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Abbreviations 
 

AMR antimicrobial resistance  

CPS capsular polysaccharide 

diNAcBac  di-N-acetylbacillosamine (2,4-diacetamido-2,4,6-trideoxyhexose) 

diNAcGlcA di-N-acetyl glucuronic acid (GlcNAc(3NAc)A) 

Dol-P dolicholphosphate 

Dol-PP dolicholdiphosphate 

Gal galactose 

GalNAc N-acetylgalactosamine 

GATDH glyceramido acetamido trideoxyhexose  

Glc glucose 

GlcNAc N-acetylglucosamine 

HexNAc N-acetylhexosamine  

LLO lipid linked oligosaccharide 

LOS/LPS lipooligosaccharide/lipopolysaccharide 

Man mannose 

MS mass spectrometry 

OTase oligosaccharyltransferase 

pgl protein glycosylation 

PTM post-translational modification 

PV phase variable 

SSM slipped strand mispairing 

SSR simple sequence repeats 

Und-P undecaprenylphosphate 

Und-PP undecaprenyldiphosphate 

WT wild-type 
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1 Introduction 
 

Bacterial cell surfaces are fascinating structures. The network of diverse proteins and 

molecules there can allow the bacteria to move, attach to their surroundings, and in some 

cases, cause disease in a vulnerable host.  A closer look into some of these surface structures 

will reveal the presence of carbohydrates (i.e. glycans, sugars), macromolecules placed at 

certain positions by way of the bacterium’s protein glycosylation system. Proteins are often 

the targets of glycosylation, and represent one of the many types of post-translational 

modifications (PTMs) - the covalent modifications of amino acid sequences. Prevalent 

PTMs include, but are not limited to: glycosylation, phosphorylation, acetylation, 

methylation and ubiquitination (Khoury, Baliban, and Floudas 2011). This is not limited to 

just bacteria, and is a ubiquitous feature seen in all domains of life (Varki and Kornfeld 

2015). In eukaryotes, it is estimated that up to 70% of proteins are glycosylated (Dell et al. 

2010). Although protein glycosylation pathways were first described in eukaryotes, it is now 

clear that such processes are widespread in prokaryotes. 

The protein glycosylation process involves the enzymatic attachment of carbohydrates 

predominantly to proteins. The carbohydrates that are transferred can vary in length, 

structure, stereochemistry, and composition depending on the organism. Individual 

monosaccharide units that comprise the carbohydrates are often glucose or galactose, but 

can also be more unusual sugars. After the complete glycan is assembled, it is covalently 

attached to proteins mainly in two ways, via N-linked or O-linked glycosidic linkages 

facilitated by glycosyltransferases (Varki and Kornfeld 2015).  

This thesis examines protein glycosylation from a bacterial perspective in the genus 

Neisseria. Prior studies have identified a general glycosylation pathway with multiple 

proteins targets in Neisseria (Vik et al. 2009, Børud et al. 2010). The enzymes and substrates 

involved are well described in the two pathogenic members of the genus, Neisseria 

gonorrhoeae and N. meningitidis, but this work aims to extend our current knowledge into 

the non-pathogenic Neisseria species to explore the differences between pathogens and 

commensals. 

 

1.1 Protein glycosylation in Eukaryotes 
Glycosylation represents the most abundant PTM in eukaryotes yet the precise roles and 

mechanisms are still being defined. The complexity of studying glycosylation in higher-level 

eukaryotic organisms, is complicated by the sheer scope of roles that glycosylation has in 
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cells (Hart and Copeland 2010). Despite the challenges in tackling such a large field, the 

basic mechanisms and principles of glycosylation are now largely established, mainly due 

to the availability of suitable model systems (i.e. yeast) (Varki 2017). Emerging technologies 

at the turn of the 21st century, such as mass spectrometry (MS), have further enabled both 

high-throughput and high-sensitivity assays to profile glycans and PTMs from numerous 

sources (Hart and Copeland 2010). The study of eukaryotic glycosylation undoubtedly 

enabled the proceeding prokaryotic discoveries, some of which will be introduced in the 

following sections.  

1.1.1 N-linked protein glycosylation 
N-linked protein glycosylation is a comprehensively studied process and it has been 

estimated that the majority of all human glycoproteins contain N-glycans (Moremen, 

Tiemeyer, and Nairn 2012). Characterized by a β-glycosylamide linkage to asparagine (Asn) 

residues, the process is highly conserved in all domains of life (Aebi 2013). Many pathway 

components have been elucidated from studies in the model organism Saccharomyces 

cerevisiae (yeast) (Figure 1). 

 

Figure 1. N-linked protein glycosylation in S. cerevisiae. The pathway is conserved in eukaryotic organisms. 
Dol-P (dolichol phosphate) is anchored in the ER membrane where the initial elongation of the oligosaccharide 
begins on the cytoplasmic side. After synthesis of Dol-PP-GlcNAc2Man5, this is flipped into the lumen of the 
ER. The glycosyltransferases attaching individual activated monosaccharides to the growing chain are named 
Alg (asparagine linked glycosylation). The OT (oligosaccharyltransferase) finishes the process by transferring 
the full-length glycan to target proteins. Image taken from Larkin and Imperiali (2011) with permission from 
American Chemical Society. 
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In general, N-linked protein glycosylation can be divided into four main steps: 1) a 

glycan precursor is formed on the cytosolic side of the endoplasmic reticulum (ER); 2) the 

precursor is flipped into the ER lumen; 3) the precursor is further elaborated by 

glycosyltransferases and 4) the completed glycan is transferred en bloc to target proteins 

(Figure 1). The process begins on the cytosolic side of the ER membrane where a 

phosphorylated lipid anchor is the site of the oligosaccharide building process. In eukaryotes, 

the membrane bound lipid anchor is dolichol phosphate (Dol-P) (Burda and Aebi 1999). A 

set of glycosyltransferases sequentially transfer nucleotide-activated sugars (UDP-GlcNAc 

and GDP-Man) to the growing lipid linked oligosaccharide (LLO). Once the initial 

heptasaccharide, Dol-PP-GlcNAc2Man5, is completed, it is flipped into the lumen of the ER 

where another set of glycosyltransferases begin further extension with Dol-P-Glc and Dol-

P-Man as the monosaccharide substrate donors. The final tetradecasaccharide 

Glc3Man9GlcNAc2 is then ready for further transfer (or modification) to acceptor proteins 

(Larkin and Imperiali 2011). Glc3Man9GlcNAc2 is a highly conserved glycan core in all 

eukaryotes (Stanley, Taniguchi, and Aebi 2015), but not found in prokaryotic systems. 

The transfer of the oligosaccharide core en bloc to target proteins is mediated by an 

oligosaccharyltransferase (OTase). The OTase is comprised of a complex of membrane-

associated subunits and in S. cerevisiae, it has been shown that five of the eight subunits are 

absolutely essential for OTase function and consequently for yeast viability (Larkin and 

Imperiali 2011). One subunit of the OTase is STT3 which is conserved across all eukaryotes, 

and homologues of this protein are also found in some bacterial systems (Weerapana and 

Imperiali 2006). STT3 has a direct catalytic effect essential for the functionality of the OTase 

and is well conserved across the three domains of life (Kelleher and Gilmore 2006). The 

OTase transfers the oligosaccharide by locating a specific sequence motif (Asn-X-Ser/Thr, 

where X can be any amino acid except Pro) on the target protein and then transfers the 

oligosaccharide from the lipid linker and attaches it onto the protein. However, not all 

sequence motifs on proteins are sites of glycosylation. Non-utilized sites can be due to 

positioning of the sequon in the peptide or the residue occupying the X position (Kelleher 

and Gilmore 2006).  

After the oligosaccharide is attached to a protein, further processing and trimming of 

the glycan proceeds in the Golgi apparatus via glucosidases and mannosidases (Stanley, 

Taniguchi, and Aebi 2015). Trimming of the glycan has various outcomes, some of which 

include helping the protein fold properly, trafficking and mobilization of other proteins, and 

immune responses (Larkin and Imperiali 2011). Lastly, mature N-glycans can be capped 
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with other carbohydrates (i.e. sialic acid, fucose, galactose) to complete the glycan’s journey 

through the Golgi (Stanley, Taniguchi, and Aebi 2015). Defects to the glycan maturation 

process have been implicated in a plethora of diseases, and thus the proper control of the 

protein glycosylation process is of utmost importance to human health (Moremen, Tiemeyer, 

and Nairn 2012). 

1.1.2 O-linked protein glycosylation 
In O-linked protein glycosylation, a glycan is attached to an amino acid bearing a hydroxyl 

group (Spiro 2002). In eukaryotes, this process is independent of a specific targeting sequon 

(Spiro 2002). Although any amino acid with a free hydroxyl can be used, most O-linked 

glycans are attached to serine or threonine (Ser/Thr) residues (Spiro 2002). O-linked protein 

glycosylation also does not require the OTase complex nor a lipid linked linker. Instead, the 

monosaccharides are attached directly to the polypeptide sequence itself  by 

glycosyltransferases in a step-wise fashion (Steen et al. 1998). 

Many of the steps in O-linked protein glycosylation take place in the late ER 

compartments or the Golgi apparatus (Moremen, Tiemeyer, and Nairn 2012, Steen et al. 

1998). The mucin glycoproteins in many “higher” eukaryotes represent a major class of 

proteins to be O-glycosylated (Steen et al. 1998). Mucins all contain a hallmark GalNAc 

reducing end sugar attached to a Ser/Thr residue (Steen et al. 1998). Other examples of 

reducing end O-glycans in eukaryotes include: O-mannose, O-fucose, O-glucose, and O-

galactose (Corfield and Berry 2015). Compared to the conserved N-glycan GlcNAc-reducing 

end sugar and main tetradecasaccharide glycan core, O-glycans encompass a greater 

spectrum of glycan diversity (Steen et al. 1998, Dell et al. 2010) 

1.2 Protein glycosylation in Prokaryotes 
The study of microbiology has made considerable strides over the past decades, and 

glycosylation systems have been identified in multiple bacterial and archaeal species. In 

1976, the archaea Halobacterium salinarum was found to express glycosylated surface (S-) 

layer proteins. This opened the field to explore protein glycosylation in “lower” level taxa 

and to study the associated biological roles (Jarrell et al. 2014). Both N- and O-linked protein 

glycosylation systems are found in prokaryotes, but the mechanisms, glycan structures, and 

composition are markedly different from eukaryotes.   

In archaea, functional protein glycosylation systems have been identified in a number 

of species including Haloferax volcanii, Methanococcus voltae, Methanococcus 

maripaludis, and Sulfolobus acidocaldarius (Jarrell et al. 2014, Eichler 2013). Remarkably, 
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components of archaeal protein glycosylation systems are also found in both bacteria and 

eukaryotes (Jarrell et al. 2014). For example, the catalytic STT3 OTase subunit is conserved 

in all three kingdoms, yet the lipid linked carrier in archaeal species is Dol-P, analogous to 

the eukaryotes, but different from bacteria which use undecaprenyl phosphate (Und-P) 

(Jarrell et al. 2014). Archaea are often found in extreme environments, and the diversity of 

glycans detected thus far, surpasses that observed in both eukaryotes and bacteria (Jarrell et 

al. 2014, Schäffer and Messner 2016). In some studies, by changing environmentally related 

stressors (i.e. salinity, temperature), the archaeal species studied responded by shifting 

glycosylation phenotypes (Eichler and Koomey 2017). This implies that some archaeal 

species have the capability to alter their protein glycosylation expression patterns in response 

to varying environmental conditions, and thus, those responses have an impact on microbial 

fitness.    

In bacteria, studies of protein glycosylation have traditionally been focused on 

abundant, surface-exposed proteins such as S-layer proteins, autotransporters, adhesins, 

flagella and pili. Such surface components have long been implicated in bacterial virulence 

(Schäffer and Messner 2016). However, other membrane associated and extracytoplasmic 

proteins have also been identified to be glycosylated in some bacterial systems, and the roles 

of these glycoproteins are still being identified (Scott et al. 2014, Fletcher, Coyne, and 

Comstock 2011). Protein glycosylation pathways in bacteria can occur with or without an 

OTase. As in the eukaryotic protein glycosylation system, OTase-dependent pathways 

require a dedicated OTase to transfer the glycan to target proteins, whereas OTase-

independent pathways involve the cytoplasmic addition of monosaccharides to a protein that 

is subsequently transported to either the surface or secreted (Valguarnera, Kinsella, and 

Feldman 2016). In some bacteria, the OTase is able to target more than one protein for 

glycosylation, and these systems are termed broad spectrum (general) glycosylation systems, 

and have been reported in a number of bacteria (Eichler and Koomey 2017). Examples 

highlighting both systems in N-  and O-linked varieties will be presented in the following 

sections. 

1.2.1 OTase-dependent N-linked protein glycosylation  
The N-linked protein glycosylation pathway in bacteria is perhaps best illustrated by the 

system in Campylobacter jejuni (a causative agent of gastroenteritis). The C. jejuni and 

eukaryotic N-glycosylation systems are comparable in many of the steps involved (Figures 

1 and 2). First, a membrane bound lipid carrier is required. In Campylobacter this is Und-P, 
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and it faces the cytosolic side of the inner membrane. Second, a series of glycosyltransferases 

mediate the reactions that take place to assemble a heptasaccharide on the lipid carrier. 

Lastly, the heptasaccharide is flipped into the periplasm and is transferred to target proteins 

by an OTase (Szymanski and Wren 2005) 

 

Figure 2. The N-linked protein glycosylation pathway in C. jejuni. UDP-GlcNAc is first converted to UDP-
diNAcBac by the successive actions of PglFED. Sequential actions of the various Pgl pathway enzymes 
elaborate the glycan to a full-length heptasaccharide. PglB is the dedicated OTase with STT3 catalytic 
properties which transfers the heptasaccharide to target proteins. Image adapted from Larkin and Imperiali 
(2011) with permission from American Chemical Society.  

Much in vitro and in vivo work has helped confirm the enzymatic activities and 

functions of the Campylobacter Pgl enzymes and pathway components (Figure 2). The 

pathway begins with the synthesis of activated uridine diphosphate N’N’-

diacetylbacillosamine (UDP-diNAcBac). The starting substrate, UDP-linked N-

acetylglucosamine (UDP-GlcNAc) is converted to UDP-diNAcBac through the successive 

actions of three Pgl enzymes, PglF (a dehydratase), PglE (an aminotransferase), and PglD 

(an acetylase) (Olivier et al. 2006). PglC then transfers UDP-diNAcBac onto Und-P to form 

undecaprenyl diphosphate (Und-PP)-diNAcBac. Next, PglA and PglJ each add on a single 

N-acetylgalactosamine (GalNAc) sequentially, before PglH completes the linear chain by 

attaching three GalNAc residues. PglI serves as a glucosyltransferase and adds a glucose 

branch to the third GalNAc (Glover, Weerapana, and Imperiali 2005). This completes the 

full LLO, a linear chain of diNAcBac and five GalNAc residues with a single glucose branch 

at the third GalNAc position (diNAcBac-GalNAc3[Glc]GalNAc2) (Young et al. 2002). PglK 

is the flippase that translocates the LLO across the periplasmic membrane (Alaimo et al. 

2006). The OTase, PglB (which is homologous to the catalytic subunit STT3 in eukaryotes), 

completes the en bloc transfer of the heptasaccharide onto target glycoproteins (Kowarik, 



8 
 

Numao, et al. 2006). In C. jejuni, the consensus sequence targeted by the glycosylation 

system is more restricted than in eukaryotes. In this sequon, the Asn residue is nested in a 

Asp/Glu-X-Asn-X-Ser/Thr (X cannot be Pro) motif (Kowarik, Young, et al. 2006).   

The increasing availability of genomic data has further revealed that the core pgl 

locus of C. jejuni, which contains all the genes required for heptasaccharide biosynthesis and 

transfer to glycoproteins, is also variably present in other related Campylobacter species 

(Nothaft and Szymanski 2010). Different species of Campylobacter have conserved core pgl 

gene content, but clear gene content and organization differences exist (Jervis et al. 2012). 

Phylogenetic, genetic and glycoproteomic analyses of different Campylobacter species 

demonstrate that although the core heptasaccharide is quite conserved in the thermotolerant 

taxa, N-glycans of varying length, structure, and composition are detected across the non-

thermotolerant taxa (Jervis et al. 2012, Nothaft et al. 2012). Other members of the ε-

proteobacteria class (which Campylobacter spp. belong to) have also been found to have 

OTase-dependent N-glycosylation systems. These were identified by finding C. jejuni PglB 

orthologues in the respective genomes (Nothaft and Szymanski 2010). Some examples 

include the species Helicobacter pullorum and Wolinella succinogenes and in the δ-

proteobacteria class, Desulfovibrio spp. (Nothaft and Szymanski 2010, 2013).  

 

1.2.2 OTase-independent N-linked protein glycosylation 
Bacterial OTase-independent N-glycoyslation systems function in the cytoplasm and 

common targets include adhesins and autotransporter proteins (Valguarnera, Kinsella, and 

Feldman 2016) (Figure 3). A prime example of an OTase-independent system is found in 

Haemophilus influenza, which utilizes the HMW1C glycosyltransferase and the addition of 

hexoses to the HMW1 adhesin (Grass et al. 2003, Grass et al. 2010). Both mono or di-

glucose and/or galactose units can be found on HMW1 (McCann and St Geme 2014). 

Glycosylation of the HMW1 adhesin promotes its stability and consequently, aids in its 

adherence to epithelial cells during infection (Grass et al. 2003). Homologues to the 

HMW1C glycosyltransferase are found in other pathogenic bacteria such as Escherichia coli 

(Fleckenstein et al. 2006) and Yersinia spp. (McCann and St Geme 2014).  

1.2.3 OTase-dependent O-linked protein glycosylation  
Type IV pili are surface filament structures commonly found in bacteria and are composed 

of thousands of copies of pilin (Craig, Pique, and Tainer 2004). Type IV pili are associated 

with bacterial adhesion, motility, and are colonization factors in a number of pathogens 

(Craig, Pique, and Tainer 2004). Early reports that the type IV pilin is glycosylated by an O-
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OTase came from Pseudomonas aeruginosa 1244 (Castric 1995). The PilO OTase in P. 

aeruginosa 1244 is responsible for the addition of an O-linked trisaccharide to type IV pilin 

subunits and promotes survival in a mouse lung infection model (Smedley et al. 2005) and 

affects twitching motility (Allison, Conrad, and Castric 2015). In N. meningitidis, the O-

OTase responsible for the transfer of the glycan to the major pilin subunit, PilE, has been 

termed PglL (Power, Seib, and Jennings 2006, Faridmoayer et al. 2007). In N. gonorrhoeae, 

the homologous O-OTase is called PglO and carries equivalent functions to PglL (Vik et al. 

2009). Unlike the conserved STT3 domain found in the Campylobacter N-OTase, neisserial 

O-OTases possess a Pfam Wzy_C domain, commonly found in the WaaL family of O-

antigen ligases and polymerases essential for E. coli LPS O-antigen biosynthesis (Power, 

Seib, and Jennings 2006). Many other bacterial species also have proteins that possess this 

domain, and are predicted to carry out O-OTase mediated glycosylation. This was confirmed 

in Vibrio and Burkholdera species as their putative O-OTases were able to glycosylate 

glycoproteins expressed in E. coli and thus reconstitute the O-linked protein glycosylation 

system. (Gebhart et al. 2012).  

 
1.2.4 OTase-independent O-linked protein glycosylation 
Flagella are a common target of bacterial OTase-independent O-glycosylation pathways. 

Many gram negative bacteria possess flagella, rigid protein filaments located on the surface 

of the bacterium and usually involved in locomotion (Logan 2006). Flagella differ from type 

IV pili both in subunit composition and localization of the filament(s) (Logan 2006). The 

bacterial flagellum consists of at least three subunits (basal body, hook, and the flagellin 

filament) and is anchored to the cell envelope (Beatson, Minamino, and Pallen 2006). The 

flagellin subunit across bacterial species, have very conserved N- and C-terminal domains, 

but differing surface exposed domains (Beatson, Minamino, and Pallen 2006). The 

thousands of flagellin subunits, which make up the mature filament, can be glycosylated by 

different sugars in the cytoplasm before being secreted and assembled (Beatson, Minamino, 

and Pallen 2006, Merino and Tomas 2014). In P. aeruginosa PAK, a cluster of 14 genes are 

located in a flagellin glycosylation island (FGI) located upstream of the flagellin gene (Arora 

et al. 2001). The FGI encodes for both the biosynthetic and glycosyltransferase enzymes 

necessary for the attachment of a heterogeneous O-linked glycan on two surface exposed 

sites in flagellin (Schirm et al. 2004). In C. jejuni, the flagellum can be glycosylated on up 

to 19 different sites, a remarkable number considering that other characterized flagella carry 

from 2-7 glycosylation sites (Schirm et al. 2005, Merino and Tomas 2014). Despite C. jejuni 
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possessing both N- and O-linked protein glycosylation systems, these two glycosylation 

systems do not seem to target the same glycoproteins (Szymanski and Wren 2005). The 

glycosylation of flagella is involved in productive flagellar assembly, motility and virulence, 

but the roles are not the same in all bacterial species (Merino and Tomas 2014). 

1.3 Biological significance of bacterial protein glycosylation 
We now have a broad understanding of both N- and O-linked protein glycosylation systems 

and many genetic factors and molecular mechanisms for oligosaccharide biosynthesis and 

transfer to glycoproteins have been described (Figure 3). Deciphering the biological 

significance and roles of bacterial glycosylation systems has not been straight-forward, as 

glycosylation deficient mutations are generally non-lethal to the organism when studied 

under laboratory conditions. However, growth defects and disrupted phenotypes associated 

with loss of glycosylation are described in some bacterial systems. In C. jejuni and 

Helicobacter pylori, glycosylation of flagella is essential for the formation of the filament 

and thus bacterial motility (Guerry 2007). Since the flagellin filaments are secreted to the 

surface for assembly, it was found in Campylobacter the flagellar secretion system 

subsequently promotes the co-secretion of at least eight virulence associated proteins 

(Guerry 2007). In some systems, the addition of sialic acid derivatives (which are common 

in humans) to flagellar components or other surface components of bacteria, suggest bacteria 

which do this are able to mimic host glycan structures and thus evade host immune responses 

(Varki 2017, Merino and Tomas 2014). Mutations to the N-glycosylation pathway in C. 

jejuni cause reduced colonization in both chicken and mouse models and reduced adherence 

and invasion to human intestinal epithelial cells in vitro (Szymanski, Burr, and Guerry 2002, 

Valguarnera, Kinsella, and Feldman 2016). In Acinetobacter baumanii, defects to the O-

glycosylation system causes reduced biofilm formation and decreased fitness in infection 

models (Iwashkiw et al. 2012). The glycosylation of type IV pili in the pathogenic species 

N. gonorrhoeae and N. meningitidis has been extensively studied for adherence effects. 

Although the expression of type IV pili is common to both species and is an important 

virulence factor (Banerjee and Ghosh 2003, Nassif et al. 1997), no strict correlation between 

pilin glycosylation and cellular adherence exist. Earlier studies have reported conflicting 

results regarding the biological effects of glycosylation deficient mutants in N. meningitidis 

strains, and it remains unclear if glycosylation itself is a direct contributor to adherence (Virji 

et al. 1993, Nassif et al. 1997, Marceau et al. 1998). In N. gonorrhoeae, pilin glycosylation 

has been suggested to be important for adherence and invasion of human cervical epithelial 
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cells (Jennings et al. 2011). Overall, bacterial protein glycosylation systems are found in a 

diverse group of species and target many proteins related to adhesion and motility (Schäffer 

and Messner 2016), yet defining the precise roles of each system is still an ongoing process.   

 

 

Figure 3. General overview of N- and O-linked protein glycosylation pathways in bacteria. In OTase dependent 
systems, the glycosylation pathways begins on the inner membrane and require an iGT (initiating 
glycosyltransferase) to attach the monosaccharide to Und-P. Dedicated glycosyltransferases help formation of 
the oligosaccharide and once completed, it is flipped into the periplasmic space by a flippase. The OTase (i.e. 
PglB from Campylobacter and PglL from Neisseria) attaches the oligosaccharide to acceptor sites on target 
proteins. OTase-independent pathways utilize cytoplasmic glycosyltransferases to transfer sugars onto target 
proteins such as adhesins and flagellins. Glycosylated proteins are secreted to the bacterial cell surface. Host 
directed roles of glycosylation are depicted by the glycosyltransferase toxins entering the host cell, 
glycosylating host proteins, and impairing host cell immune functions. Image taken from Valguarnera et al. 
(2016) with permission from Elsevier.   

1.4 The general O-linked protein glycosylation system in Neisseria  
In Neisseria, a general protein glycosylation system has been described in some species 

which use an O-OTase to target multiple proteins for glycosylation, hence called a general 

(or broad-spectrum) system. Knowledge of broad-spectrum O-linked protein glycosylation 

systems were initially unknown due to the missing identification of an O-OTase capable of 

targeting multiple proteins. However, with the identification of the Wzy_C domain found in 
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the PglL/PglO O-OTase of Neisseria, putative PglL homologs were also identified in other 

bacterial species (Power, Seib, and Jennings 2006, Aas et al. 2007, Schulz et al. 2013). A 

number of broad spectrum protein glycosylation systems have been reviewed in literature 

and all require a set of glycosyltransferases to mediate oligosaccharide production , and an 

O-OTase for subsequent transfer to target proteins (Iwashkiw et al. 2013)  

Two pathogenic Neisseria species are of important human significance. These are N. 

gonorrhoeae and N. meningitidis, which are the cause of a sexually transmitted disease, and 

bacterial meningitis and septicaemia respectively (Rotman and Seifert 2014). However, the 

genus encompasses at least 20 different species capable of colonizing both humans and 

animal hosts (Liu, Tang, and Exley 2015). Broad spectrum O-linked protein glycosylation 

systems have been described in N. gonorrhoeae (Vik et al. 2009), N. meningitidis (Ku et al. 

2009), N. lactamica (Børud et al. 2010), and N. elongata subsp. glycolytica (Anonsen et al. 

2016). Human colonizing neisserial species occupy different niches in the body and 

generally reside on mucosal surfaces (Liu, Tang, and Exley 2015). N. gonorrhoeae primarily 

colonizes the male urethra or the female uterine cervix, and occasionally the throat, rectum, 

and eyes (Edwards and Apicella 2004). N. meningitidis is commonly found in the 

nasopharynx and upper respiratory tract of humans as a non-pathogenic (commensal) 

organism (~3-30% of humans are natural carriers); but can cross the mucosal barrier and 

gain entry into the blood causing sepsis, or pass the blood-brain barrier to cause acute 

meningitidis (Yazdankhah and Caugant 2004, Merz and So 2000). The other human 

Neisseria species are frequently found in the oral and nasopharyngeal cavities, and rarely 

cause disease (Liu, Tang, and Exley 2015).  

Phylogenetic and population genomic studies have clustered N. gonorrhoeae, N. 

meningitidis, N. lactamica, and a polyphyletic member, N. polysaccharea into its own 

“pathogenic” clade (Bennett et al. 2012). The studies suggest these four species are more 

closely related to each other when compared to other neisserial species (summarized in 

Figure 4). Neisseria species are highly recombinogenic, as they are naturally competent to 

take up DNA from the environment by horizontal gene transfer (HGT) (Rotman and Seifert 

2014). A DNA uptake sequence of varying ‘dialects’ is present in all Neisseria spp. and 

promotes both inter- and intraspecies homologous recombination (Frye et al. 2013).  Due to 

the frequent genetic exchange between Neisseria species, many shared genes are found 

between species and has at times, made characterizing the organisms difficult.  
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Protein glycosylation studies in Neisseria first focused on type IV pili. In N. 

gonorrhoeae and N. meningitidis, the PilE protein is the major subunit of neisserial type IV 

pili and it was initially reported to be glycosylated with either an O-linked di- or trisaccharide 

respectively (Parge et al. 1995, Stimson et al. 1995). In 2009, two separate studies showed 

that the O-linked protein glycosylation systems in N. meningitidis and N. gonorrhoeae target 

not only PilE, but other glycoproteins as well (Ku et al. 2009, Vik et al. 2009). 

Similar to the N-linked C. jejuni protein glycosylation system (Section 1.2.1), the 

neisserial system initiates on the cytoplasmic face of the inner membrane where UDP-

GlcNAc is converted into UDP-diNAcBac. Conversion of UDP-GlcNAc requires the 

sequential actions of PglD (dehydratase), PglC (aminotransferase) and PglB 

(acetyltransferase) and these were first identified in N. meningitidis (Power et al. 2000). This 

“core” pgl locus is essential for glycan biosynthesis as knockout mutants are defective in 

pilin glycosylation (Power et al. 2000). Sequence analysis of PglB suggested that it was a 

bi-functional enzyme with an N-terminal glycosyltransferase domain (first 200 amino acids) 

putatively involved in transferring the initial monosaccharide to the Und-P, and a C-terminal 

acetyltransferase domain required for UDP-diNAcBac biosynthesis (Power et al. 2000). The 

bi-functionality of PglB was subsequently confirmed through in vitro biochemical enzymatic 

assays (Hartley et al. 2011). The neisserial set of enzymes PglDCB is thus functionally 

equivalent to the C. jejuni set of enzymes PglFEDC which are all required for the initial 

UDP-diNAcBac synthesis and attachment to Und-P (Olivier et al. 2006, Hartley et al. 2011). 

However, in N. meningitidis another pglB allele designated pglB2 is found in some strains. 

Figure 4. Phylogenetic relationships among selected human Neisseria species. The cladogram is a summary 
of the inferred phylogenetic and evolutionary relationships among Neisseria spp. established by Bennett et al.
(2012). 53 ribosomal protein subunit genes were used in this study and analyzed by the neighbor-joining method.
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Although the N-terminal transferase domain is very conserved (99% identity), the C-

terminal domain is dramatically different (Kahler et al. 2001). Mass spectrometry (MS)-

based analyses have shown that the monosaccharide in these strains is instead a glyceramido 

acetamido trideoxyhexose (GATDH) (Chamot-Rooke et al. 2007). Therefore, two possible 

reducing end sugars have been identified in Neisseria and are generated by the enzymes 

encoded at the pglB/B2BCD locus (Figure 5). 

Further elongation of the monosaccharide proceeds by the use of dedicated 

glycosyltransferases. First, the PglA galactosyltransferase adds a galactose to the 

monosaccharide unit (Jennings et al. 1998, Banerjee et al. 2002, Hegge et al. 2004). Next, 

PglE (also a galactosyltransferase) attaches another galactose to the disaccharide glycan 

(Power et al. 2003). After completion of the glycan, the complete LLO is then flipped by the 

PglF flippase into the periplasmic space where finally the PglL/PglO O-OTase transfers the 

glycan to acceptor proteins (Vik et al. 2009, Ku et al. 2009). In N. gonorrhoeae, the pgl 

pathway targets at least 19 other membrane-associated proteins where glycans are attached 

at serine residues located in low complexity regions rich in alanine, proline, and serine (Vik 

et al. 2009, Anonsen et al. 2012). Whereas PilE is only modified at serine 63, multiple glycan 

occupancy sites have been reported on other target proteins (Anonsen et al. 2012). The roles 

of pglB/B2CD, pglA, and pglE are now well defined and forms the genetic basis for the 

glycosylation phenotypes first reported on PilE.  

 

Figure 5. Simplified schematic of the pgl system in Neisseria.  Strains are able to express various combinations 
of the sugars present dependent on its pgl gene content. The PglF flippase non-discriminately flips the glycan 
into the periplasmic space where PglO transfers the sugar to target proteins. PglI (not shown) is able to acetylate 
first, second and third position sugars attached by either pglB2, pglA, pglH2 and/or pglE. Figure taken from 
Børud et al. (2018) with permission from American Society for Microbiology.   
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1.4.1 Polymorphisms at the Neisseria pgl core locus  
The characterization of pglB/B2CD, pglA, and pglE paved the way for investigation of 

glycan structure and composition in other neisserial strains and species. Variations of this 

basic broad-spectrum O-linked protein glycosylation system have since been identified in 

other N. meningitidis strains, N. lactamica (Børud et al. 2010) and N. elongata subsp. 

glycolytica (Anonsen et al. 2016) . Although the core pgl locus (pglFB/B2CD) is conserved 

in the neisserial species discussed above, polymorphisms at this locus do exist (Kahler et al. 

2001). The ancestral state of the pgl locus is proposed to contain two additional ORFs (now 

designated pglG and pglH) between pglF and pglB (Figure 6) (Børud et al. 2011). The 

pglGH deletion found in some strains of N. gonorrhoeae and N. meningitidis this was first 

reported by Kahler and colleagues (2001). However the inactivation of either pglG or pglH 

in one strain of N. meningitidis did not affect pilin glycosylation status and thus no function 

related to glycosylation was assigned to either gene (Kahler et al. 2001). A later study was 

able to demonstrate that pglH indeed serves as a glycosyltransferase, capable of producing 

a disaccharide by modifying either Und-P-diNAcBac/GATDH by adding a glucose (Børud 

et al. 2011). In strains carrying both pglA and pglH, the monosaccharide unit can be modified 

by galactose or glucose respectively (Børud et al. 2011). Interestingly, PglE is unable to add 

a galactose onto the glucose containing disaccharide mediated by PglH, and only functions 

to extend disaccharides produced by PglA (Børud et al. 2011). Further investigations into 

pglH revealed some strains carry an allele with an alanine substitution in place of glutamine 

at residue 303 (Børud et al. 2014). This residue was shown to determine donor substrate 

specificity and results in the transfer of a GlcNAc instead of glucose (Figure 5) (Børud et al. 

2014). In the strains that carried this substitution, the pglH allele was named pglH2 (Børud 

et al. 2014, Anonsen et al. 2017). The reported distribution of pglH2 alleles is limited to 

only N. meningitidis and N. gonorrhoeae (present in approximately 45% and 16% of strains 

analyzed respectively) and absent in commensal Neisseria (Børud et al. 2014).  

Figure 6. Polymorphisms in the neisserial pgl locus. The distribution of pglGH alleles are variable in 
pathogenic Neisseria and extends to N. lactamica species. Figure adapted from Børud et al. (2011) and taken 
with permission from the National Academy of Sciences.  
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1.4.2 The effects of phase variation  
Though correlative pgl genotype-phenotype relationships have been established, the 

existence of phase variable genes (i.e. reversible “on/off” expression of genes) can 

complicate phenotypic predictions (van der Woude and Bäumler 2004). Phase variable 

genes, also called contingency loci, commonly arise as a consequence of short sequence 

repeats found in the gene’s coding region (Moxon, Bayliss, and Hood 2006). This can cause 

DNA slipped-strand mispairing (SSM) events during DNA replication (i.e. shift of reading 

frame), which in turn can affect transcription and translation of the protein (van der Woude 

and Bäumler 2004). The stochastic effect of phase variation can be advantageous to the 

bacterium due to the variation in gene expression. When this results in antigenic variation, 

the bacterium may be able to bypass a host’s immune response due to constant modulation 

of surface antigens (Rotman and Seifert 2014). One of the early comparative whole-genome 

studies investigating N. meningitidis and N. gonorrhoeae identified over 100 putative phase 

variable genes (Snyder, Butcher, and Saunders 2001). The identified genes were quite 

diverse, ranging from genes associated with lipooligosaccharide biosynthesis, protein 

glycosylation, meningococcal capsule biosynthesis, type IV pili, and opacity (Opa) proteins 

among others (Snyder, Butcher, and Saunders 2001). Initially, it was not clear as to why both 

N. meningitidis and N. gonorrhoeae express a mixture of mono, di- and trisaccharide 

glycans, but the phase variable nature (on/off switching) of pglA and pglE alleles was later 

shown to cause glycan microheterogeneity (Power et al. 2003, Aas et al. 2007). Glycan 

microheterogeneity is defined as the occurrence of different glycan structures at a defined 

attachment site of a glycoprotein (Johannessen, Koomey, and Børud 2012). Glycoproteins 

which only differ in their attached glycan structure(s) are termed glycoforms (Stanley, 

Taniguchi, and Aebi 2015). In some strains of N. gonorrhoeae and N. meningitidis, glycan 

microheterogeneity is observed as the simultaneous expression of mono-, di-, and 

trisaccharide glycans detected on the same glycoprotein (Johannessen, Koomey, and Børud 

2012). The non-discriminant flipping of the Und-PP-linked sugar in the neisserial system 

allows for the mixture of glycans to be transferred to target proteins (Figure 5). Another 

factor contributing to glycan microheterogeneity is pglI, encoding for an O-

acetyltransferase, which is able to acetylate the glycan at either the first (GATDH only), 

second and/or third position sugars (Aas et al. 2007, Anonsen et al. 2017, Børud et al. 2018). 

In N. meningitidis (but not N. gonorrhoeae), pglI is phase variable as well (Anonsen et al. 

2017). As such, the pgl system in pathogenic Neisseria is able to generate a high degree of 

glycan diversity by using only a small subset of genes to do so. 
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1.5 Protein glycosylation in commensal Neisseria 
Protein glycosylation is not restricted to only the pathogenic members of Neisseria, as a 

functional broad spectrum O-linked protein glycosylation system has been characterized in 

N. elongata subsp. glycolytica, a deeply branching commensal species (Anonsen et al. 2016). 

The pgl system in N. elongata subsp. glycolytica carries many similarities to the established 

systems in pathogenic Neisseria, yet is also distinct in other ways. The core pgl locus is 

comparable to pathogenic Neisseria as pglBCD function in generating an Und-PP-diNAcBac 

reducing end sugar. However, the composition of the glycan produced by N. elongata subsp. 

glycolytica is instead a unique tetrasaccharide (Und-PP-diNAcBac-Glc-diNAcHexA-

HexNAc) never detected before in any other Neisseria spp. (Figure 7). The pgl gene 

repertoire of N. elongata subsp. glycolytica lacks pglA, pglE, and pglI and instead the 

product of pglH results in the addition of glucose at the second position, and the product of 

pglG is associated with addition of the third position glycan (Anonsen et al. 2016). However, 

the glycosyltransferase responsible for the addition of the terminating HexNAc glycan was 

not identified (Anonsen et al. 2016). The assignment of PglG as a glycosyltransferase in N. 

elongata subsp. glycolytica is based on the altered glycosylation phenotype in a pglG mutant 

background. Past studies identified putative glycosyltransferase family domains in PglG, but 

were unable to report on a glycosylation phenotype associated with the pglG gene in N. 

meningitidis (Power et al. 2003, Kahler et al. 2001) and N. gonorrhoeae (Børud et al. 2011). 

Inactivation of pglG in N. meningitidis did not affect pilin glycosylation status (Kahler et al. 

2001), and investigations attempting to find phenotypes associated with the linked genes 

pglG and pglH only identified a function for pglH (Børud et al. 2011). In N. elongata subsp. 

glycolytica, separate mutants of either pglG or pglH caused truncation of the tetrasaccharide 

into a tri- and disaccharide glycan respectively (Anonsen et al. 2016). However, the study 

did not biochemically confirm whether the product of pglG either functions as a 

glycosyltransferase or alternatively could be involved with the biosynthesis of the third 

position sugar. The glycan expressed by N. elongata subsp. glycolytica is solely a 

tetrasaccharide and glycan microheterogeneity was not reported (Anonsen et al. 2016). 

Lastly, given that PilE is abundant and glycosylated in N. gonorrhoeae and N. meningitidis 

(Vik et al. 2009, Gault et al. 2014), it was unexpected that in N. elongata subsp. glycolytica 

no evidence for glycan attachment to PilE was found (Anonsen et al. 2016). This finding 

was noteworthy considering that past studies investigating neisserial glycosylation 

phenotypes have focused on PilE, and the absence of glycosylated PilE in N. elongata subsp. 

glycolytica raises interesting questions regarding the role of glycosylation there. 



18 
 

 

Figure 7. Comparison of pgl gene content and glycan structure in N. elongata subsp. glycolytica with N. 
gonorrhoeae. The top panel shows a comparison of pgl gene synteny and content in N. gonorrhoeae FA1090 
and N. elongata subsp. glycolytica ATCC 29315. The core pgl locus is conserved with high sequence identity 
scores. pglB is found as a split two ORF variant in N. elongata subsp. glycolytica. The bottom panel depicts 
the tetrasaccharide glycan structure produced by N. elongata subsp. glycolytica. Successive actions of the Pgl 
enzymes, including an unidentified glycosyltransferase, generates the full length Und-PP-diNAcBac-Glc-
diNAcHexA-HexNAc glycan. Figure taken from Anonsen et al. (2016) with permission from the American 
Society for Microbiology. 
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2 Aims of Research 
 
The overall aim of the study presented here was to investigate the genotype-phenotype 

relationships pertaining to the pgl system in Neisseria. Much of the groundwork had been 

established in elucidating the pgl system in pathogenic Neisseria but knowledge of the pgl 

system in commensal Neisseria remained relatively unknown. Recent studies have 

documented significant differences in the glycan phenotype when comparing N. 

gonorrhoeae and N. meningitidis with N. elongata subsp. glycolytica. In N. elongata subsp. 

glycolytica a novel tetrasaccharide (Und-PP-diNAcBac-Glc-diNAcHexA-HexNAc) was 

discovered. PglG was putatively assigned as the glycosyltransferase responsible for the 

addition of the third position glycan, but the glycosyltransferase responsible for the HexNAc 

transfer was unclear. A hypothetical four-gene cluster was also implicated in the biosynthesis 

of UDP-diNAcHexA but this was not experimentally validated. Sequence-based homology 

searches against characterized genes are useful in identifying putative ORFs in a genome 

which may carry equivalent functions, however, any predicted function and phenotype must 

be tested for. Therefore, this work aimed to address: 

 
1. Is the identified four-gene cluster responsible for the biosynthesis of UDP-

diNAcHexA in N. elongata subsp. glycolytica? (Paper I) 

 

2. What is the final glycosyltransferase responsible for adding the terminal HexNAc in 

N. elongata subsp. glycolytica? Is the predicted glycosyltransferase present in all 

neisserial species, and if so, why has it not been associated with any protein 

glycosylation-related phenotypes previously? (Paper II) 

 

3. What is the status of pglG in Neisseria spp.? Has it become a pseudogene in the 

pathogens? Do the remaining commensal species also carry a functionally equivalent 

pglG as first described in N. elongata subsp. glycolytica? (Paper III) 

 

4. What are the predicted substrate donors and protein glycosylation phenotypes across 

the genus of Neisseria?  (Paper II/III) 
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3 Summary of Papers 
 
Paper I 
Disrupted Synthesis of a Di-N-acetylated Sugar Perturbs Mature Glycoform Structure and 
Microheterogeneity in the O-Linked Protein Glycosylation System of Neisseria elongata 
subsp. glycolytica 
Nelson Wang, Jan Haug Anonsen, Raimonda Viburiene, Joseph S. Lam, Åshild Vik, Michael Koomey 
J Bacteriology (2019) 201:e00522-18 
To investigate whether N. elongata subsp. glycolytica carries a homologous di-N-acetyl-
glucuronic acid (GlcNAc(3NAc)A) biosynthetic pathway as described in other 
microorganisms, we used defined P. aeruginosa PAO1 mutants lacking components of the 
wbpABED pathway (shown to be essential to synthesise UDP-GlcNAc(3NAc)A) 
complemented with the N. elongata subsp. glycolytica counterparts (pglJKMN). In each 
case, when we complemented a knockout mutant corresponding to its N. elongata subsp. 
glycolytica orthoglogue, O-specific antigen synthesis was restored in P. aeruginosa LPS. In 
P. aeruginosa the entire wbpABED pathway is required for transfer of the glycan into its 
LPS, however in N. elongata subsp. glycolytica this was shown not to be the case. PglG is 
able to incorporate pathway intermediates of UDP-GlcNAc(3NAc)A into mature 
glycoforms. However, at minimum, pglJ (which encodes for a dehydrogenase converting 
UDP-GlcNAc to UDP-GlcNAcA) is required for the function of PglG. For the pglK, M, and 
N mutants, N. elongata subsp. glycolytica is still able to incorporate such pathway glycan 
intermediates, albeit causing microheterogeneity in the glycan population. Presence of di-, 
tri-, and tetrasaccharide glycoforms were detected using immunoblot and MS-based 
analyses. This study demonstrates the characterization of four genes involved in UDP-
GlcNAc(3NAc)A biosynthesis and the importance of both pglG and pglJ in N. elongata 
subsp. glycolytica for full-length tetrasaccharide glycan production.  
 
Paper II 
Drivers of genus – wide glycan diversity in a bacterial protein glycosylation system 
Chris Hadjineophytou, Jan Haug Anonsen, Nelson Wang, Kevin C. Ma, Raimonda Viburiene, Åshild Vik, 
Odile B. Harrison, Martin C.J. Maiden, Yonatan Grad, Michael Koomey 
Manuscript 
In this study, a genus-wide level assessment of pgl gene content was presented. Gene loss 
and loss-of-function polymorphisms at certain pgl loci have caused the glycoform repertoire 
of various species to dramatically shift. Here, using genomic data analyses, mass 
spectrometric-based glycan phenotyping, and cross-species complementation data, we 
designate PglP as the final glycosyltransferase responsible for tetrasaccharide synthesis in 
N. elongata subsp. glycolytica. Inactivation of pglP in N. elongata subsp. glycolytica 
prevented full length tetrasaccharide expression and only a trisaccharide glycoform was 
detected. Complementation of a ∆pglP mutant with commensal Neisseria pglP alleles 
restored tetrasaccharide expression, providing evidence PglP function is conserved in the 
commensals. Although pglP is variably present across the genus, in  N. gonorrhoeae and the 
majority of N. meningitidis strains carrying pglP, these alleles have become pseudogenes 
due to ORF disrupting mutations. A subset of N. meningitidis isolates do however carry an 



21 
 

intact allele of pglP which we propose to have come via HGT from N. polysaccharea/N. 
cinerea as the donor species. Clear pseudogenization and deleterious events across the genus 
suggests the pathogenic Neisseria evolved to produce a PglA/PglE mediated galactose 
containing glycoform, whereas commensal Neisseria prefer to use PglG and consequently 
express a glucuronic acid containing glycoform. 
 
Paper III 
A conserved glycosyltransferase differentially shapes glycan repertoire in a bacterial protein 
glycosylation system 
Nelson Wang, Jan Haug Anonsen, Chris Hadjineophytou, William Reinar Brynildsen, Åshild Vik, Michael 
Koomey 
Manuscript in preparation 
In this study we addressed the status of pglG, which had so far only been characterized in N. 
elongata subsp. glycolytica as the glycosyltransferase responsible for the addition of the third 
position glycan of the tetrasaccharide. To assess the status of pglG from across the genus, 
we employed a cross-species complementation strategy where representative pglG alleles 
from Neisseria spp. were introduced into a defined ∆pglG background in N. elongata subsp. 
glycolytica. In all cases, complementation with a commensal Neisseria derived pglG allele, 
allowed for full length tetrasaccharide expression with varying degrees of 
microheterogeneity detected. Interestingly, when complementing using pglG alleles from N. 
meningitidis, and N. lactamica was attempted, a novel trisaccharide, terminating with 
HexNAc (Und-PP-diNAcBac-Glc-HexNAc) was detected, suggesting a novel function for 
pglG in these two species. For the N. gonorrhoeae pglG alleles tested, no signs of 
complementation were detected. To address the apparent pseudogenization of pglG in N. 
gonorrhoeae, we introduced two unique amino acid mutations found only in N. 
gonorrhoeae, Y111C and ∆L163 into a functional pglG allele. Single mutations did not 
cause loss of complementation and only the double mutant caused the pglG allele to lose 
functionality. Taken together, we propose that pglG in N. gonorrhoeae has become a 
pseudogene whereas an apparent neofunctionalization of pglG has occurred in N. 
meningitidis and N. lactamica. All other neisserial species have a functional PglG that act 
on a glucuronic acid derived substrate. 
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4 Discussion and Future Perspectives 
It is clear prokaryotic protein glycosylation systems encompass an enormous diversity in 

expressed glycoforms. In some systems such as in Campylobacter spp. (Nothaft et al. 2012) 

and Burkholderia cenocepacia (Lithgow et al. 2014), target glycoproteins are modified with 

a uniform glycan structure. In other systems, both inter- and intrastrain glycan diversity is 

observed such as in the broad spectrum O-linked protein glycosylation system of 

Acinetobacter baumanii (Scott et al. 2014) and the Clostridium difficile flagellar 

glycosylation system (Twine et al. 2009).  Glycan diversity can be rationalized by 

differences in gene content if biosynthetic and glycosyltransferase encoding genes are not 

conserved among all strains and/or species. In the genus Neisseria, the level of glycan 

diversity is on one hand due to differences in pgl gene content, but in the case of N. 

gonorrhoeae, N. meningitidis, and N. lactamica, phase variable genes can also influence 

inter- and intrastrain glycan diversity (Børud et al. 2010). This thesis further examined the 

genetic factors behind glycan diversity in the genus Neisseria by first identifying the 

biosynthetic pathway generating the third position glycan (UDP-GlcNAc(3NAc)A) of the 

tetrasaccharide expressed by N. elongata subsp. glycolytica. The results from Paper I 

demonstrate the products encoded by the pglJ, pglK, pglM, and pglN genes are required to 

convert UDP-GlcNAc into UDP-GlcNAc(3NAc)A, and the subsequent transfer of the 

glycan to the growing oligosaccharide by the action of PglG. In Paper II, PglP is identified 

as the final glycosyltransferase responsible for the completion of the tetrasaccharide in N. 

elongata subsp. glycolytica. To address the distribution of these five newly identified genes, 

a genus-wide level assessment of known neisserial pgl genes is presented in Paper II. This 

reveals the conservation of core pgl genes required for UDP-diNAcBac or UDP-GATDH 

synthesis, as well as some distinctions between pathogenic and commensal species based on 

pgl genotype (i.e. limited distribution of pglJKMN, presence of pglG in all species). Paper 

III further investigates the contribution of pglG as a glycosyltransferase in Neisseria. An 

allelic replacement strategy in N. elongata subsp. glycolytica was developed to test for 

glycosylation related phenotypes. Here, representative neisserial pglG alleles were 

introduced into the endogenous pglG site in N. elongata subsp. glycolytica to observe for 

any effect on protein glycosylation. The results show PglG has multiple activities across the 

genus. One class of PglG functions by transferring UDP-glucuronic acid derivatives 

(synthesized by the product of pglJ at minimum), whereas another class derived from N. 

lactamica and N. meningitidis isolates, incorporates a HexNAc instead. This novel finding 
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demonstrates glycan diversity in N. lactamica and N. meningitidis is greater than previously 

known. The observation that pathogenic Neisseria exhibit high levels of glycan diversity is 

intriguing because the same observation has not been made in commensal N. elongata subsp. 

glycolytica. Is glycan diversity thus a contributor to virulence, and how can this be 

addressed? The findings presented in Papers I-III open up new ideas about the biological 

roles of protein glycosylation in pathogenic and commensal Neisseria and will be used as a 

basis for the following topics in this discussion.  

4.1 Commensal versus pathogenic Neisseria: What’s the difference? 

Infections caused by Neisseria are almost exclusively caused by either N. gonorrhoeae or N. 

meningitidis, but differentiating between pathogenic and commensal Neisseria species has 

not always been straight-forward. Early taxonomic studies classifying Neisseria relied on 

phenotypic properties of cultured strains, including clinical diagnoses, cell morphology, 

growth on selective media, acid production from carbohydrates, and enzymatic substrate 

tests (Knapp 1988). Many species were misidentified and only became properly classified 

with the development of DNA sequencing methods. In this work, comparisons were made 

between commensal and pathogenic Neisseria species in an effort to describe how neisserial 

phylogenies relate to protein glycosylation systems in the genus. It has been at times difficult 

to assign species designations in the genus Neisseria due to extensive HGT events, leading 

to a large degree of relatedness between species (Maiden and Harrison 2016). Therefore, 

traditional molecular typing approaches such as 16S rRNA sequencing, cannot always 

accurately distinguish between closely related species, and using only this typing approach 

has since been discounted in Neisseria due to lack of resolution (Bennett et al. 2012). The 

use of multilocus sequence typing (MLST) schemes coupled with development of the 

Bacterial Isolate Genome Sequence Database (BIGSdb) software, has allowed for more 

accurate typing of isolates when investigating Neisseria phylogenies (Maiden and Harrison 

2016, Jolley, Bray, and Maiden 2018). A core genome MLST profile is now used to identify 

each of the neisserial species. In one taxonomy study using the MLST approach, the species: 

N. gonorrhoeae, N. meningitidis, N. lactamica, and N. polysaccharea were regularly 

clustered together based on multiple gene phylogenies, demonstrating these four species are 

highly related to one another (Bennett et al. 2012). For the purpose of this discussion, the 

term “pathogens” will refer to the species N. gonorrhoeae and N. meningitidis, and 

“pathogenic clade” will further include the species N. lactamica and N. polysaccharea, 

despite the latter two rarely being associated with disease in humans.      
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Absolute differences between pathogenic and commensal neisserial species at the 

DNA level is difficult given the many shared genotypes, but if new drugs are to be made to 

ideally target only pathogenic species, unravelling the distinctions is important. When 

comparing pathogenic to commensal Neisseria, some molecular traits can generally 

differentiate the two groups. Some examples include the composition of lipooligosaccharide 

(LOS) structures, which are greatly more immunostimulatory in the pathogens, but not the 

commensals (except N. lactamica) (John et al. 2012). Iron acquisition-related genes are also 

differentially distributed and an intracellular iron acquisition related locus was exclusively 

found in the two pathogens (Marri et al. 2010). Phase and antigenically variable loci 

associated with surface exposed proteins are greatly overrepresented in the pathogenic clade, 

but some contingency loci are still found in commensal Neisseria (Wanford et al. 2018). In 

N. gonorrhoeae, a gonococcal genetic island (GGI) has been associated with a subset of 

AMR isolates.  The GGI carries genes that encode for a type 4 secretion system, which is 

associated with decreased susceptibility to antibiotics in some isolates, and also contains 

elements which can promote HGT and further spread of AMR related genes (Harrison et al. 

2016). The capsule locus of N. meningitidis encodes for biosynthetic enzymes needed for 

surface polysaccharide expression, and 13 serogroups based on capsule composition have 

been described so far (Harrison et al. 2013). Globally, six N. meningitidis serotypes are 

associated with the majority of disease, and the capsule locus has been extensively studied 

to be able to make capsule-based vaccines against the invasive serotypes (Crum-Cianflone 

and Sullivan 2016). The capsule of N. meningitidis has long been believed to be a unique 

virulence determinant for that species and acquired via HGT from another genus. However, 

Clemence and colleagues (2018) put forward evidence some meningococcal capsule 

transport genes arose from recombination events within Neisseria and reported some N. 

subflava and N. elongata strains possess a full complement of capsule related genes similar 

to N. meningitidis (Clemence, Maiden, and Harrison 2018). The factors driving gene 

gain/losses in Neisseria is complex and on a genetic level, defining what it means to be 

pathogenic or commensal remains challenging.  

As noted by others, the pathogenic potential of Neisseria species is likely connected 

with the regulation and combination of virulence associated genes expressed under a certain 

condition or environmental niche (Snyder and Saunders 2006, Marri et al. 2010). The 

virulence potential of commensal Neisseria may be low in the current environmental niche 

they occupy due to successful adaptation. The virulence potential of pathogenic Neisseria 

can be seen as high if the bacteria have not successfully adapted into the environmental niche 
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or has regulated its genes in a way that induces an inflammatory response. N. meningitidis 

has been described as an “accidental pathogen” in one part due to the high mutation rates 

observed at contingency loci in response to interactions with the host (Meyers et al. 2003). 

The inadvertent consequences of rapid genetic changes has been hypothesized to allow N. 

meningitidis to switch from a commensal to pathogenic state in some susceptible hosts 

(Meyers et al. 2003). Taken together, the definition of “pathogen” and “commensal” in 

Neisseria is complex as exceptions to nearly every classification scheme seem to exist. It is 

thus important to elucidate the differences, both genetically and phenotypically, between 

pathogenic and commensal Neisseria to gain a deeper understanding over the contributing 

factors that define each species’ potential to cause disease in their respective niches. 

 

4.1.1 Protein glycosylation genes in commensal and pathogenic Neisseria   
This thesis for the most part worked with a non-pathogenic strain of Neisseria to identify if 

any pathogen versus non pathogen-specific glycoforms could be uncovered. A common set 

of pgl genes is well conserved in both pathogenic and commensal Neisseria, but by using a 

genus level approach some distinctions can be drawn. Paper II outlines the overall trends 

between the pathogenic and commensal clades of Neisseria based on pgl gene content. Three 

general observations are noted: 1) pglA and pglE are limited to the pathogenic clade and 2) 

pglG and pglH are found in all species and 3) pglJ, and pglP are evenly distributed in the 

commensal clade and in some N. polysaccharea isolates. In the pathogenic clade, based on 

pgl genotype, no absolute distinction can be made between pathogenic N. gonorrhoeae/N. 

meningitidis and commensal N. lactamica/N. polysaccharea isolates. The shared pgl genes 

in the pathogenic clade may have arisen from a common ancestral state, and was stabilized 

for selection in the common environmental niche the organisms live in. For example, the co-

existence of N. meningitidis and N. lactamica in the nasopharynx can lead to increased 

exchange of DNA and promote greater genetic relatedness (Bennett et al. 2010, Linz et al. 

2000). The emergence of N. gonorrhoeae is proposed to have originated from a single clone 

entering the genital tract (Vazquez et al. 1993). This resulted in a “bottleneck” effect due to 

the limited gonococcus niche, and thus low genetic diversity reported in N. gonorrhoeae 

isolates (Bennett et al. 2010, Bennett et al. 2012). When investigating pglP and pglG 

phylogenies (Paper II and III), the results are consistent with the idea that the environmental 

niche influences genetic relatedness. For example, the gonococcal pglG sequences were 

nearly identical in all isolates, whereas the N. meningitidis, N. lactamica, and N. 

polysaccharea alleles were more diverse in sequence type yet interspecies relatedness was 
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high (Paper III). Based solely on pgl genotype, it cannot be regarded as a singular 

determinant when distinguishing between pathogens and commensals, however determining 

the targets and interacting partners of the pgl system may reveal key differences between the 

pathogens and commensals.  

 

4.1.2 What factors made the pathogens switch to galactose containing glycoforms? 
The genes necessary to produce galactose containing glycoforms is known in the neisserial 

pathogens (i.e. pglA, pglE, galE) (Paper II), but the contribution of galactose glycoforms in 

the context of virulence, is still unclear. The acquisition and continued selection for pglA 

and pglE to be retained in the pathogens, must serve some benefit. From a biological 

perspective, the effect of galactose-containing glycoforms and its interaction with the host 

has not been well-studied.  In one study using N. gonorrhoeae, the pilin glycans were 

suggested to have a direct effect on the activation of complement receptor 3 (CR3) on 

primary human cervical (pex) cells, resulting in increased adhesion and invasion (Jennings 

et al. 2011). Although mutants expressing non-glycosylated pili were still initially able to 

adhere to the pex cells, both the mono- and disaccharide forms of the glycan promoted the 

CR3 to open into a high-affinity binding state whereas the mutants did not promote the same 

degree of CR3 conformational change (Jennings et al. 2011). In another study using N. 

meningitidis, two PTMs on pilin, glycosylation and phosphorylcholine (ChoP) were 

associated in a synergistic relationship to activate the platelet activating factor receptor 

(PAFr), found on human bronchial epithelial cells (Jen et al. 2013). The glycan chain length 

both with and without ChoP, also affected adherence as the trisaccharide modified pilin was 

the best in establishing adherence (followed by di-, then monosaccharide) (Jen et al. 2013). 

To note, both studies utilized cell lines that are suggested to be representative of the 

colonization niche either the gonococcus or meninogococcus encounters. However, with the 

lack of a natural animal model to study either organism, there will always be limitations to 

these types of studies (Rice et al. 2017). Furthermore, PilE is just one glycoprotein targeted 

by the pgl system, and the effect of other glycoproteins, in the context of host interactions, 

are still unknown.   

The bioavailability of galactose in Neisseria spp. may also influence how galactose 

is utilized. In both N. gonorrhoeae and N. meningitidis, the UDP-galactose epimerase (GalE) 

is necessary for conversion of UDP-Glc/GlcNAc into UDP-Gal/GalNAc, and galE mutants 

result in loss of galactose incorporation into pili and lipooligosaccharide (LOS) (Virji 1997, 

Robertson, Frosch, and van Putten 1993, Bartley et al. 2017). The distribution of galE is 
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found in all Neisseria spp. except N. mucosa and a subset of N. subflava species (Paper II). 

However, galE functional studies have not been conducted in commensal Neisseria so the 

phenotypic consequences have not been verified. The regulation and enzymatic activity of 

commensal galE alleles can also be different from the pathogens, and thus sequence-based 

homology searches are only useful in assigning putative functions to the alleles (Bartley et 

al. 2017). In Neisseria, LOS (structurally similar to LPS, but missing the O-repeating antigen 

units), is an essential component of the outer membrane (Preston et al. 1996). The common 

lipid A and inner oligosaccharide core structure are reported to be conserved in Neisseria 

spp., but the glycan extensions from the inner core can vary amongst species (Stein et al. 

2011, Tsai 2011). The LOS or LPS composition of commensal Neisseria has been proposed 

to carry equivalents of the LOS galactose-containing glycans found in N. gonorrhoeae and 

N. meningitidis (Bartley and Kahler 2014, Stein et al. 2011). It is possible that in some 

commensal Neisseria, the pool of UDP-Gal/GalNAc is low as the UDP-Gal/GalNAc 

produced would be needed to make LOS. Thus, acquiring galactosyltransferases like pglA 

and pglE to make galactose containing glycoproteins could be counterproductive. 

4.2 Protein glycan diversity in Neisseria: more than meets the eye? 
The early studies in neisserial protein glycosylation centered on the attachment of galactose 

containing di-, or trisaccharide glycan units to the pilin subunit of type IV pili (Parge et al. 

1995, Stimson et al. 1995). Since then, the identification of other donors involved (i.e. UDP-

Glc, UDP-GlcNAc) and characterization of the glycosyltransferases responsible for the 

attachment, has revealed the observed glycan diversity in Neisseria is far more extensive 

than initially described (Section 1.4.1).  Much of the studies into glycan diversity was made 

possible due to the increase in deposited genomic sequences and the tools used to analyze 

these. The characterization of both pathogenic and commensal Neisseria pgl systems 

identified common and unique pgl genes and substrates to each system (Paper II). However, 

strict correlations between pgl gene content and phenotype is complicated due to phase 

variation, or when subtle polymorphisms to a glycosyltransferase ORF can dramatically 

affect the enzyme’s function. Both factors along with contributions of previously 

uncharacterized genes (pglJKMN) affecting neisserial glycan diversity were explored in this 

thesis, and served to expand the list of known glycans detected in Neisseria. 
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4.2.1 Glycosyltransferases in Neisseria can have multiple activities    
In Neisseria, glycan diversity can be generated by a single glycosyltransferase when subtle 

genetic changes in the coding region change enzymatic activity. For instance, studies into 

PglH revealed two potential activities: a histidine at residue 371 dictates glucosyltransferase 

activity, and a single amino acid substitution at residue 303 (Q303A) results in the transfer 

of a GlcNAc instead (Børud et al. 2011, Børud et al. 2014). This phenomenon is not 

commonly reported, but a similar scenario is also found in Streptococcus. In S. pneumoniae 

serotype 11, the bispecific glycosyltransferase WcrL has altered substrate specificity 

determined by a single amino acid change, which results in the incorporation of either a Glc 

or GlcNAc moiety into the capsular polysaccharide (CPS) (Oliver, Jones, et al. 2013). 

Furthermore, the WciN glycosyltransferase in S. pneumoniae serotype 6 strains can exist in 

two variants dictated by only two nucleotide changes; the first variant which can transfer 

both glucose and galactose into CPS and the second variant only capable of transferring one  

of the sugars (Oliver, van der Linden, et al. 2013). In addition to these prior reports, in Paper 

III, we report that PglG has multiple activities that influence glycan diversity. The first 

scenario is seen in N. elongata and N. oralis, as PglG constitutively extends the disaccharide 

into a trisaccharide, attaching a UDP-GlcNAc(3NAc)A glycan. In testing PglG derived from 

N. mucosa, N. cinerea, N. subflava, and N. polysaccharea, all were capable of transferring 

UDP-GlcNAc(3NAc)A. However, due to the increased glycan microheterogeneity observed 

in these cross-complemented strains, we surmise it has preference for UDP-GlcNAcA as the 

substrate from the pglK mutant analysis. In contrast, PglG derived from N. lactamica and N. 

meningitidis demonstrated novel functionality in extending the disaccharide sugar with a 

UDP-HexNAc, presumably independent of the pglJKMN biosynthetic pathway. Lastly, the 

assays used to test for N. gonorrhoeae PglG activity did not result in any glycosylation 

phenotype and provides evidence for pglG pseudogene status in this species. Based on the 

previous findings in S. pneumoniae and Neisseria where a single amino acid is enough to 

dictate substrate specificity, these subtle changes exist in pglG as well but have not yet been 

identified. This raises the question whether other pgl genes in Neisseria encode for enzymes 

with multiple activities. We still do not know all the glycoforms and modifications present 

in commensal Neisseria as this has not been experimentally validated, but the possibility of 

even greater glycan diversity than reported here in this thesis exists. 
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4.2.2 Contingency loci as a contributor to glycan diversity  
In the pathogenic clade of Neisseria, phase variable pgl genes are found in all species and 

the phenotypic consequences of the on/off switching of the encoded glycosyltransferases is 

known to contribute to glycan variation and microheterogeneity (Section 1.4.2). In Paper 

III, many of the pglG alleles analyzed from both N. meningitidis and N. lactamica carry 

extensive polyC tracts and sequences deposited are generally annotated in an “off” 

configuration. However, that the allele was in an “off” configuration is only indicative of 

one time-point in which the isolate was sequenced, and expression of the gene is difficult to 

predict both in vitro and in vivo. Two carriage studies in N. lactamica (Pandey et al. 2018) 

and N. meningitidis (Børud et al. 2018), reported on the microevolution of the bacteria within 

the same host over a controlled time-period. The studies highlight how the phase variable 

regions of genes both contracted and expanded between on/off states, and in the N. 

meningitidis carriage study, had a direct impact on glycan diversity (Børud et al. 2018). 

Phase variation has been suggested in some cases to be an adaptive response by the organism 

to the environment. The selection for an on/off state of a gene can be influenced by selective 

pressures for one state over the other if there is a fitness benefit (Bayliss and Palmer 2012). 

In N. gonorrhoeae, one study initially suggested a causal link between phase variable pglA 

and disseminated gonococcal infection (Banerjee et al. 2002), yet this finding was 

contradicted in another study investigating other gonococcal isolates (Power et al. 2007). 

Despite the lack of causality established between phase variable pglA and pathogenicity, 

pathogenic Neisseria have evolved to maintain many phase variable loci to generate glycan 

diversity. The continued selection for glycan diversity as a consequence of phase variable 

genes in the pathogenic clade could indicate that glycan variability is particularly beneficial 

for members there.  

 

4.2.3 High levels of glycan diversity is associated with pathogenic Neisseria 
On a species-specific level, pathogenic Neisseria express a far greater number of 

glycoforms. The intra- and interstrain glycan diversity is high in N. gonorrhoeae and N. 

meningitidis where individual strains can express up to 5 and 20 glycoforms respectively, 

based on pgl gene content and factoring in the effect of phase variation and acetylation 

(Børud et al. 2014, Anonsen et al. 2017). The contribution of N. meningitidis pglG further 

expands the level of glycan diversity in this species to 22 potential glycoforms (Paper III), 

and the possible interactions it has with other glycosyltransferase mediated activities remains 

to be determined (i.e. can it extend a Gal or GlcNAc based disaccharide?). It is thus 
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remarkable that such few genes have the potential to generate so much diversity. The level 

of glycan diversity in N. elongata subsp. glycolytica appears to be restricted to the one 

tetrasaccharide glycoform in large part due to the absence of phase variable genes and the 

system only flipping completed Und-PP-tetrasaccharides. It seems the selection for 

generating glycan diversity in the pathogenic clade is possibly due to host-specific responses, 

and in particular, perhaps the surface exposure of the glycans. In N. elongata subsp. 

glycolytica, PilE may be unglycosylated if surface exposed glycans do not serve any 

beneficial role for the organism. If glycosylated PilE in the pathogens has been suggested to 

aid in adherence, is this a unique feature to the pathogens? The surface exposure of glycans 

have also been reported to influence host immune responses (Comstock and Kasper 2006). 

For example, the class II pilins in some N. meningitidis strains have up to five glycosylation 

sites, and the glycans are proposed to partially block host antibody recognition of the 

pilus/pilin protein (Gault et al. 2015). A similar situation was proposed to exist on the 

NirK/AniA glycoprotein in N. gonorrhoeae (Shewell et al. 2013), and on the HIV-1 surface 

protein Env, where the thick layer of glycans form a shield for the virus (Stewart-Jones et 

al. 2016). The cellular localization of the commensal glycoproteins has yet to be determined, 

whereas in the pathogens, both surface exposed and intracellular glycoproteins are targets of 

the pgl system (Vik et al. 2009). This may suggest that the pgl system in commensal 

Neisseria targets intracellular proteins whereas the pathogens, in addition, target surface 

exposed proteins. Not only does this raise intriguing questions about the function of 

glycosylation in Neisseria, but that the interactions of surface exposed glycoproteins with 

host cells could be the driver that maintains the molecular mechanisms contributing to glycan 

diversity and immune evasion in the pathogens. 

 

4.2.4 Strategies to address glycan diversity  
The methods we have used to address glycan diversity has so far been limited to use of a 

subset of glycan specific antibodies and MS-based analyses. The trisaccharide associated 

with N. lactamica and N. meningitidis PglG activity (Und-PP-diNAcBac-Glc-HexNAc) has 

never previously been reported in these two species and determining the distribution of this 

glycan in other strains of the same species will require further experimental validation. To 

comprehensively assess neisserial glycan diversity, a number of approaches can be used. 

One strategy to study glycan diversity is to use MS-based analyses. Microbial 

glycoproteomic workflows are powerful tools to discover and report on PTMs that would 

otherwise be difficult to study using traditional molecular tools. The use of MS-based 
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methods is efficient at identifying glycan structures and in mapping the exact attachment 

sites, however they are of limited use in deducing the exact stereochemistry of the glycan, 

(Halim and Anonsen 2017). The stereochemistry of glycan structures can be resolved with 

nuclear magnetic resonance (NMR) (Hartley et al. 2011), but this method demands abundant 

starting material and is both costly and laborious to implement for broad use (Mulloy et al. 

2015). Both of these biochemical approaches offer high specificity and precision, but are not 

suitable when analyzing many strains at the same time. The use of anti-glycan antibodies is 

a sensitive approach to detect which glycans are present in a sample, and has been a standard 

tool in our research group (Vik et al. 2009, Børud et al. 2011). The use of specific antibodies 

and biochemical tools has enabled the precise identification of many neisserial PTMs and 

targets of the pgl system, and using these methods, many of the genes necessary for 

expression of the glycan structures were confirmed. 

 

4.2.5 Serotyping as a means to assess glycan diversity in Neisseria   
Based on the more detailed understanding over the connections between pgl genotype and 

phenotype (Paper II), we have the potential to create new antibodies against a larger set of 

glycans. The generation of these antibodies can help address the level of glycan diversity in 

Neisseria. Previously, we have generated monoclonal and polyclonal antibodies in rabbits 

against purified gonococcal pilin carrying the glycan of interest (Vik et al. 2009, Børud et 

al. 2011), but translating the same approach into N. elongata subsp. glycolytica is difficult 

given that pilin is not glycosylated in this species (Anonsen et al. 2016). Three potential 

approaches around this could involve (i) constructing a gonococcal strain to express 

commensal-type glycans on PilE, (ii) inoculate rabbits with NirK, known to be 

immunostimulatory in this animal (Shewell et al. 2013), carrying the glycan of interest or 

(iii) utilize glycosylated outer membrane vesicles (glycOMVs) generated in E. coli.  The 

latter case involves transforming an O-antigen polysaccharide negative E. coli strain with 

the appropriate pgl genes to allow the strain to incorporate the glycan in its LPS structures 

(Chen et al. 2016). Purified OMVs containing LPS (and thus the glycan of interest) have 

been used to immunize mice, and glycan-specific antibodies were successfully produced by 

using this method (Chen et al. 2016). All three cases are feasible options for us to continue 

with, and generating antibodies encompassing all reported neisserial glycan structures is 

achievable. Ultimately, the antibodies would help further determine the pgl genotype-

phenotype status in Neisseria and allow for quicker validation of sequence-based predictions 
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of glycan phenotype. This would also enable rapid testing of isolates to determine glycan 

expression, and establish species-specific glycoform phenotypes.  

At the same time, the potential to discover strains expressing unpredicted glycan 

phenotypes can also guide us to investigate what genetic changes may be contributing and 

if the pgl locus has undergone any changes. A longitudinal study tracking the genetic 

changes during epidemic waves of N. meningitidis serogroup A, identified the pgl locus as 

a recombination hotspot and at least five separate recombination events at this locus occurred 

over nine years (Lamelas et al. 2014). The progressive clonal replacement of N. meningitidis 

correlated with the emergence of new virulent strains, and the pgl locus was altered in each 

case, suggesting selection for recombination at this locus is associated with disease and 

potentially evading host immune responses (Lamelas et al. 2014). In Paper II, we discussed 

how a subset of N. meningitidis isolates have re-acquired pglP from a commensal source 

through HGT. Due to N. polysaccharea possessing nearly all combinations of pgl genes, it 

can be seen as a reservoir of pgl genes to donate to the pathogens. Therefore, tracking glycan 

diversity by serotyping is a way to follow the microevolution of the pathogens and offer 

glimpses into potential genomic reorganization events that occur to facilitate disease. 

Glycan serotyping has proven to be useful in distinguishing S. pneumoniae isolates 

and many of the same principles in that system can be extended to Neisseria. The 

polysaccharide composition of pneumococcal capsules define the isolate’s serogroup and 

type, and over 95 known serotypes are known to date (Geno et al. 2015). Approximately 30 

pneumococcal serotypes are responsible for the majority of invasive disease worldwide, and 

antibodies designed against these common serotypes exist (Geno et al. 2015). The use of 

antibodies has been coupled to rapid diagnostic tests and technologies to quickly and easily 

serotype isolates (Geno et al. 2015). Such serotyping systems have proven useful to track if 

pneumococcal outbreaks have shifted CPS phenotypes, and guide the development and use 

of vaccines (Geno et al. 2015). The glycan diversity in Neisseria does not seem to be as 

extensive as the pneumococcal CPS, but having a complete set of antibodies against all 

known glycan structures may enable quicker typing of isolates. This would be particularly 

useful in an epidemiological approach investigating the levels of gonococcal glycan diversity 

within a single infected individual or contacts carrying the same source strain. For example, 

we can address the level of glycan diversity observed between different patient groups 

infected with N. gonorrhoeae (i.e. different genders, sexual orientation). Is the level of 

intrastrain glycan diversity the same at all sites of infection in the body? Elucidating patterns 

related to glycan diversity and disease would be useful in understanding how N. gonorrhoeae 
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modulates its protein glycosylation system in response to different niches, and if any glycan-

specific correlations can be made to pathogenicity.  

4.3 Targeting protein glycosylation: challenges and applications 

In recent times, the steady decline of effective antibiotics used to treat bacterial pathogens 

has prompted global health authorities, governments and professionals to call for action to 

combat AMR. In 2017, the World Health Organization (WHO) published a list of priority 

bacterial pathogens for which new antibiotics were needed (Tacconelli et al. 2018). This was 

in response to the alarming increase of AMR bacteria affecting the global population, and 

twelve pathogens – including N. gonorrhoeae – were cited as high priority (Tacconelli et al. 

2018). However, the WHO and other health authorities placed emphasis on antibiotic 

discovery versus vaccine development. Although new treatment options (antibiotics) are 

undoubtedly needed, preventative approaches such as vaccines are equally important to 

consider given the global burden of AMR (Jansen, Knirsch, and Anderson 2018). The 

development of a N. gonorrhoeae based vaccine has so far been unattainable, a situation 

suggested to be due to the extensive antigenically variable surface components (Rice et al. 

2017). This feature might allow the gonococcus to repeatedly infect humans as the adaptive 

immune response is bypassed due to constant surface antigen modulation. Unlike N. 

meningitidis and the development of CPS-based vaccines, N. gonorrhoeae does not express 

a capsule and hence, this approach would not be suitable (Rotman and Seifert 2014). 

Originally, type IV pili of N. gonorrhoeae was an attractive vaccine target as it is surface 

exposed, immunogenic and a necessary colonization factor (Hobbs et al. 2011). However, 

the lack of protection in a large-scale human vaccine trial using pili was proposed to be due 

to the vaccine containing only a single pilus type, and it did not encompass all antigenically 

variable forms of the pilus (Boslego et al. 1991). Since then, no further efforts have been 

made using gonococcal pilus as a vaccine candidate, but the molecular mechanisms behind 

pilus phase variability and PTMs are now well known, and perhaps it would be possible to 

revisit this idea given the current understanding of PilE and the effects of the pgl system? 

The C. jejuni pgl system has been successfully exploited in recent years to create a 

vaccine for use in chickens (Nothaft et al. 2016). This approach bypasses the human host 

and instead immunizes chickens, a natural source and carrier of C. jejuni, although the 

bacterium is not considered a pathogen in avians (Nothaft et al. 2016). The conserved 

heptasaccharide expressed contributes to the pathogenesis and colonization potential of C. 

jejuni (Nothaft and Szymanski 2013). Vaccination of chickens with either an engineered 
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glycoconjugate or a live E. coli strain expressing the native C. jejuni heptasaccharide 

significantly reduced colonization of C. jejuni in the chicken’s gut, and did not cause any 

negative side effects to the chicken (Nothaft et al. 2016). The success of this method was 

first made possible by the functional transfer of the C. jejuni pgl system into E. coli (Wacker 

et al. 2002), leading to expression of the conserved N-heptasaccharide common to all C. 

jejuni (Nothaft et al. 2012). Despite many similarities between the pgl pathways between N. 

gonorrhoeae and C. jejuni, the phase variability of the neisserial pgl genes and the 

concomitant glycan microheterogeneity, combined with a different host niche could be a 

difficult obstacle to overcome using this method against Neisseria.  

 

4.3.1 The potential roles of protein glycosylation in Neisseria need to be clarified  
Protein glycosylation genes are part of the core genome in N. gonorrhoeae, and although it 

is not essential for survival under laboratory conditions, the ubiquity of this system suggests 

it is essential in a role we have not yet quite uncovered. If the glycosylation machinery or 

glycan structures of N. gonorrhoeae are to be investigated as a vaccine candidate or potential 

drug target, we must first establish the precise roles as well as immunogenic properties 

neisserial glycans have when the bacterium lives in humans. The molecular basis for 

gonococcal glycan expression is well established, but the biological roles from an in vivo 

context are still underdeveloped. In our work, N. gonorrhoeae pgl mutants affecting glycan 

length and expression were shown to influence pilus dynamics related to pilus assembly and 

retraction (Vik et al. 2012). However, no intracellular (i.e. metabolic) roles have been 

assigned. A quantitative proteomics approach could be a way to address what phenotypes 

are associated with a pgl deficient strain. A recent study detailed the global C. jejuni 

proteome response to the loss of N-glycosylation (Cain et al. 2019). The authors report on 

significant changes observed in both protein expression level and targets of the pgl system, 

and revealed multiple stress-related and metabolic phenotypes (Cain et al. 2019). 

Quantitative proteomics is possible in N. gonorrhoeae as this approach has been used to 

identify potential vaccine candidates by identifying the significant changes in protein 

expression levels observed in AMR and WHO reference strains when compared to a well- 

characterized, antimicrobial susceptible strain (Zielke et al. 2016, El-Rami et al. 2019). Our 

group has characterized the N. gonorrhoeae pgl system to target at least 19 glycoproteins 

and the corresponding attachment sites were also determined (Anonsen et al. 2012). A 

follow-up quantitative proteomics study investigating the global proteome response, could 

reveal more potential roles and affected interacting partners of the pgl system. 
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4.3.2 A neisserial glycan-based vaccine to target the gonococcus? 
If the gonococcal glycans are to be used in a vaccine, it is crucial then to incorporate all 

known gonococcal glycoforms. The Campylobacter chicken vaccine achieved this as there 

is only one glycoform to consider, and in meningococcal (McCarthy, Sharyan, and Sheikhi 

Moghaddam 2018) and pneumococcal polyvalent vaccines (Grabenstein and Klugman 

2012), broad protection against more than one serotype is achieved by incorporating multiple 

polysaccharide types in the mix. However, targeting of gonococcal-type glycans would 

undoubtedly also target N. meningitidis and potentially N. lactamica, and N. polysaccharea 

if the expressed glycans in the latter two species are surface exposed. From an ecological 

perspective, the distribution and persistence of commensal neisserial species is not consistent 

in humans (Donati et al. 2016). An inverse relationship on the carriage of commensal N. 

lactamica and N. meningitidis has been established (Cartwright et al. 1987). In young 

children, the carriage of N. lactamica is high and decreases with age corresponding to more 

frequent carriage of N. meningitidis (Cartwright et al. 1987). It is suggested that carriage of 

N. lactamica provides protective immunity against N. meningitidis colonization and this has 

been investigated as a potential therapeutic approach to control N. meningitidis outbreaks 

(Deasy et al. 2015). N. polysaccharea is described as a polyphyletic species group as both 

genotypic and phenotypic investigations of isolates in this group are inconsistent (Bennett et 

al. 2012).  N. polysaccharea is thus biologically still not well characterized, and may need 

further reclassification in the future (Bennett et al. 2012).  A study using data from the 

Human Microbiome Project, investigated the longitudinal persistence of neisserial species, 

and none of the species in the pathogenic clade were suggested to be part of the core 

microbiome (Donati et al. 2016). This suggests that humans do not require N. 

polysaccharea, N. lactamica, and N. meningitidis, as no assumed beneficial relationship has 

been reported. If the gonococcal glycan-based is administered to individuals after 

adolescence (thus N. lactamica carriage during childhood is not affected), and results in the 

long-term protection against the entire pathogenic clade, what would the biological 

consequence be in humans? Perhaps a result from this approach would be a selection for 

strains from N. lactamica, N. polysaccharea, and N. meningitidis that utilize the pglGH 

pathway as we have shown pglG is functional in some of the strains in these species (Paper 

III).  

From the perspective of the genus Neisseria, the majority of the species have 

successfully adapted into their environmental niche in a generally commensal relationship. 

However, a commensal relationship by definition, does not mean that both the organism and 
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host benefits (Blaser and Falkow 2009). Commensal Neisseria have previously been 

described in a few instances to harbour AMR determinants which were transferred to the 

pathogens (Weyand 2017, Rouquette-Loughlin et al. 2018), and elimination of such 

reservoirs could be beneficial. Blaser and Falkow (2009) discussed the potential 

consequences of eliminating indigenous microorganisms which make up the human 

microbiome, and how the total elimination of any microorganism, including pathogenic 

species, needs to be approached with caution. An initiative such as the Human Microbiome 

Project aims to address some of these issues by describing the diversity of microbial 

communities in healthy individuals, to uncover more about the interactions that humans have 

with their bacterial inhabitants, and to address what our microbiome is doing during healthy 

and diseased states (Turnbaugh et al. 2007). Moving forward, the Neisseria host-species 

interactions need further clarification in order to address some of these questions raised here. 

4.4 Final remarks 
Studying Neisseria in the human host can be problematic, but we now have an abundance 

of knowledge from the bacterial side. The neisserial pgl system has been studied from both 

a pathogenic and commensal perspective, and protein glycosylation pathways from both 

sides are now well established. In other bacterial systems, protein glycosylation has a direct 

effect on bacterial fitness (Valguarnera, Kinsella, and Feldman 2016). The same effect has 

not been substantiated in Neisseria per se, but drawing on insights gained from other 

bacterial systems can give clues into the true impact of the neisserial protein glycosylation 

system. Defining the differences between what it means to be pathogenic or commensal is 

important when developing new strategies to target pathogenic bacteria. Some distinctions 

in the context of glycan diversity observed across the genus in pathogenic and non-

pathogenic species have been made in this work. However, applying the findings here in a 

targeted approach to combat pathogenic Neisseria will first require a standardized model to 

test for human-specific responses to neisserial glycans and/or glycoproteins. Lastly, what 

biological roles do commensal Neisseria serve in the human host? It is clear that Neisseria 

species need us, but do we need them? 
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