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Introduction 
The meningococcus 
Neisseria meningitidis is a gram-negative diplococcus that is a member of the 
bacterial family Neisseriaceae. It has a genome of about 2.1 million bases with 
around 2100 predicted coding sequences (CDSs)1. It is closely related to the 
sexually transmitted Neisseria gonorrhoeae, sharing a core genome constituting 
approximately 60% of all CDSs1. There are 12 serogroups of N. meningitidis based 
on different capsular polysaccharide structures, with six serogroups (A, B, C, W, 
X, and Y) that are responsible for causing most diseases. N. meningitidis, normally 
resides harmlessly in the nasopharynx of humans, but for reasons poorly 
understood2 it can cause fulminant meningitis and septicemia with a high case 
fatality rate and crippling sequalae3. Outbreaks of this invasive disease can occur 
in local environments like student dormitories4 or on an epidemic scale seen in 
developing countries such as sub-Saharan Africa, also known as the meningitis 
belt5. 

There are several issues that affect the incidence and clinical outcome of 
Neisserial disease and its burden on society. First, the rapid onset and often fatal 
outcome of meningococcal meningitis poses a severe challenge for clinicians to 
quickly diagnose and initiate appropriate therapy. N. meningitidis remains highly 
sensitive to β-lactam antimicrobial agents like penicillin and the cephalosporins 
that reach adequate bioavailability in the CSF at high intravenous doses. Despite 
prompt initiation of intensive care support with effective antibiotic and 
adjunctive dexamethasone therapy the morbidity and mortality rate remain 
high6,7. 

Secondly, contrary to the meningococcus, the gonococcus has over the course of 
decades developed resistance to sulfonamides, penicillins, aminoglycosides, 
quinolones and macrolides. Most recently there has been an alarming emergence 
of high-level resistance to 3rd generation cephalosporins8. This development of 
antimicrobial resistance has led to its potential status as a clinically pan-resistant 
‘superbug’9. Natural competence, the ability to incorporate genetic material such 
as antibiotic resistance genes from the environment, is shared among both 
Neisserial species. They both reside for extensive periods in the pharyngeal and 
urogenital anatomical sites where they encounter the same environmental and 
antimicrobial pressures and where they co-exist with other Neisserial 
commensals. Therefore, natural competence alone cannot adequately explain 
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the differences in antimicrobial resistance. The largest difference between the 
two Neisserial species lies in the outcome of the course of their respective 
diseases. Invasive meningococcal disease is an evolutionary dead end as it is often 
fatal and thus rarely leads to transmission of genetic traits. In contrast, 
gonococcal disease causes relatively mild symptoms and makes use of ubiquitous 
human behavior for highly effective transmission. Understanding the underlying 
transcriptional mechanisms common to both pathogens may lead to better 
treatment options of either diseases. 

Thirdly, using vaccines to prevent diseases ranks among the most outstanding 
achievements in modern medicine. Since its introduction in the late 19th century, 
more than 100 million contagious diseases were prevented in the USA alone10. 
Traditional conjugate polysaccharide vaccines have been proven to be highly 
effective in preventing meningococcal disease11. The introduction of conjugate 
vaccine against serogroup C greatly reduced both disease and carrier state from 
countries where it has been included in routine immunizations schedules, such as 
The Netherlands12. Developing a vaccine against serogroup B has been elusive 
because its capsule polysaccharide does not trigger an immune response due to 
its resemblance to a self-antigen. Two novel serogroup B vaccines that have used 
reverse vaccinology to identify alternative vaccine targets, Bexsero® (Novartis) 
and Trumenba® (Pfizer), have recently become available13. Their effectiveness in 
immunization programs for preventing serogroup B disease and possible cross-
coverage with other serogroups remains to be investigated. 

Despite optimal treatment of meningococcal meningitis a high morbidity and 
mortality rate remains. Additionally, there is the emergence of a potentially 
clinical pan-resistant N. gonorrhoeae. Finally, large-scale effectiveness of the new 
serogroup B vaccines is yet uncertain. These issues necessitate further search for 
potential novel treatment and prevention modalities including discovering new 
antimicrobial drug or vaccine targets. The shared common core genome may be 
advantageous in this search as it allows to the discovery of new targets effective 
against both pathogens. 

Transcription regulation in N. meningitidis 
Meningococci readily adapt to host environments that differ in nutrient supply 
like the nasopharynx, blood and cerebrospinal fluid by changing its metabolism 
and protein repertoire. As noted earlier, N. meningitidis has a relatively small 
genome of ~2 million base pairs, compared to e.g. ~5 million of Escherichia coli 
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and as such it lacks many classical mechanisms of gene regulation. It has only 
three functional sigma factors that regulate RNA polymerase specificity, the 
housekeeping σ70, and the alternative sigma factors σE and σH that are produced 
under a variety of environmental stimuli (Figure 1). Furthermore, the number of 
known regulatory transcription factors and two-component systems in 
meningococci are only a fraction of those known in more canonical gram-negative 
organisms like E. coli and Salmonella enterica. This discrepancy might indicate yet 
unknown regulatory mechanisms in N. meningitidis. 

Figure 1. Alternative sigma factors guide the RNA polymerase to initiate transcription 
from specific promoters. A. Extracytoplasmic stress induces association between the 
Extracytoplasmic sigma factor σE and the core RNA polymerase. B. The σE/RNA polymerase 
complex initiates transcription from specific DNA σE promoter sequences. ATG, start 
codon. 

 

Small non-coding RNA (sRNA) molecules are increasingly recognized to form the 
regulatory backbone in facilitating metabolic adaptions. This post-transcriptional 
regulation of RNA molecules is called riboregulation. Small RNAs can be produced 
relatively quickly and at low biological cost and are able to simultaneously 
influence translation and degradation of an already existing cellular pool of 
mRNAs14-16. They are transcribed from intergenic regions and exert their action to 
genes in trans or they are transcribed from the opposite site of genes and 
influence those genes in cis. In trans acting sRNAs can act by occupying or freeing-
up ribosomal entry sites of target transcripts as well as by regulating accessibility 
of transcripts for RNases (Figure 2)17-20. 
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Figure 2. Mechanisms of ribo-regulation. A. Translation repression by sRNA/mRNA 
base-pairing which blocks ribosomal binding. B. Translation activation by sRNA/mRNA 
base-pairing which opens the RBS. C. sRNA enables ribonuclease mediated degradation 
of mRNA by inducing a conformational change. D. sRNA increases mRNA stability by 
blocking ribonuclease mediated degradation. RBS, ribosomal binding site. 

 

In gram-negative bacteria, the chaperon protein Hfq is pivotal for ribo-regulation, 
facilitating the interaction of sRNAs and their mRNA targets, thereby regulating 
metabolic pathways and virulence gene expression (Figure 3)21,22. The link 
between metabolism and virulence in N. meningitidis has been eloquently 
reviewed23, however the role of sRNAs is still underappreciated due to the limited 
knowledge and understanding of the RNA regulatory network in N. meningitidis. 
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Figure 3. Hfq facilitates base-pairing of sRNA and mRNA partners. A. Energy required for 
base-pairing between sRNA and mRNA is prohibitive. B. Hfq facilitates base-pairing by 
decreasing the activation barrier to form a sRNA/mRNA complex. C. Hfq disassociates 
from the sRNA/mRNA complex and is recycled for subsequent interactions. 

 

A small number of sRNAs have been described in N. meningitidis. NrrF, a sRNA 
regulated by iron availability, has been identified in meningococci24 and 
gonococci25. This sRNA downregulates the iron-dependent succinate 
dehydrogenase complex which couples the tricarboxylic acid (TCA) cycle to 
respiration26. Two in cis acting sRNAs that influences antigenic variation (Av) of 
pilin were identified in N. gonorrhoeae and N. meningitidis27,28. Another sRNA, 
AniS, is synthesized under oxygen limitation but its only known target is a 
hypothetical protein, obscuring its role in anaerobiosis29,30. This target was 
confirmed using a well-established gfp-reporter system in E. coli31 which is 
utilized extensively in this thesis (Figure 4). Finally, the ‘innate immune system’ 
CRISPR and its associated small RNAs have been identified in meningococci as 
well32. 

Figure 4. Heterologous GFP reporter system. In this system two plasmids are introduced 
in E. coli. One plasmid expresses a gene encoding a green fluorescence protein fused to 
the 5’ UTR of the target mRNA and the other contains the sRNA. A. A plasmid containing 
the 5’ UTR of the target fused to a gene encoding GFP is present and the native 
translational machinery of E. coli produces GFP. B. A plasmid expressing the sRNA is 
added and consequently GFP translation is repressed. 
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Several global transcriptomic sRNA discovery experiments have been 
undertaken, identifying over a hundred candidate sRNAs differentially expressed 
in a variety of environmental models that resemble in vivo compartments during 
pathogenesis33-37. A number of these candidate sRNAs appear to influence 
pathogenicity in a murine infection model. Recently, a random transposon 
insertion library of N. meningitidis was created and the fitness of mutations 
during routine growth and colonization of endothelial and epithelial cells were 
assessed using transposon insertion site sequencing (Tn-seq) analysis36. 
Identifying differently expressed sRNAs in model environments is the first step in 
identifying the most interesting sRNAs for further study to unravel their exact 
transcription, regulation, and targets. 

Aim and outline 
The aim of this thesis is to achieve a better understanding of the fundamental 
biology of Neisseria meningitidis. We set out to study the regulatory mechanisms 
that allow N. meningitidis to thrive in the human host and identify the protein 
and RNA factors involved in metabolism and therefor pathogenesis23. These 
factors may represent novel targets for medical interventions. Ultimately, this 
could lead to distinct advantages in reducing the worldwide burden of disease 
caused by this obligate human pathogen and its close relative, Neisseria 
gonorrhoeae. 

To achieve this goal, we first explored the regulatory scope of the alternative 
sigma factor σE. An initial approach identifying the transcription regulation and 
protein regulon of σE was previously performed by our group38. Here, we used 
novel advances in biotechnology to further explore the σE regulatory repertoire. 
In chapter 2, we sequenced the genome of a N. meningitidis strain used in 
laboratories around the world. In chapter 3, using this genome as a backbone, we 
sequenced the transcriptome of a strain overexpressing σE and describe its 
regulon in more detail. 

In chapters 4 and 5 we progressively assessed the regulon of the Hfq protein. We 
created a hfq deletion mutant and investigated its protein content compared to 
the wildtype. In conjunction with previous studies performed by others, a 
comprehensive network of Hfq regulated proteins was constructed. This 
knowledge helped identify potential gaps in the Hfq dependent sRNA repertoire. 
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In chapter 6, we identified highly conserved sibling sRNAs which are involved in 
the regulation of multiple components of the TCA and methyl-citrate cycles. The 
sRNA regulated proteins show a remarkable overlap with those of the Hfq regulon 
described in chapters 4 and 5. We conclude that these twin sRNAs allow the 
meningococcus to thrive in different human host niches. 

In chapter 7 we confirmed the expression of several sRNA candidates, with the 
help of bioinformatic predictions and the knowledge of the Neisserial 
transcriptome gained in chapter 3. We created sRNA deletion and overexpression 
mutants and assessed their proteome, leading to new insights of the function of 
these sRNAs. 

Finally in chapter 8, we further investigated the translational regulation of the 
previously discovered iron-regulated sRNA NrrF. We extended the knowledge of 
its mRNA target reservoir and its role in the TCA cycle coupled to the respiratory 
electron transport chain. 

The results of these studies are summarized and discussed in chapter 9.  
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