly diverse, with extensive variability in the types and number of sugars incorporated in 

the glycan chain as well as the biological function associated with this trait. Furthermore, 

other posttranslational modification also occur to this glycan chain including methylation, 

acetylation, formylation and acylation. Thus producing a far more diverse flagellum, with 

glycosylated flagellin in the hypervariable domain, which can avoid detection by host 

receptors and can therefore serve as an innovative means to avoid host defence responses and 

contribute to other phenotypes, including biofilm formation, attachment and virulence. 

Possible limitations which impacted the review was the availability of the literature 

specifically on the flagellin glycosylation as little research has been undertaken. This 

limitation can be seen as an opportunity for future research. 
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1.8 Figures and tables 
 

 

 

Figure 1. The different flagellations of bacteria. A) Single polar/monotrichous, B) bi-polar, 

C) lophotricous, D) amphitrichous and E) peritrichous. 
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Figure 2. The model structure of the flagellar motor in gram-negative bacteria 

(Hayakawa and Ishizuka, 2012).  
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Figure 3. Assembly and regulation of the flagellum (Chevance & Hughes, 2008). 

 

 

 

 

A) B) 

 

Figure 4. (A) A flagellin protein. Indicating the different domains present; D0, D1, D2 and 

D3 (Tanner, 2011). (B) The flagellar filament. Indicating the orientation of the flagellin 

protein and indicating that the flagellin glycosylation takes place at the D2 and D3 domain of 

the flagellin protein. As the D0 and D1 domains are highly conserved and he D2 and D3 

domains are hyper-variable (Surridge, 2001). 
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Figure 5. Assembly of the flagellin glycosylation. The O-glycosylation of the flagellin 

occurs either in the basal body environment, as the proteins and glycans are being exported 

through the type III secretion system channel, or at the cytoplasmic membrane close to the 

basal body (Logan, 2006). These glycan chains are linked onto serine and threonine residues 

of the flagellin surface exposed domain by a glycosyltransferase that is located in the FGI 

(Hayakawa & Ishizuka, 2012). Glycosylated flagellin are then secreted via the type III 

secretion system channel, through the basal body and hook till the filament tip, where they 

are arranged into the growing filament with the assistance of the filament cap (FliD). 
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2.1 Abstract 
 

Pantoea ananatis is a plant pathogenic enterobacterium that infects a broad range of 

agronomic crops. The pathogenicity mechanisms of this bacterium remain largely unknown. 

However, flagella have recently been shown as essential for motility and consequently play 

an indispensable role in the infection process. As the main structural protein of the flagellum, 

flagellin, is highly immunogenic, it can be recognised by the host and result in the launching 

of concerted host defence responses. Some bacteria have evolved means of avoiding this 

phenomenon, including glycosylation of the flagellin protein, essentially masking it from host 

detection. A comparative genomic analysis of seventeen P. ananatis strains for which 

genome sequences are available revealed the presence of flagellin glycosylation islands 

(FGIs) located adjacent to the flagellin (fliC) genes in all seventeen strains. These FGIs can 

be classified into four distinct types, all with common and unique genes present. The islands 

encode for proteins involved in glycosylation of the flagellin with distinct sugars, and distinct 

acetyl, methyl and formyl side branches. The presence of a FGI could explain the broad range 

of hosts that P. ananatis can infect without host detection. 

 

2.2 Introduction 
 

Pantoea ananatis is a Gram-negative, facultatively anaerobic, rod-shaped, peritrichously 

flagellated member of the family Enterobacteriaceae (Walcott et al., 2002, Coutinho & 

Venter, 2009). It was first discovered on pineapples in the Philippines, where it caused brown 

rot of the pineapple fruitlets (Serrano, 1928). Since then it has been isolated from a wide 

range of environments, in particular as part of the epi- and endophytic community on a broad 

range of plants. There has been particular interest in P. ananatis as it can cause disease 

symptoms on a wide range of plant hosts, including onions (Gitaitis & Gay, 1997, Walcott et 

al., 2002), melons (Wells et al., 1987), pineapples (De Maayer et al., 2011), maize (Paccola-

Meirelles et al., 2001, Bomfeti et al., 2007), rice (Cother et al., 2004), Eucalyptus (Coutinho 

et al., 2002), Sudan-grass (Walcott et al., 2002), and buckwheat (Walcott et al., 2002). 

Furthermore, a case of clinical disease has been attributed to this species (De Baere et al., 

2004). P. ananatis has also been found associated with insect hosts, including larvae of 

mulberry pyralid (Glyphodes duplicalis), silkworms (Bombyx mori) and brown plant hoppers 

(Nilaparyata lugens)(Watanabe et al., 1996, Watanabe & Sato, 1999). 
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Phytopathogenic strains of P. ananatis cause a variety of symptoms on their host plants 

including blight (forming lesions, that withers and then kills certain parts of the infected 

plant), die-back (continual death of the plant from the tips of the shoots), rot and decay 

(weakening, decomposition and breakdown of plant tissue)(Coutinho et al., 2002). Some of 

these wide spectrum diseases include centre rot of onions (Bomfeti et al., 2007), brown rot of 

pineapples (Coutinho & Venter, 2009), stalk rot of rice (Cother et al., 2004), leaf blight in 

Eucalyptus (Coutinho et al., 2002) and necrotic spot and streaking of maize (Paccola-

Meirelles et al., 2001) have been observed. While there is some knowledge of the 

epidemiology, ecology and host range of P. ananatis, its pathogenicity determinants remain 

poorly understood (Coutinho & Venter, 2009, De Maayer et al., 2014). What has been 

observed is that typical pathogenicity determinants observed in closely related 

phytopathogens, such as Type II, III and IV secretion systems, phytotoxins and 

phytohormones, are absent from P. ananatis (De Maayer et al., 2011). By studying the 

genome sequences of P. ananatis, several putative pathogenicity determinants have been 

identified, including lipopolysaccharides, exopolysaccharides, Type VI secretion systems and 

an ice-nucleation protein (De Maayer et al., 2011). The genes coding for the flagella have 

been elucidated from the genome of P. ananatis and the flagella were also shown to be 

crucial for symptom development on onion seedlings (Weller-Stuart, 2015). 

 

The flagellum is a filamentous organ located in the bacterial membrane protruding to the 

exterior of the cell. Its main function among phytopathogenic bacteria include motility, 

attachment, pathogenicity and host defence avoidance (Power & Jennings, 2003, Takeuchi et 

al., 2003, Herrera et al., 2008). The main structural protein of the flagellar filament, flagellin 

(FliC), is highly immunogenic, being recognized by plant and animal hosts and resulting in 

the initiation of host defence mechanisms in response to pathogen invasion (Felix et al., 

1999, Zipfel & Felix, 2005, Cai et al., 2011, Sun et al., 2013a). As a result, pathogens have 

evolved a number of flagellin-related means to avoid host detection. Some bacteria encode 

multiple, antigenically distinct copies of FliC, which can be expressed interchangeably, to 

avoid host detection and defence response (Bonifield & Hughes, 2003, Hayakawa & 

Ishizuka, 2012). Another mechanism to avoid host flagellin recognition and response is 

through the post-translational modification of the flagellin protein with a glycan chain (Power 

& Jennings, 2003). This modification process is known as flagellin glycosylation (Logan, 

2006). Aside from host defence avoidance, several distinct roles have been ascribed to 
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flagellin glycosylation. In some cases flagellin glycosylation is essential for motility and 

flagellar synthesis and stability. Other reported functions include adhesion, biofilm 

formation, swarming motility and invasion, expression of the lipopolysaccharide O-antigen, 

virulence and host specificity (Takeuchi et al., 2003, Hayakawa & Ishizuka, 2012). Flagellin 

glycosylation has been observed and studied in several phytopathogens, including 

Pseudomonas syringae and Ralstonia solanacearum (Logan, 2006, Takeuchi et al., 2007, 

Hayakawa & Ishizuka, 2012). Glycosylation in Ps. syringae pv. glycinea and Ps. syringae pv. 

tabaci 6605 has been observed to increase the hydrophilicity of the flagella improving its 

motility (Takeuchi et al., 2003). It has been hypothesized that these glycosylations stabilize 

the filament structure, improve swarming, swimming speed and provide smooth swimming 

and virulence (Arora et al., 2005, Taguchi et al., 2006, Taguchi et al., 2008). The lack of 

these genes would result in the bacterium being non-motile as the flagella will not be 

assembled due to some of the flagellar expression being incomplete. Knock-out mutagenesis 

of flagellin glycosylation genes performed in Ps. syringae resulted in reduced virulence 

(Takeuchi et al., 2003, Taguchi et al., 2010). Furthermore in 2003, Takeuchi et al., observed 

that flagellin glycosylation was mainly responsible for the recognition of the plant defence 

response mechanisms and that this could possibly be the mechanism that determines the 

compatibility of host specificity (Takeuchi et al., 2003).  

 

To date, flagellin glycosylation has not been observed in the peritrichously flagellate 

members of the family Enterobacteriaceae (Merino Montero & Tomàs Magaña, 2014). Here, 

by means of genomic and comparative genomic approaches, we have characterized the 

flagellin glycosylation loci in seventeen strains of P. ananatis in silico. The genes responsible 

for flagellin glycosylation are located on a genomic island within a flagellum biosynthetic 

locus, termed the flagellin glycosylation island (FGI). The P. ananatis FGIs are highly 

versatile, coding for distinct flagellin glycans and the effects of these distinct flagellin 

glycans in terms of the biology of P. ananatis are discussed.    
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2.3 Materials and methods 

 

2.3.1 Identification of flagellin glycosylation islands in the P. ananatis genomes 
 

The genomes of seventeen P. ananatis strains, isolated from distinct ecological niches and 

geographical locations have been sequenced (Table 1). The gene regions stretching from fliT 

to fliZ, encompassing the FGIs, were extracted from the seventeen genomes. The gene 

regions were structurally annotated using FgenesB (Tyson et al., 2004). Further 

standardization of the protein coding sequence (CDS) sets was undertaken by means of 

localized BlastP and BlastN analyses, using Bioedit v. 7.0.9.0 (Hall, 1999). The G+C 

contents of the FGI regions were also determined using Bioedit v 7.0.9.0 (Hall, 1999).  

 

2.3.2 Ortholog identification between the P. ananatis FGI regions  

 

The CDS sets in the FGI region of each strain were pair-wise compared using localized 

BlastP analyses with Bioedit v. 7.0.9.0 (Hall, 1999). Orthologs were assumed for the CDSs 

sharing > 75% amino acid identity over 70% of the alignment length. Average amino acid 

values were calculated for the orthologous CDS sets by the formula: [SUM (amino acid 

identity x alignment length for each CDS)/100] / [SUM (alignment lengths for orthologous 

CDSs)] * 100. 

 

2.3.3 In silico analyses of the FGI CDS sets 

 

The CDS sets were functionally annotated by BlastP comparison of the CDSs against the 

NCBI non-redundant (nr) protein database and identification of the closest Blast Hits. The 

proteins were further compared against the Conserved Domain Database (CDD) using the 

Batch CD-search program (Marchler-Bauer & Bryant, 2004). Glycosyl transferases were 

classified to the family level by comparison against the Carbohydrate Active enzymes 

(CAZY) database using the dbCAN web-server (Yin et al., 2012, Lombard et al., 2014). 
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2.3.4 Phylogenetic analyses and construction of an FGI typing dendrogram 
 

Phylogenies were constructed on the basis of the concatenated gene sequences of four 

commonly used housekeeping markers, namely AtpD (ATP synthase subunit beta), GyrB 

(DNA gyrase subunit beta), InfB (translation initiation factor IF-2) and RpoB (RNA 

polymerase β-subunit).  The concatenated sequences were aligned using the MAFFT v. 7 

alignment server (Katoh & Standley, 2013) with default parameters. Neighbour-joining trees 

were constructed with the Molecular Evolutionary Genetics Analysis (MEGA) v. 5.0.3 

software package (Kumar et al., 2008), using the Tamura and Nei model, complete gap 

deletion and bootstrap analysis (n=1000). Using the same approach a neighbour-joining tree 

was constructed on the basis of the four copies of the flagellin (fliC) genes upstream of the 

FGI regions in the complete genome sequences of P. ananatis strains AJ13355, LMG20103 

and PA13. A dendrogram was constructed on the basis of the presence/absence of orthologs 

for each of the FGI proteins among the seventeen strains. Present orthologs were scored with 

a 1, while absent orthologs were scored with a 0. The presence/absence matrix was used to 

generate a distance matrix using Bionumerics v. 6.6 (Applied Maths N.V., Belgium) with the 

parameters: absolute values and Pearssons correlation. The distance matrix was used to 

generate an Unweighed Pair Group Method with Arithmetic Mean (UPGMA) dendrogram 

using Phylip v. 3.69 (Felsenstein, 2002). The FGIs were categorized into their distinct types 

on the basis of the similarity cut-off values of 50%.  

 

2.4 Results and discussion 
 

2.4.1 General properties of the P. ananatis strains FGI 

 

The complete and draft genomes of seventeen P. ananatis strains (Table 1) have been 

sequenced, and the region from the fliT to the fliZ gene was extracted. All seventeen of the 

compared strains incorporate an FGI region (Table 2, Figure 1). At the 5’ end the FGIs are 

flanked by genes coding for the flagellar assembly and export proteins FliT and FliS, as well 

as the filament cap protein FliD and flagellin protein (FliC)(Figure 1). The 3’ flanking region 

incorporates genes coding for the flagellar biosynthesis protein FliZ and the RNA polymerase 

sigma factor FliA. The universal presence of FGIs among the P. ananatis strains is in contrast 

to Pseudomonas aeruginosa, where this region incorporates an FGI only in some strains 
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(Dasgupta et al., 2003). The FGI region of the seventeen P. ananatis strains range in size 

from 7.8 to 22.7 kilobases with a G+C content ranging from 41.52 to 48.22% (with an 

average G+C content of 46.24%)(Table 2). This is typically 7.31% below the average G+C 

content of the genome, suggesting that this region has been derived through horizontal gene. 

Between six and twenty proteins are encoded in the P. ananatis FGIs (Table 2). The 

differences in size and number of proteins encoded within the FGI regions indicate extensive 

variability among the P. ananatis strains. This has likewise been observed among strains of 

Ps. aeruginosa as well as species in the genera Campylobacter, Aeromonas, and Helicobacter 

(Table 4)(Arora et al., 2001, Logan, 2006). 

 

2.4.2 The P. ananatis FGIs can be clustered into four distinct types 

 

The CDS sets in the FGI of the seventeen P. ananatis strains were pair-wise compared using 

localized BlastP analysis, where orthologs were identified between the compared strains on 

the basis of the cut-off values described in section 2.3.2. A total of twenty-seven distinct 

proteins are encoded in the FGIs of the seventeen P. ananatis strains (Table 3). Of these, only 

three are conserved among all the compared strains, namely RmlD (dTDP-4-

dehydrorhamnose reductases), Edn (an HNH endonuclease) and the hypothetical protein 

Hyp1. These proteins are, however, well-conserved sharing between 69.43 and 100 % amino 

acid identity among the seventeen compared strains. The presence of a homing type 

endonuclease (Edn) provides further evidence of horizontal acquisition of the P. ananatis 

FGIs. These homing endonucleases are capable of their own integration and replication in a 

host genome (Yahara et al., 2009). A further twenty-three proteins are shared by two or more 

strains, while one protein Glt4, a predicted glycosyltransferase, is unique to one strain, P. 

ananatis SD-1. High levels of sequence identity can be observed between orthologs for each 

of the twenty-six distinct FGI proteins shared by two or more strains (Table 3). A similarity 

matrix was constructed based on the presence/absence of the 27 CDSs that were encoded on 

the FGIs. This matrix was then used to create a UPMGA dendrogram to reflect the similarity 

values between each of the compared FGI strains. A similarity cut-off value of 50% was used 

and it was observed that the FGIs could be clustered into four distinct types, Type I-IV 

(Figure 2). Type I FGIs are most common, with nine P. ananatis strains carrying this FGI. 

Two and five strains, respectively, contain Type II and III FGIs. Only one strain, P. ananatis 

SD-1 has a Type IV FGI. The UPMGA dendrogram was compared to the neighbour-joining 
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phylogenetic tree of the four concatenated housekeeping markers (Figure 2). In general, poor 

correlation could be observed between the FGI Type and strain phylogeny. This is likely due 

to the limited variability among strains of P. ananatis in the house-keeping markers. Among 

fifteen of the compared strains (with the exception of SD-1 and PaMB1), on average only 29 

polymorphisms could be observed between the concatenated alignments for each pair of 

strains (alignment length = 10.516 nucleotides). The remaining two strains consistently 

grouped separate from the remaining fifteen strains for the four house-keeping markers as 

well as the concatenated gene/protein sequences. This suggests that P. ananatis PaMB1 and 

SD-1 may represent a distinct subspecies of P. ananatis or even a distinct Pantoea species. 

This may account for the distinct FGI (Type IV) observed for Pantoea sp. SD-1. On the other 

hand, Pantoea sp. PaMB1 clusters with four other P. ananatis strains on the basis of the FGI 

Type (Type III), suggesting that horizontal gene exchange between the Type III FGI P. 

ananatis strains and PaMB1 may have taken place.   

 

2.4.3 The P. ananatis strains FGI carry genes for several distinct sugar biosynthetic 

pathways 

 

Four distinct glycosyltransferases (Glt1-4) are encoded within the FGIs of the seventeen P. 

ananatis strains (Table 3 and 5). The Glt1 protein is found in FGI Types I, II and IV, Glt2 in 

FGI Type I, while Glt3 and Glt4 are found in FGI Type III and Type IV, respectively. Using 

the dbCAN Blast tool the glycosyltransferases were classified according to their Glycosyl 

Transferase families (Coutinho et al., 2003, Yin et al., 2012). The glycosyltransferases glt1, 

glt2, glt3 and glt4 are all part of the GT2 family which is known to have glycosyltransferase 

activity with a wide range of sugars (Coutinho et al., 2003). Therefore the type of sugars 

attached to the P. ananatis flagellin proteins cannot solely be determined on the basis of the 

glycosyltransferases (Henrissat & Davies, 2000).  

 

All four FGI Types code for the rhamnose sugar protein, dTDP-dehydrorhamnose reductase 

RmlD (Table 3 and 5). The RmlD protein is usually accompanied by the proteins: glucose-1-

phosphate thymidylyltransferase RmlA, thymidine diphosphate (dTDP)-glucose 4,6 

dehydratase RmlB and dTDP-4-dehydrorhamose 3,5-epimerase RmlC (Giraud & Naismith, 

2000, Li & Reeves, 2000). Together these four proteins would form part of the rhamnose 
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pathway which catalyses the sequential conversion of dTDP-D-glucose to dTDP-L-rhamnose 

(Giraud et al., 2000, Giraud & Naismith, 2000, Li & Reeves, 2000). The rhamnose pathway 

is initiated by RmlA, which transfers a thymidyl monophosphate nucleotide to glucose-1-

phosphate to form dTDP-glucose (Giraud & Naismith, 2000). RmlB is then responsible for 

the catalyses of the oxidation of the C4 hydroxyl group of dTDP-glucose, followed by 

hydration in order to form dTDP-4-keto 6-deoxy-D-glucose (Giraud & Naismith, 2000). 

RmlC catalyses an infrequent double epimerase reaction occurring at positions C3 and C5 of 

the dTDP-4-keto 6-deoxy-D-glucose (Giraud & Naismith, 2000). Finally RmlD reduces the 

C4 keto function in dTDP-4-keto 6-deoxy-D-glucose to produce the end product of the 

pathway, dTDP-L-rhamnose (Giraud & Naismith, 2000). 

 

RmlB-coding genes are absent from the FGIs of all seventeen P. ananatis strains. Intact 

copies of the rmlC and rmlA genes are only present in FGI Types I and IV. In the FGI Type II 

and III P. ananatis strains, there is a single 104 amino acid reading frame with the 5’end 

sharing orthology with the N-terminal 42 amino acids of the RmlA protein, while the 72 C-

terminal amino acid residues share orthology with the C-terminal of the RmlC protein. The 

reading frames for these proteins thus seem to be subject to a deletion event, to generate a 

single reading frame. It is uncertain if the truncated, combined protein is functional, and this 

would have to be determined experimentally. It should be noted that in the O-antigen 

biosynthetic locus of all seventeen compared P. ananatis strains, intact copies of rmlA, rmlB 

and rmlC are present, and it is possible that these complement the defects in rhamnosyl 

biosynthesis (Chiang & Mekalanos, 1999).   

   

In addition to rhamnosyl biosynthetic enzymes, several other biosynthetic enzymes are 

encoded within the P. ananatis FGIs. These enzymes include 3-oxoacyl-ACP reductases, 

transketolases, long chain fatty acid CoA ligases, Acyl-protein synthases, Acyl-CoA 

reductases, and oxidoreductases (Table 3 and 5). Two 3-oxoacyl ACP reductase proteins, 

FabG1 and FabG2 are encoded in all nine FGI Type I strains. This protein is part of the β-

ketoacyl-(ACP) reductase family and catalyzes the first step in the cycle of the fatty acid 

synthesis (Sheldon et al., 1992, Zaccai et al., 2008). The long chain fatty acid CoA ligase, 

FadD is also present in all nine FGI Type I strains. FadD is an outer membrane bound fatty 

acid that assists in transport (DiRusso & Black, 2004). In E. coli it is hypothesized that FadD 
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is responsible for the abstraction of fatty acids through the activation of CoA thioesters (Klein 

et al., 1971). Furthermore, these strains encode orthologs of the Acyl-protein synthase LuxE 

and LuxC Acyl-CoA reductase, which are also involved in fatty acid biosynthesis (Soly & 

Meighen, 1991, Lin et al., 1993). The presence of these fatty acid biosynthetic genes suggests 

that in addition to a predicted rhamnosyl sugar in the flagellin glycan, this sugar chain may 

further be substituted with fatty acids and hence in the Type I FGI strains the flagellin may be 

modified with a liposaccharide (Edwards et al., 2005).   

 

Two transketolase enzymes, TktA1 and TktA2, are also encoded in all FGI Type I strains. 

These enzymes play a role in the catalysis of the transfer of a two-carbon unit from ketose 

phosphates to aldose phosphates in the presence of Mg² and provides a link between 

glycolysis and the pentose phosphate pathway (Kochetov et al., 1975, Kovina & Kochetov, 

1998, Schneider & Lindqvist, 1998). The second transketolase differs from the first in that it 

possesses a pyrimidine binding domain of 1-deoxy-D-xylulose-5-phosphate synthase, and 

requires the cofactor thiamine diphosphate and Ca² (Jordan, 2003). The role of the 

transketolases in flagellin glycan synthesis, transfer or attachment remains to be elucidated. 

An NAD-binding Rossman fold oxidoreductase (MviM) is present in both FGI Type II 

strains (Kingston et al., 1996). This enzyme catalyses oxidation-reduction reactions, but its 

role in flagellin glycosylation remains unclear. The long chain fatty acid CoA ligase, FadD 

was present in all nine strains of FGI Type I. FadD is an outer membrane bound fatty acid 

that assists in transport (Klein et al., 1971, DiRusso & Black, 2004). 

 

2.4.4 The P. ananatis FGIs show evidence of further glycan modifications 

 

Apart from the sugar and fatty acid biosynthetic and glycan transfer proteins, other proteins 

involved in modification of the flagellin glycan chain have been observed. These 

modifications include the addition of amino-, acetyl-, methyl-, and formyl- groups to the 

sugar backbone (Table 3 and 5)(Nothaft & Szymanski, 2010). To date the functions of all 

these glycan modifications are largely unknown (Nothaft & Szymanski, 2010). An 

acetyltransferase in the flagellar region of Xanthomonas oryzae has been observed to be 

essential for flagellin glycosylation as well as playing a role in motility, exopolysaccharide 

production and biofilm formation (Li et al. 2015). The genes involved in the incorporation of 
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an acetamidino group in the N-glycan of the flagellum of Methanococcus maripaludis have 

also been identified (Jones et al. 2012).    

 

An aminotransferase (degT) is encoded in the FGIs of sixteen P. ananatis strains (all except 

the Type IV FGI strain P. ananatis SD-1). Restricted to the nine Type I FGI strains is a gene 

coding for an acetyltransferase (maa). An S-adenosylmethionine-dependent 

methyltransferase of the FkbM family (fbkM1) is present in seven of the nine Type I FGI 

strains. A distinct copy (FkbM2 38.96 % average amino acid identity to FkbM1) is present in 

the FGI of both Type II FGI strains. Furthermore a predicted formyltransferase (vioF) is 

present only in the five Type III FGI strains. A second distinct putative formyltransferase 

(carB) is present in both Type II FGI strains.  The presence of these enzymes in the P. 

ananatis FGIs suggests that further modifications of the flagellin glycan chain occurs 

frequently and is highly variable. These glycan modifications are thus expected to add to the 

complexity and variability of the flagellin glycan in P. ananatis strains.  

 

2.4.5 P. ananatis strains vary in both the number and type of flagellin genes 

 

Comparative analysis of the seventeen P. ananatis strains showed that in six strains the FGI 

regions were flanked by three flagellin genes (fliC), while the other eleven strains were 

flanked by four fliC genes (Figure 1). Two of the fliC gene copies, fliC2 and fliC4, were 

universal to all seventeen compared strains, with the encoded flagellin proteins sharing 81.11 

and 70.84 % average amino acid identity among the compared strains. The fliC1 gene was 

present in fourteen of the compared P. ananatis strains, and the encoded proteins shared 

73.48% average amino acid identity. The fliC3 gene was present in sixteen strains, with an 

average amino acid identity of 75.67 % for the encoded FliC3 protein. It should be noted that, 

due to the high level of sequence conservation among the fliC gene sequences, these genes 

frequently result in misassemblies, which are difficult to resolve without PCR amplification 

and Sanger sequencing approaches. As such, gaps could be observed occurring in the fliC 

region among those P. ananatis strains for which draft genomes are available. Four copies of 

fliC could be observed among three strains for which complete genome sequences are 

available.  
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A neighbour-joining tree was constructed using the gene sequences of the four copies of fliC 

for three P. ananatis strains for which complete genomes are available, namely AJ13355, 

LMG 20103 and PA13  (Figure 3). The protein sequences for three of the fliC genes cluster 

together (fliC1, fliC2 and fliC3), while fliC4 clusters separately from the other fliC copies. 

Relatively high levels of amino acid identity (ranging between 88 and 100 %) could be 

observed for the FliC2 and FliC4 proteins, suggesting these are well conserved. Lower 

homology could be observed between the FliC1 and FliC3 proteins with the other FliC 

copies, while the FliC1 and FliC3 proteins of the three compared strains share 73.48 % and 

75.67 % average amino acid identity, respectively (Figure 3). While the protein sequences of 

the fliC2 and fliC4 genes of the three strains cluster together in distinct clades, the FliC3 

protein is more variable. As such the P. ananatis AJ13355 FliC3 protein clusters with the 

FliC2 copy of the same strain. Similarly, the fliC3 gene of P. ananatis PA13 clusters with its 

FliC1 copy, while the P. ananatis LMG 20103 FliC3 protein clusters with its FliC2 ortholog. 

This suggests that some gene duplications may have occurred within the distinct strains after 

diversification. 

 

Multiple copies of flagellin genes have also been described in other bacteria, including 

Escherichia coli, Campylobacter sp., Vibrio sp., Salmonella sp., and Pseudomonas sp. 

(Déziel et al., 2001, Ikeda et al., 2001, McCarter, 2001, Soutourina & Bertin, 2003, Achouak 

et al., 2004, Schirm et al., 2004, Logan, 2006, Liu et al., 2012, Zhou et al., 2015). The 

significance of these distinct fliC copies is that they can be expressed at different times and 

under different conditions in order to generate genetically and antigenically distinct flagellar 

filaments, known as flagellar phase variation (Ikeda et al., 2001, Bonifield & Hughes, 2003, 

Aldridge et al., 2006). Through this process, recognition by host receptors of this antigenic 

protein, can be avoided and subsequently host defence mechanisms are not activated 

(Bonifield & Hughes, 2003).  

  

The highly antigenic nature of the flagellin protein can be linked to the flg22 epitope (Felix et 

al., 1999, Jones & Dangl, 2006), a  highly conserved domain with a short amino acid 

sequence (QRLSTGSRINSAKDDAAGLQIA) found at the N-terminal of the protein 

sequence (Sun et al., 2013b). It forms part of the D0 domain of flagellin in the flagella 

filament found in the inner core of the filament (Sun et al., 2013b). This epitope is recognised 
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by plant receptors, such as the FLR2 receptor in Arabidopsis (Gómez-Gómez & Boller, 

2000), on the cell wall, triggering host defence responses (Felix et al., 1999). A CLUSTALW 

alignment was performed with the FliC protein amino acid sequences of the four complete P. 

ananatis strains and the flg22 amino acid sequence of Ps. aeruginosa  (Thompson et al., 

1994). The flg22 antigen region of all four FliC copies differed by at least five amino acids 

from that of the reference (Figure 4). Identical flg22 regions were observed for FliC1, FliC2 

and FliC3, while FliC4 had a distinct flg22 amino acid sequence (differs by one amino acid). 

Hence, it would be expected that P. ananatis could phase vary between the FliC1/2/3 and 

FliC4 copies in response to the host receptors that could detect the particular flg22 antigen. 

However, it was also found that there were three FliC with multiple changes to the flg22 

epitope. The FliC2 of LMG20103 had an insertion of nine amino acids after the fifth amino 

acid. These differences can lead to limited or no host defence responses, as it has been 

observed that a single amino acid change can change the epitope functionality 

(Gómez‐Gómez et al., 1999, Meng et al., 2013). Thus, the distinct amino acid observed in the 

FliC4 flg22 sequences compared to the other three FliCs, as well as the insertion in the 

LMG20103 FliC2 sequence may result in antigenically distinct flagellins, which may not be 

detected by the host and subsequently not result in the launching of host defence responses.   

 

2.5 Conclusion 
 

Our comparative genomic analyses revealed the presence of genomic islands within the 

flagellar biosynthetic locus fliTSZA-fliCD of all seventeen strains of P. ananatis for which 

genomes are currently available. These genomic islands encode glycosyltransferases and 

sugar biosynthetic enzymes indicating that they encode the requirements for posttranslational 

modification of the flagellin protein in this species. The presence of these flagellin 

glycosylation islands in all seventeen compared strains suggests that flagellin glycosylation is 

a common trait of members of this species. The flagellin glycosylation islands are, however, 

highly variable, both in size and gene content, suggesting that variation exists in the flagellin 

glycans of different strains of this species. As such, the seventeen strains could be 

distinguished into four distinct types on the basis of the gene content of their FGI loci.  

Rhamnose biosynthetic genes are present within the FGI of all seventeen compared strains, 

suggesting that the flagellins are glycosylated with a single type of sugar. However, 
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variability exists in terms of the gene complement, with the Type II and III FGI strains 

having truncated and fused rmlC and rmlA products. What the effects of this fusion are on 

the functioning of these enzymes remains to be elucidated. The most extensive variability, 

however, is in terms of the genes coding for proteins involved in other modifications of the 

glycans. The differential methylation, amination, acetylation and formylation may have 

profound effects on the structure and functions of the flagellin glycan among the different P. 

ananatis strains. Furthermore, genetic evidence is provided here that the glycans of the Type 

I FGI strains may further be substituted with a lipoyl group, and hence the flagellin of these 

strains may be modified with a liposaccharide.  

 

We furthermore characterized the flagellin gene content of three P. ananatis strains for which 

complete genomes are available. Four copies of the fliC gene are present in these strains, and 

this is likely the case for all the compared strains. Variability can be observed in terms of 

their flg22 epitopes, suggesting that P. ananatis is capable of flagellin phase variation. The 

capacity of both flagellin phase variation and flagellin glycosylation would provide P. 

ananatis with a competitive advantage when it comes to avoiding plant host recognition and 

concomitant defence responses. This may be particularly pertinent considering the broad 

range of plant hosts that P. ananatis is able to colonise and infect.   
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2.7 Tables and figures 
 

Table 1. Pantoea ananatis strains included in this study. The geographic location and host 

of each of the strains are shown. The bioproject and genome assembly numbers are indicated, 

as are the genome sizes in base pairs (bp), number of contigs, their sequence status and 

genomic G+C contents. 

 

 

 

 

 

 

 

  

Pantoea 

ananatis  

strain

Geographic 

location
Host

Bioproject 

number
Assembly number

Genome 

size bp
Contigs Seq status

G+C 

Content

AJ13355 Japan Soil PRJDA60793 GCA_000270125.1 4877280 2 Complete 53,64

B1-9 Korea Onion PRJEA68179 SAMEA2272456 5112318 23 Draft 53,49

LMG 20103 RSA Eucalyptus PRJNA43085 GCA_000025405.2 4703373 2 Complete 53,69

LMG 2665 USA Pineapple PRJNA245803 SAMN02740635 4798552 9 Draft 53,39

BRT 175 Canada Strawberries PRJNA202242 SAMN02471932 4832469 12 Draft 53,74

DAR 76143 Australia Rice PRJDB1421 GCA_000467085.1 5225989 29 Draft 53,43

S6 Australia Maize PRJEB7511 SAMEA3303336 4344781 77 Draft 54,14

S7 Australia Maize PRJEB7512 SAMEA3303364 5026033 11 Draft 53,51

S8 Australia Maize PRJEB7513 SAMEA3303365 4935197 13 Draft 53,56

PA13 Korea Rice PRJNA74285 GCA_000233595.1 4867131 2 Complete 53,58

BD442 RSA Maize PRJNA245793 SAMN02739895 4798552 11 Draft 53,59

LMG 5342 USA Human PRJEA78277 GCA_000283875.1 4908144 2 Complete 53,32

B40 Japan  Rice PRJDA69975 GCA_000333515.1 4645034 728 Draft 53,31

PA4 RSA Onion PRJNA245793 SAMN02739895 5151438 16 Draft 53,55

CFH71 USA Cotton PRJNA287251 SAMN03779113 4311532 4 Draft 53,16

PaMB1 China Plant PRJNA259615 SAMN03009826 4756252 177 Draft 53,84

SD-1 China Rice PRJNA232443 SAMN02951867 4945802 24 Draft 53,34
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Table 2. Characteristics of the P. ananatis flagellin glycosylation islands. The sizes of the 

FGI regions and the number of proteins encoded on the FGIs were calculated. The G+C 

content (%) and G+C deviation from the whole genome are shown. 

 

Pantoea ananatis 

strain 
Size (bp) # CDS 

FGI G+C 

Content (%) 

Deviation 

from 

genomic 

G+C content 

AJ13355 22711 20 47,58 -6.06 

B1-9 22720 20 47,58 -5.91 

LMG 20103 22711 20 47,59 -6.10 

LMG 2665 22711 20 47,58 -5.81 

BRT 175 21612 19 47,75 -5.99 

DAR 76143 22775 19 47,50 -5.93 

S6 15803 18 47,98 -6.16 

S7 15836 19 47,98 -5.53 

S8 15836 18 47,61 -5.95 

PA13 16036 13 48,22 -5.36 

BD442 16036 12 48,22 -5.37 

LMG 5342 8729 8 43,92 -9.40 

B40 8227 6 43,86 -9.45 

PA4 8730 7 44,04 -9.51 

CFH71 8962 8 43,78 -9.38 

PaMB1 7894 6 43,33 -10.51 

SD-1 10877 8 41,52 -11.82 
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Table 4. The closest match for each FGI protein outside of the species. The organism 

name, locus tag of the encoded protein, average amino acid identity, bitscore and e-values are 

given.  

  

FGIPAN Closest relative Locus_Tag AVE AA ID% Ave Bitscore Ave E-value

FGIPAN_01 Pantoea stewartii  subsp. Indologenes  LMG 2632 HA47_20900 88 211,7333333 7,07E-68

FGIPAN_02 Pantoea stewartii  subsp. Indologenes HA47_20895 96,3 266,9411765 4,35E-89

FGIPAN_03 Pantoea stewartii  subsp. Indologenes HA47_20890 94,42 831,9411765 0

FGIPAN_04 Pantoea stewartii  subsp. stewartii DC283 CKS_2661 97,89 548 2,14E-31

FGIPAN_05 Pantoea stewartii  subsp stewartii  DC283 CKS_2661 95,74 551,75 1,18E-10

FGIPAN_06 Pantoea stewartii  subsp stewartii  DC283 CKS_2661 96,98 563,5 6,25E-117

FGIPAN_07 Pantoea stewartii NL54_12840 96,16 538,5588235 4,12E-19

FGIPAN_08 Pantoea stewartii NL54_12835 75,73 1983,916667 0

FGIPAN_09 Pantoea stewartii  subsp. Indologenes HA47_20870 59,18 1358,090909 0

FGIPAN_10 Pantoea stewartii NL54_12825 79,27 618,125 5,00E-121

FGIPAN_11 Dickeya Zeae  EC1 W909_12315 54,48 250 6,33E-80

FGIPAN_12 Enterobacter cloacae OA46_04415 39,98 282,7142857 3,86E-88

FGIPAN_13 Enterobacter  sp. 638 Ent638_2517 80,19 131,6666667 1,21E-37

FGIPAN_14 Enterobacter  sp. 638 Ent638_2516 70 359,4444444 4,22E-122

FGIPAN_15 Enterobacter cloacaea OA46_04445 77,51 406,8888889 5,56E-120

FGIPAN_16 Enterobacter cloacae  S611 EDP2_2424 68,23 348,4444444 1,56E-113

FGIPAN_17 Enterobacter cloacae  S611 EDP2_2423 70,78 478,8888889 1,19E-155

FGIPAN_18 Enterobacter cloacae  S611 EDP2_2422 55,27 503,6666667 7,00E-171

FGIPAN_19 Cronobacter sakazakii  ATCC BAA-894 ESA_01298 70,69 521 0

FGIPAN_20 Pectobacterium carotovorum  subsp. Brasiliense IW01_01585 51 438,8889 2,33E-148

FGIPAN_21 Pantoea stewartii  subsp. Indologenes HA47_20860 96,46 734 0

FGIPAN_22 Pantoea stewartii  subsp. stewartii  DC283 CKS_3296 97,97 763,5 0

FGIPAN_23 Pantoea stewartii NL54_12810 96,91 783,5 0

FGIPAN_24 Pantoea vagans ID11_09080 34,05 566 1,00E-178

FGIPAN_25 Pantoea stewartii  subsp. Indologenes HA47_20845 79,19 465,8182 9,15E-154

FGIPAN_26 Enterobacter cloacaea  S611 EDP2_2416 51,78 1228,6 0

FGIPAN_27 Pectobacterium carotovorum  subsp. carotovorum UGC32 G033_08650 69,57 348,8 1,20E-86

FGIPAN_28 Pantoea stewartii  subsp. Indologenes HA47_20840 81,16 457,4706 4,12E-80

FGIPAN_29 Pantoea stewartii  subsp. Stewartii DC283 CKS_3304 92,09 343 1,00E-117

FGIPAN_30 Pantoea stewartii  subsp stewartii  DC283 CKS_3304 69,38 107 1,38E-26

FGIPAN_31 Pantoea stewartii NL54_12790 94,8 568,2 0,00E+00

FGIPAN_32 - - - - -

FGIPAN_33 Pantoea stewartii  subsp. Indologenes HA47_20830 89,72 615,06 0,00E+00

FGIPAN_34

FGIPAN_35 Pantoea  sp. 3.5.1. EP46_03346 97,82 472,7059 4,59E-166

FGIPAN_36 Pantoea stewartii NL54_12775 96,3 355,06 7,82E-120
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Figure 3. Neighbour-joining phylogeny of the FliC proteins of P. ananatis strains 

AJ13355, LMG 20103and PA13. Bootstrap support (n = 1,000) is shown.  

 

 

 

Figure 4. CLUSTALW alignment of the flg22 amino acid sequences of the flagellin 

copies. For the complete sequenced P. ananatis strains LMG20103, PA13, AJ13355 and 

LMG5342, indicating the difference in the amino acid sequences. 
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CHAPTER THREE 
 

TYPING OF P. ANANATIS STRAINS ON 

THE BASIS OF VARIABILITY IN THEIR 

FLAGELLIN GLYCOSYLATION ISLANDS 
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3.1 Abstract 
 

Pantoea ananatis is a ubiquitous bacterium that is distributed globally, within a wide range of 

hosts associated with insects, a range of plant diseases, the environment, as well as humans. 

Our comparative genomic analyses (Chapter 2) revealed the extensive versatility in the 

flagellin glycosylation islands of seventeen genome sequenced strains, which could be used 

to distinguish P. ananatis strains into four distinct FGI types. Here we wanted to ascertain if 

flagellin glycosylation type could be linked to the host and/or geographic location from 

which P. ananatis strains were isolated. By means of flagellin glycosylation island (FGI) 

gene specific PCR assays the presence of FGIs, as well as the FGI type that they belong to 

were determined for a large collection of P. ananatis strains isolated from a wide range of 

hosts and geographical locations. All of the screened strains showed genetic evidence that 

FGIs are present and belonged to three distinct FGI types. No direct correlation between FGI 

type and host/geographical location could be observed. However, the universal presence of 

FGIs suggest a means by which P. ananatis strains can potentially infect a broad range of 

plant hosts. 

 

3.2 Introduction 

 

The name of the genus Pantoea is derived from the Greek adjective Pantoios signifying “of 

all sorts and sources” (Brady et al., 2010). As such, members of this genus are frequently 

isolated from a wide range of environmental sources including soil (Kageyama et al., 1992, 

Andersson et al., 1999, Dastager et al., 2009), water and air (Poubol & Izumi, 2005, 

Morohoshi et al., 2007). Furthermore, they are commonly found in association with 

vertebrate (De Baere et al., 2004, Delétoile et al., 2009), invertebrate (Watanabe et al., 1996) 

as well as plant hosts (Bomfeti et al., 2007, Delétoile et al., 2009). Pantoea ananatis typifies 

the genus in this respect, being ubiquitous and isolated from six of the seven (except 

Antarctica) continents on Earth to date (Serrano, 1928, Paccola-Meirelles et al., 2001, 

Coutinho et al., 2002, Walcott et al., 2002, Hara et al., 2012). Strains of P. ananatis are 

isolated from a wide range of environmental sources including soil (Andreeva et al., 2011, 

Hara et al., 2012), water (Morohoshi et al., 2007), food (meat packaging)(Ercolini et al., 

2006), sorghum fermentation (Mohammed et al., 1991) and aviation fuels (Rauch et al., 

2006). P. ananatis strains are also frequently found associated with insects, including ticks 
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brown grasshoppers, mulberry pyralids (Watanabe et al., 1996, Watanabe & Sato, 1999), 

ticks and fleas (Murrell et al., 2003). P. ananatis has also been isolated from humans and has 

been associated with a clinical case of septicaemia and bacteraemia (De Baere et al., 2004). 

Most commonly, however, P. ananatis strains are isolated from plants (Coutinho & Venter, 

2009). They form part of the endophytic and epiphytic flora on a broad range of plant hosts, 

including coffee (Nunes & De Melo, 2006), tea (Goto et al., 1988), ginseng (Cho et al., 

2007), gypsophila (Cooksey, 1986), honey dew melons (Ceponis et al., 1985, Wells et al., 

1987), pineapple (Serrano, 1928), strawberry (Obata et al., 1990), citrus (Wang et al., 2008), 

papaya (Thomas et al., 2007), pepper (Kang et al., 2007), pearl millet (Frederickson et al., 

1997), sorghum (Morales-Valenzuela et al., 2007), sudan-grass (Walcott et al., 2002), 

buckwheat (Walcott et al., 2002) and cotton lint (Chun & Perkins, 1997). 

 

There has been particular interest in this species as it represents an emerging pathogen on a 

broad range of plant hosts, including the agronomic crops maize (Paccola-Meirelles et al., 

2001, Bomfeti et al., 2007), rice (Cother et al., 2004, Goszczynska et al., 2007), onion 

(Walcott et al., 2002) and Eucalyptus (Coutinho et al., 2002). Little is known about the 

pathogenicity factors involved in infection and disease symptom formation. Furthermore, 

little is known about the host specificity of P. ananatis strains. The question has arisen 

whether a strain from one host can infect another host. It has been observed that Eucalyptus 

and maize strains can infect onion seedlings (De Maayer, 2010, Shyntum et al., 2012, Weller-

Stuart, 2015). However, Kido et al. (2010) reported that strains isolated from rice, foxtail 

millet, pineapple and river water were able to cause palea browning on rice, while strains 

isolated from melon were unable to cause disease on rice, but did cause internal fruit rot of 

melons (Kido et al., 2010). This suggests that some form of host specificity exists in some 

strains of the species. Research must thus be undertaken to determine whether there are any 

genetic or phenotypic determinants underlying host specificity in this species.  

 

Flagellin glycosylation has been linked to host specificity in some phytopathogenic bacteria. 

For example, flagellin glycosylation mutants of Pseudomonas syringae pv. glycinea were 

able to grow and cause symptom-like changes in the non-host tobacco, while these mutants 

did not cause symptoms on the original host soybean (Takeuchi et al., 2003). This suggests 

that flagellin glycosylation is involved in recognition by the plant host and may drive 
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compatibility between the phytopathogen and its plant host(s). From the comparative 

genomic analyses of the P. ananatis flagellin glycosylation loci (Chapter 2), it is evident that 

there is extensive variability in these loci, and the compared strains could be subdivided into 

four distinct FGI types. This raises the question as to whether strains with a particular type of 

FGI can be linked to a particular host with which a P. ananatis strain is associated, or if 

strains with the same FGI type can infect a range of different hosts. Furthermore, are 

particular FGI types associated with distinct geographical origins?  

 

A large collection of P. ananatis strains isolated from six continents and from a wide range of 

different hosts are available at the Forestry and Agricultural Biotechnology Institute. By 

means of genetic screening of variable gene markers, we undertook to classify these strains 

according to their FGI types. Furthermore, we attempted to identify if there is any correlation 

between FGI type and the hosts they infect and the geographic locations from which the 

strains were isolated.  

 

3.3 Method and Materials 
 

3.3.1 P. ananatis strain collection, growth and DNA extraction  

 

Forty strains of P. ananatis isolated from diverse plant hosts and environmental niches, from 

every continent (with the exception of Antarctica) are maintained in the FABI Bacterial 

Culture Collection (FBCC)(Table 1). Strains were reconstituted from glycerol stocks and 

maintained on LB (Luria-Bertani) agar and incubated at 28˚C for 48 hours. Genomic DNA 

was extracted from all forty strains using the Zymo Research Quick-gDNA extraction kit 

(Zymo Research D3006), as per the manufacturer’s instructions. 

 

3.3.2 Primer design for conserved FGI genes and variable genes 

 

Genes for FGI screening (presence/absence and typing) were selected on the basis of our 

comparative genomic analyses (Chapter 2 Figure 1). The gene sequences selected in this 

study were extracted from the FGI loci of the seventeen genome sequenced strains and 
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aligned using the MAFFT server (Katoh & Standley, 2013). Conserved regions at the 5' and 

3' ends of the target genes were selected for primer design. Primer sequences were validated 

for hairpin, homodimer and heterodimer formation using the IDT DNA oligonucleotide 

analyzer (http://eu.idtdna.com/analyzer/Applications/OligoAnalyzer/)(Table 2).  

 

Two genes conserved among all seventeen genome sequenced strains (the HNH 

endonuclease gene edn and dTDP-4-dehydrorhamnose reductases rmlD) were selected for 

primer design to ascertain the presence of FGIs in the test strains (Figure 1, Tables 2 and 

Table 3). Furthermore, a primer set was designed (FGIPF and FGIPR) on the basis of 

sequences complementary to the flanking genes (fliC and fliA). Absence of an FGI region 

would result in PCR amplicons for this primer set.  Four genes, caiC (Acyl CoA synthase), 

mviM (oxidoreductase), glt3 (glycosyltransferase) and glt4 (glycosyltransferase) which are 

each unique to a particular FGI type (Type I – IV, respectively) were selected for primer 

design for primary FGI typing (Figure 1, Tables 2 and 3). To account for the possibility of 

sequence variation in the priming sites which would result in no amplification in a particular 

strain additional secondary primer sets were designed for two genes which are shared by two 

or more, but not all strains, for further verification of the primary FGI type screening. These 

include glt2 (glycosyltransferase found in FGI Type I and II) and degT (aminotransferase 

found in FGI type I, II and III)(Figure 1, Tables 2 and 3). 

 

3.3.3 Polymerase chain reaction (PCR) screening protocols 
 

The following PCR reagent mixture was used for all primer sets: 6.25 µM dNTPs, 2.5 µl 10x 

Buffer (Thermo Scientific), 2.0 µl MgCℓ₂ (Thermo Scientific), 1.25 U Super-Therm 

Polymerase (Thermo Scientific), 0.5 µM forward primer, 0.5 µM reverse primer, 2µl DNA 

and nuclease-free water (Thermo Scientific) to a total volume of 25 µl. PCR amplification 

was undertaken for all primer sets using an Eppendorf Mastercycler according to the 

following protocol: initial denaturation 94˚C for 5 minutes (min), 30 cycles [denaturation 

94˚C for 30 seconds (sec), primer annealing at 56˚C for 1 min, elongation at 72˚C for 1 min 

and 30 sec] and a final elongation at 72˚C for 7 min. The amplification of the edn gene 

fragments was performed using this standard protocol. For the amplification of the caiC, glt2, 

glt3 and fgi gene fragments the annealing step was amended to 60˚C for 50 sec. For the 
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amplification of degT, glt4 and rmlD gene fragments the annealing step was amended to 62˚C 

for 55 sec and mviM gene fragments the annealing step was amended to 56˚C for 1 min. 

 

3.3.4 Visualisation of PCR amplicons 

 

Following PCR amplification, the amplicons were electrophoresed on a 1% agarose gel, 

composed of 1 g SeaKem® LE Agarose powder (Lonza) in 100 ml of 1xTAE buffer. Two μl 

of amplicon was mixed with 1μl of Gel Red™ dye and loaded in each well. The gel was 

electrophoresed in a BioRad wide mini-sub® Cell GT using a BioRadPowerPacᵀᴹ Basic, at 

100V for 30 minutes. The gel was subsequently visualised under a UV light and the 

presence/absence of bands and sizes of the bands compared.  

 

3.4 Results and discussion 
 

3.4.1 FGI loci are present in all screened P. ananatis strains 

 

Two genes which are universal to all four FGI types (Chapter 2), edn, coding for an HNH 

endonuclease (Figure 2) and rmlD, coding for dTDP-4-dehydrorhamnose reductases (Results 

not shown) were PCR amplified from a collection of forty P. ananatis strains. Amplicons 

could be observed for both genes in all forty strains, suggesting that FGI loci are universally 

present among P. ananatis strains. This was further confirmed by PCR amplification with a 

forward and reverse primer which are complementary to the fliC and fliA genes flanking the 

FGI loci in the genome sequenced strains, at the 5' and 3' ends, respectively. No bands could 

be observed for any of the strains, indicating that inserts, which are too large to be amplified 

using conventional Taq polymerase are present in all forty of the tested strains (Figure 6). 

These two PCR amplification strategies combined provide strong evidence that flagellin 

glycosylation islands are integrated in the flagellum biosynthetic cluster 3 of all P. ananatis 

strains, and that FGIs form part of the universal genetic complement of this species.   
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3.4.2 FGI Types I, II and III, but not Type IV, are prevalent among P. ananatis 

strains.  

 

Forty P. ananatis strains were genetically screened to determine the FGI Type encoded on 

their genomes (Table 4 and 5). This data was combined with that obtained in Chapter 2 on the 

genome sequenced P. ananatis strains to determine the prevalence of distinct FGI types. 

Seven of the genome sequenced strains were included in the genetic screening, to validate the 

results obtained in the PCR assays. The genetic screening results for all seven strains matched 

that observed from the comparative genomic analyses (Chapter 2). Isolates or DNA were not 

physically available for an additional ten genome sequenced strains, but these were 

incorporated in the overall analysis. Thus fifty strains in total were utilized in the typing 

scheme. Twenty of the forty screened strains produced PCR amplicons for both caiC (Figure 

3) and the secondary marker glt2 (Figure 4), indicating that they belong to FGI type I. Thus 

the majority of strains (25 out of fifty strains, 50%) belong to FGI type I. The second most 

common FGI type among the P. ananatis strains is Type III (positive for glt3 (Figure 5), 

negative for other Type I and II FGI genes i.e. degT, glt2, caiC and mviM), with 11 strains 

(22% of the total) showing genetic/genomic evidence of this locus. Only five strains (four 

genetically screened and one genomic strain) are positive for the primary marker mviM and 

secondary marker glt2 and thus belong to FGI type II (10% of the fifty strains).  

 

No amplicons were obtained for the glt4 (glycosyltransferase) gene fragment in any of the 

forty screened P. ananatis strains. The Type IV FGI therefore appears to be unique to one 

strain, P. ananatis SD-1. As discussed in Chapter 2, this strain may potentially represent a 

novel subspecies of P. ananatis, or even a novel Pantoea spp. As such, the Type IV FGI may 

be a hallmark species to strains closely related to SD-1 (Chapter 2 Figure 2). It should be 

noted, however, that P. ananatis PaMB1 also clusters with SD-1, on the basis of a house-

keeping gene phylogeny, but clusters with other P. ananatis strains on the basis of its Type 

III FGI. Screening of large dataset of P. ananatis strains thus needs to be undertaken to 

determine the prevalence of the Type IV FGI in this species.     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



85 

3.4.3  The P. ananatis flagellin glycosylation island may show greater genetic 

variability than the current scope of FGI types. 

 

While thirty-one of the forty genetically screened strains could be typed according to their 

flagellin glycosylation island gene content using the PCR assays, nine strains showed 

conflicting results and therefore could not be accurately placed into their different FGI types 

(Table 4 and 5). Three strains P. ananatis BCC098, BCC135 and BCC637 produced 

amplicons for the glt2 gene suggesting they contain either a Type I or II FGI, but were 

negative for the FGI Type I gene caiC and the FGI type II gene mviM. No bands were 

obtained for any of the typing genes for one strain, BCC631. By contrast, a mixture of type I 

and II genes could be observed in P. ananatis BCC0102, while BCC0151 produced 

amplicons for the Type II (mviM) and Type III (glt3) genes and BCC626 and BCC641 

produced bands for both Type II genes (mviM and glt2), as well as the Type III gene glt3. The 

reason for amplicon products being produced for distinct FGI Type gene fragments may be 

two fold. It may be possible that lower sequence conservation among some of the genes may 

result in non-specific binding of primers, and thus the amplification of false positive bands. 

Alternatively, it is possible that some strains may contain a mixture of genes from more than 

one distinct FGI type, as a result of horizontal gene exchange or recombination events. This 

may result in far greater variability in the flagellin glycosylation loci than that assumed in our 

comparative genomic analyses and this PCR screening analysis.  

 

3.4.4 No correlation could be observed between FGI type and the host from which a 

P. ananatis strain was isolated.  
 

Twenty-five of the compared strains belong to FGI type I. The majority (22 strains of the 

twenty-five) were isolated from a range of different plant hosts, including onion, Eucalyptus, 

pineapple, Cattleya, rice, maize, melons and strawberries (Figure 7). However, strains were 

not restricted to plant hosts. For example, the Type I FGI strain P. ananatis AJ13355 was 

isolated from soil, and both BCC030 and BCC053 were isolated from insects. Five of the 

compared strains belong to FGI Type II. All strains were isolated from a range of different 

plant hosts, including rice, sugarcane, Cassia and maize. Eleven of the compared strains 

belong to FGI Type III. The majority were isolated from a range of different plant hosts, 
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including wheat, rice, onion, cotton ball and banana. However, Type III FGI strain P. 

ananatis LMG5342 was isolated from humans and BCC0024 was isolated from insects. 

 

Particular plant hosts of the compared strains belong to either one or a few FGI Types. The 

majority of the hosts belong to only one FGI type. Three plant hosts are unique to FGI Type I 

P. ananatis strains, including pineapple, Cattleya and strawberries. Two hosts belong to only 

FGI Type II, namely Cassia, and sugarcane. Two plant hosts are restricted to FGI Type III 

strains, banana and cotton, while PaMB1 was isolated from an unknown plant host. The 

human isolate also belongs to FGI Type III. It should be noted that there are only single 

strains isolated from each of these hosts. The one exception is pineapple, where both isolates 

belong to FGI Type I. For the other hosts for which there are multiple isolates, they belong to 

different FGI types, including melons (three strains; FGI Type I and untypable), Eucalyptus 

(five strains; FGI Type I and III), onion (six strains; FGI type I and III and untypable), maize 

(FGI Type I and II) and Rice (FGI Type I, II, III and IV). As such, there does not appear to be 

direct correlation between the FGI type a P. ananatis strain belongs to and the host that it 

infects.  

 

3.4.5 There is poor correlation between P. ananatis FGI Type and geographic source 

of isolation.  

 

The twenty-five FGI Type I strains were isolated from seven different countries in four 

continents, including RSA (Africa), USA and Canada (North America), Japan, Thailand and 

South Korea (Asia) and Australia (Australia) (Figure 7).The majority of the FGI Type I 

strains were isolated from Australia (28% of strains), RSA (24% of strains) and the USA 

(24% of strains). The five Type II FGI strains were isolated from four countries, with one 

from Africa (RSA), two from Asia (South Korea and Japan) and two from South America 

(Brazil). The eleven Type III FGI strains were isolated from five different continents, 

including Africa (RSA and Zimbabwe), Asia (China, India and Japan), Europe (Hungary) 

North America (USA), South America (Uruguay). The single Type IV strain was isolated 

from China, while the eight untypable strains were from RSA (four strains) and USA (four 

strains, respectively). When considering single countries, P. ananatis strains with distinct 

FGI types can also be observed, e.g. strains isolated from South Africa belong to FGI Type I, 
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II and III, while isolates from the USA belong to FGI Type I, III and the untypable FGI. The 

observation that P. ananatis isolates belonging to the same FGI Type have been isolated from 

different continents, and distinct FGI types being found in the same country indicate that 

there is no direct correlation between FGI type and the geographic source of isolation.   

 

3.5 Conclusion 
 

By means of genetic screening through the use of PCR assays, we have shown that flagellin 

glycosylation islands are likely universal to this species and furthermore suggests that 

flagellin glycosylation is a common genotypic and phenotypic trait for the species. It 

however, remains to be determined if the genetic presence of an FGI translates into a 

functional glycosylation system for the flagellum. This would have to be determined using 

knock-out mutagenesis and phenotypic assays.  

 

Our genetic screening was relatively successful in classifying the P. ananatis strains 

according to their FGI type, with 32 out of 40 screened isolates being assigned to FGI Type I, 

II and III. The remaining eight strains could not be classified, and this may be due to 

additional variability in the flagellin glycosylation loci among P. ananatis isolates. Most of 

the strains belonged to FGI Type I, followed by FGI Type III and Type II. Alternatively, 

sequence variation in the priming site may have hampered classification of these untypable 

strains. Primers could potentially be designed on several other genetic targets that could 

provide additional differentiation of the strains into their distinct FGI Types.  

 

The strains incorporated in this study included those isolated from several distinct plant hosts, 

with their aim of trying to establish a link between FGI Type and host specificity. From our 

analyses, there does not appear to be a direct correlation between the FGI Type of the P. 

ananatis isolate and the host it infects. As such, flagellin glycosylation may not play a 

determinative role in host specificity, as observed in other plant associated bacteria. 

Additionally, the strains incorporated in this study may not be truly host specific.  
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Unexpectedly, strains belonging to the different FGI types were isolated from multiple 

different continents, and strains from the same country (e.g. RSA) belonged to different FGI 

types. This raises questions about the evolution of the distinct FGI types. Are similar 

evolutionary pressures, or even similar horizontal gene exchange events occurring in these 

different geographic locales? Do they co-occur with other bacteria with the same genetic FGI 

make-up so that horizontal exchange can occur? A more likely explanation would that, with 

the global trade in plant material, P. ananatis isolates with distinct FGI types have been 

translocated across the world, and the subsequent co-mingling of populations have given rise 

to the global diversity of FGI loci. This presents an exciting avenue for future research into 

the evolution, structure and functionality of flagellin glycosylation in P. ananatis.  
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3.7 Tables and figures 
 

Table 1. The fifty P. ananatis strains included in this study. The FABI Bacterial 

Collection (FBCC) strain codes are indicated, as well as the geographic location and host 

from which they were isolated. Strains for which genome sequences are available (Chapter 2) 

are indicated in bold, while a * indicates those strains where the genomic information only 

was incorporated into this analysis. 

 

# 
FABI Culture 

Collection # 

External Culture 

collection # 
Origin Host 

FGI 

Type 

1 BCC0024   RSA Insect  III 

2 BCC0030   RSA Insect I 

3 BCC0053   RSA Insect I 

4 BCC0083   USA Onion I 

5 BCC0084   RSA Eucalyptus I 

6 BCC0087   USA Onion I 

7 BCC0094   USA Onion I 

8 BCC0098   USA Sudangrass ? 

9 BCC0102   USA Sudangrass ? 

10 BCC0116   RSA Eucalyptus I 

11 BCC0127  LMG20103 RSA Eucalyptus I 

12 BCC0128   USA Pineapple I 

13 BCC0132  LMG2665T USA Pineapple I 

14 BCC0135 LMG2676 USA Wheat ? 

15 BCC0147 CTB1135 Japan Rice II 

16 BCC0149 LMG2675 Europe Wheat III 

17 BCC0151 ATCC35400 USA Melons ? 

18 BCC0155 LMG2807 USA Cattleya I 

19 BCC0158 LMG2161 India Rice III 

20 BCC0192  LMG5342 USA Human III 

21 BCC0195 LMG2678 Zim Wheat III 

22 BCC0367 THAILAND 7-2 Thailand Eucalyptus I 

23 BCC0370 DAR76141 Aus Rice I 

24 BCC0372 DAR76143 Aus Rice I 
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Table 1. Continued… 

# 
FABI Culture 

Collection # 

External Culture 

collection # 
Origin Host 

FGI 

Type 

25 BCC0373 DAR76144 Aus Rice I 

26 BCC0375 RAMI7969 Aus Rice I 

27 BCC0583 URUGUAY43 Uruguay Eucalyptus III 

28 BCC0601 ICMP10132 Brazil  Sugarcane II 

29 BCC0602 ICMP12183 Brazil  Cassia II 

30 BCC0626 BD301 RSA Onion ? 

31 BCC0631 BD377 RSA Onion ? 

32 BCC0633  PA4 RSA Onion III 

33 BCC0635  BD442 RSA Maize II 

34 BCC0637 BD561 RSA Maize ? 

35 BCC0639 BD588 RSA Maize I 

36 BCC0641 BD622 RSA Maize ? 

37 BCC0644 LMG2628 Japan Banana III 

38 SUPP1791   Japan Melons I 

39 SUPP2582   Japan Melons I 

40 BCC1049  AJ13355 Japan Soil I 

41   B1-9* Korea Onion I 

42   S7* Aus Maize I 

43   S8* Aus Maize I 

44   S6* Aus Maize I 

45   BRT175* Canada Strawberries I 

46   PA13* Korea Rice II 

47   CFH7.1* USA Cotton III 

48   B40* Japan Rice III 

49   PaMB1* China  Plant III 

50   SD1* China Rice IV 
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Table 2. The FGI Type differential markers.  Indicating the presence (+) or absence (-) of 

the gene fragments amplified used for each FGI type in this study.  

 

  Gene-specific primers     

    caiC mviM glt3 glt4 glt2 degT 
edn 

(+ve) 

rmlD fgi 

(+ve) (-ve) 

 F
G

I 
T

y
p

e I + - - - + + + + - 

II - + - - + + + + - 

III - - + - - + + + - 

IV - - - + - - + + - 

 

 

Table 3. The primers used in this study. The nucleotide sequences, lengths of the primers, 

G+C content (%), melting temperature and predicted fragment lengths of the amplicons are 

shown. 

 

Gene Name Primer nt sequence #Bases G+C% 

TM 

˚C 

Fragment 

length ~ 

glt2 

glt2 FP 5'-ACCCTGGATAGCCGTTTATCC-3' 21 52,4 56,5 

760 glt2 RP 5'-TTTGCTGTATGTCACCGCCC-3' 20 55 58,1 

edn 

edn FP 5'-GAGTCCTTCAACCAGCTATCGG-3' 21 52,4 57,8 

800 edn RP 5'-ACGGGCTAATGCTTTCACG-3' 19 52,6 55,7 

glt3 

glt3 FP 5'-CAGCGTCCTGAAGTAGGTATCG-3' 22 54,5 56,8 

970 glt3 RP 5'-AAGCTGGTAAGATGTGCCCACG-3' 22 54,5 59,8 

mviM 

mviM FP 5'-CGCCAATGAGGACTACCGGATTGC-3' 24 54,5 57,8 

1020 mviM RP 5'-GCCACCATCTTGACGCAGTTGCGG-3' 24 57,1 59,1 

rmlD 

rmlD FP 5'-AATTCACACCAGCTCACCG-3' 20 55 57,6 

588 rmlD RP 5'-CAATTAGGGCGTTGCTTGCTGG-3' 22 54,5 59,3 

caiC 

caiC FP 5'-TCGCTGTGATTGACGATAGCGG-3' 22 54,5 59,3 

1020 caiC RP 5'-GGTGAAGGTCGTCTCCGTCC-3' 20 65 59,8 

degT 

degT FP 5'-GCTTGAAGGTGATCTACGATGCT-3' 23 52,2 57,8 

915 degT RP 5'-AAAGCACCTGATGAGACAGGCG-3' 22 54,5 59,7 

fgi 

FGI FP 5'-GCGATGTAGAGGGTATTCAGCG-3' 22 54,5 57,4 

9860 FGI RP 5'-AGGAACAATCATCCTCGCCC-3' 20 55 57,2 

glt4 

glt4 FP 5'-CTATTGTCACTGCTCCCACAAGC-3' 23 52,2 58 

960 glt4 RP 5'-CCCTTACGATGAAGTCGAAGAGC-3' 23 52,2 57,2 
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Table 4.  The FGI Types for each gene product. The presence (+) and absence (-) of 

amplicons for the gene-specific primer pairs in the forty genetically screened P. ananatis 

strains.  

 

 

glt2 degT

(I and II) (I, II and III)

III S1 BCC0024 - - + - - +

I S2 BCC0030 + - - - + +

I S3 BCC0053 + - - - + +

I S4 BCC0083 + - - - + +

I S5 BCC0084 + - - - + +

I S6 BCC0087 + - - - + +

I S7 BCC0094 + - - - + +

? S8 BCC0098 - - - - + +

? S9 BCC0102 + + - - + +

I S10 BCC0116 + - - - + +

I S11 BCC0127 LMG20103 + - - - + +

I S12 BCC0128 + - - - + +

I S13 BCC0132 LMG2665
T + - - - + +

? S14 BCC0135 LMG2676 - - - - + +

II S15 BCC0147 CTB1135 - + - - + +

III S16 BCC0149 LMG2675 - - + - - +

? S17 BCC0151 ATCC35400 - + + - - +

I S18 BCC0155 LMG2807 + - - - + +

III S19 BCC0158 LMG2161 - - + - - +

III S20 BCC0192 LMG5342 - - + - - +

III S21 BCC0195 LMG2678 - - + - - +

I S22 BCC0367 THAILAND 7-2 + - - - + +

I S23 BCC0370 DAR76141 + - - - + +

I S24 BCC0372 DAR76143 + - - - + +

I S25 BCC0373 DAR76144 + - - - + +

I S26 BCC0375 RAMI7969 + - - - + +

III S27 BCC0583 URUGUAY43 - - + - - +

II S28 BCC0601 ICMP10132 - + - - + +

II S29 BCC0602 ICMP12183 - + - - + +

? S30 BCC0626 DB301 + - + - + +

? S31 BCC0631 BD377 - - - - - +

III S32 BCC0633 PA4 - - + - - +

II S33 BCC0635 BD442 - + - - + +

? S34 BCC0637 BD561 - - - - + +

I S35 BCC0639 BD588 + - - - + +

? S36 BCC0641 BD622 + - + - + +

III S37 BCC0644 LMG2628 - - + - - +

I S38 SUPP1791 + - - - + +

I S39 SUPP2582 + - - - + +

I S40 BCC1049 AJ13355 + - - - + +

Primary typing genes Secondary typing genes

Type Nr. Strain Name caiC (I) mviM (II) glt3 (III) glt4 (IV)

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



99 

Table 5. Comparison of the relationships between the FGI Type, geographic origin and 

P. ananatis strain host. The origins of the hosts are abbreviated, USA for United States of 

America, RSA for Republic of South Africa and Aus for Australia. 

 

# 
FABI Culture 

Collection # 

External Culture 

collection # 
Origin Host 

FGI 

Type 

14 BCC0135 LMG2676 USA Wheat ? 

17 BCC0151 ATCC35400 USA Melons ? 

8 BCC0098   USA Sudangrass ? 

9 BCC0102   USA Sudangrass ? 

30 BCC0626 BD301 RSA Onion ? 

31 BCC0631 BD377 RSA Onion ? 

34 BCC0637 BD561 RSA Maize ? 

36 BCC0641 BD622 RSA Maize ? 

2 BCC0030   RSA Insect I 

3 BCC0053   RSA Insect I 

4 BCC0083   USA Onion I 

6 BCC0087   USA Onion I 

7 BCC0094   USA Onion I 

5 BCC0084   RSA Eucalyptus I 

10 BCC0116   RSA Eucalyptus I 

11 BCC0127  LMG20103 RSA Eucalyptus I 

22 BCC0367 THAILAND 7-2 Thailand Eucalyptus I 

12 BCC0128   USA Pineapple I 

13 BCC0132  LMG2665T USA Pineapple I 

18 BCC0155 LMG2807 USA Cattleya I 

23 BCC0370 DAR76141 Aus Rice I 

24 BCC0372 DAR76143 Aus Rice I 
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Table 5. Continued… 

# 
FABI Culture 

Collection # 

External Culture 

collection # 
Origin Host 

FGI 

Type 

25 BCC0373 DAR76144 Aus Rice I 

26 BCC0375 RAMI7969 Aus Rice I 

38 SUPP1791   Japan Melons I 

39 SUPP2582   Japan Melons I 

40 BCC1049  AJ13355 Japan Soil I 

41   B1-9 Korea Onion I 

35 BCC0639 BD588 RSA Maize I 

42   S7 Aus Maize I 

43   S8 Aus Maize I 

44   S6 Aus Maize I 

45   BRT175 Canada Strawberries I 

15 BCC0147 CTB1135 Japan Rice II 

28 BCC0601 ICMP10132 Brazil  Sugarcane II 

29 BCC0602 ICMP12183 Brazil  Cassia II 

33 BCC0635  BD442 RSA Maize II 

46   PA13 Korea Rice II 

16 BCC0149 LMG2675 Hungary Wheat III 

21 BCC0195 LMG2678 Zim Wheat III 

19 BCC0158 LMG2161 India Rice III 

48   B40 Japan Rice III 

27 BCC0583 URUGUAY43 Uruguay Eucalyptus III 

32 BCC0633  PA4 RSA Onion III 

37 BCC0644 LMG2628 Japan Banana III 

47   CFH7.1 USA Cotton III 

49   PaMB1 China Plant III 

1 BCC0024   RSA Insect III 

20 BCC0192  LMG5342 USA Human III 

50   SD1 China Rice IV 
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Figure 1. The conserved and variable genes in the different flagellin glycosylation island 

(FGI) types chosen for genetic screening. Primary type screening gene fragments are 

indicated in red, while secondary type screening fragments are indicated in blue. The gene 

fragments utilized to determine the presence of FGI loci are indicated by green circles.  

 

 

 

Figure 2. Electrophoresis gel for edn amplicons. Indicating the gene-specific Polymerase 

Chain Reaction (PCR) products of edn primer set of forty P. ananatis strains, viewed under 

UV light. The L represents the 1kb DNA ladder (Thermo Fischer) used and –C is the 

negative control.  
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Figure 3. Electrophoresis gel for caiC amplicons. Indicating the gene-specific PCR 

products of caiC primer set of forty P. ananatis strains, viewed under UV light. The L 

represents the 1kb DNA ladder (Thermo Fischer) used and –C is the negative control.  

 

Figure 4. Electrophoresis gel for glt2 amplicons. Indicating gene-specific PCR products of 

glt2 primer set of forty P. ananatis strains, viewed under UV light. The L represents the 1kb 

DNA ladder (Thermo Fischer) used and –C is the negative control.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



103 

 

Figure 5. Electrophoresis gel for glt3 amplicons. Indicating gene-specific PCR products of 

glt3 primer set of forty P. ananatis strains, viewed under UV light. The L represents the 1kb 

DNA ladder (Thermo Fischer) used and –C is the negative control.  

 

 

Figure 6. Electrophoresis gel for fgi amplicons. Indicating gene-specific PCR products of 

fgi primer set of a small sample of the forty P. ananatis strains, viewed under UV light. The 

L represents the 1kb DNA ladder (Thermo Fischer) used and –C is the negative control. The 

bright band at the bottom indicates primer dimer. 
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SUMMARY 

 

Flagellin glycosylation is a common phenomenon among a wide range of bacterial and 

archaeal lineages. Furthermore, a wide range of functions have been ascribed to this trait, 

including the assembly, stabilisation and functioning of the flagellum, attachment, host 

defence avoidance and virulence. In this study, genetic screening and comparative genomic 

analyses was used to show that flagellin glycosylation islands are universally present among 

all studied P. ananatis strains, regardless of their geographic origin or source of isolation. 

The genomic analyses undertaken also highlighted the high degree of variability in the 

genetic architecture of this locus. A typing scheme was developed on the basis of the 

presence/absence of genes in the islands of the compared strains, and the seventeen genome 

sequenced strains could be discrimanted into four distinct FGI types. These FGI types 

differed in terms of the glycosyltransferases encoded on the islands, the sugar biosynthetic 

genes as well as the gene complement involved in additional methylation, acetylation and 

formylation of the glycans, which likely translates in highly versatile flagellin glycan 

structures, containing potentially different sugars with different side chains.  

 

By means of PCR assays designed on the basis of differential gene fragments for each of the 

FGI types identified from the genomic data, a large number of P. ananatis strains isolated 

from a wide range of environmental sources and geographical locations were screened. The 

analyses suggested that the diversity of the flagellin glycosylation islands, and thus likely the 

flagellin glycans themselves, could possibly be capable of numerous functions that stretch 

beyond the bounds of what was observed here. Furthermore, there was no distinct correlation 

between the FGI type and the host/geographic locations from which the P. ananatis strains 

were isolated. This may suggest that unlike in some other phytopathogens, flagellin 

glycosylation does not play a role in host specificity. A role for flagellin glycosylation in 

virulence is possible, although FGIs were also observed in several isolates from non-plant 

sources. It should be tested experimentally, however, if these strains are capable of causing 

disease symptoms when inoculated into a P. ananatis host plant. The universal presence of 

FGIs in P. ananatis may also suggest a potential essential role of flagellin glycosylation in 

the assembly, maintenance or functioning of the flagellum of this species. The global 

distribution of the different FGI types are very interesting, as this would suggest that the 
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horizontal gene exchange events from FGIs are purported to have been derived, may have 

occurred multiple times on several different continents. However, the increased globalization 

of our planet may also have driven the global distribution of P. ananatis strains with the 

different FGI types. It is thus evident that there are a number of unanswered questions about 

flagellin glycosylation in P. ananatis. At least one of these, is whether the FGI loci are 

functional and the flagellin glycans are expressed. Future investigations into this fascinating 

genetic locus must therefore be undertaken.  
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