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At any given moment, about 25-80% of the world’s population 
carry the bacterium Streptococcus pneumoniae. With a population 
of just over 7 billion, this means up to 5.6 billion of us carry this 
bacterium right now. How come we’re not all feeling sick? It’s 
because this bacterium spends the majority of its life as a harm-
less commensal. Its primary residence is on the surface behind 
our nose. Here, the bacterium colonizes by forming biofilms—a 
community of cells that adhere to a surface and are embedded 
in a protective matrix. However, a disturbance in the surrounding 
environment can trigger bacterial release from the biofilm (so-
called biofilm dispersal). The dispersed bacteria can then travel to 
other sites in our bodies and give rise to a wide range of infections, 
such as middle ear infection, pneumonia, and sepsis. Every year, 
approximately 1-2 million deaths occur as a result. 

S. pneumoniae is a common resident in healthy individuals. Yet, 
this bacterium is a leading cause of morbidity and mortality world-
wide. This doctoral thesis describes specific aspects that are in-
volved during colonization and transition to disease. With a focus 
on biofilm formation and biofilm dispersal, this thesis includes 
detailed methods, a proposed mechanism for biofilm dispersal, 
further evaluation of biofilm and dispersed populations, and fi-
nally, modulation by other nearby commensals.
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Preface 

Thoughts that went into the writing. 

The PhD is more than just training to be an independent researcher, it is a personal 
development program. It is amazing how much I have learned about myself as well as 
about the world of research over these years. It has been exciting to see this writing 
come together, from scribbles written on sticky notes to a very long list of thoughts and 
questions, all sporadically accumulated over the years. Putting everything together has 
been quite satisfying. 

Overall, this thesis consists of six chapters. The first chapter sets the foundation and 
provides the context for the subject at hand. A focus on specific topics is given in 
Chapters 2-5. These chapters are intended to highlight and give the framework for the 
different papers that are appended to this thesis. I have also included a summary in 
plain English for the papers. Lastly, the final chapter concludes the thesis with a 
discussion of the papers, central themes, and future perspectives. 

My hope is that I have provided enough context at the beginning such that the rest of 
the chapters fall into place. 

July 28, 2019 
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Popular science summary 

At any given moment, about 25-80% of the world’s population carry the bacterium 
Streptococcus pneumoniae. With a population of just over 7 billion, this means up to 5.6 
billion of us carry this bacterium right now. How come we’re not all feeling sick? It’s 
because this bacterium spends the majority of its life as a harmless commensal. Its 
primary residence is on the surface behind our nose. Here, the bacterium colonizes by 
forming biofilms—a community of cells that adhere to a surface and are embedded in 
a protective matrix. However, a disturbance in the surrounding environment can 
trigger bacterial release from the biofilm (so-called biofilm dispersal). The dispersed 
bacteria can then travel to other sites in our bodies and give rise to a wide range of 
infections, such as middle ear infection, pneumonia, and sepsis. Every year, 
approximately 1-2 million deaths occur as a result.  

S. pneumoniae is a common resident in healthy individuals. Yet, this bacterium is a
leading cause of morbidity and mortality worldwide. The aim of this doctoral thesis
was to identify specific mechanisms that are involved during biofilm formation and
biofilm dispersal with S. pneumoniae. We first developed and described, in detail, the
methods to study these processes. Our methods attempt to mimic the environment
where the bacteria normally reside in the body.

Our model systems were first used for studying how bacteria are released from biofilms 
upon heat exposure, which mimics fever. The biofilm is made up of components like 
sugars, proteins, and fats. Therefore, we expected that degrading these components 
would release bacteria from the biofilm. We showed that enzymes that cleave proteins 
(i.e., proteases) could disperse the biofilms. Similarly, when we blocked the activity of 
proteases, we saw an inhibition of heat-induced dispersal. We then formed biofilms 
with a strain that lacks the protease HtrA. These bacteria formed normal biofilms, but 
did not disperse upon heat exposure as well as strains that expressed the protease HtrA. 
This suggested to us that protease HtrA is not involved during biofilm formation 
(associated with colonization), but plays a role during dispersal of biofilms by heat 
(associated with disease). 

We next used the same methods to obtain bacterial populations associated with 
colonization (biofilm bacteria) or disease (dispersed bacteria) to better understand how 
they differ. We also included bacteria that were grown in broth (planktonic bacteria) 
that are commonly used in research studies. We evaluated the abundance of different 



xx 

proteins in the various bacterial populations to determine each population’s traits. We 
found that the majority of differences between populations were associated with 
proteins involved in metabolic pathways. Most differences were seen between 
planktonic bacteria (broth bacteria) and the biofilm-derived bacteria. 

Finally, we adapted the biofilm formation methods and used them with commensal 
Corynebacterium species. The presence of Corynebacterium in the environment of the 
nose has been shown to be protective in respiratory health. We found that these bacteria 
can also form biofilms and with minimal toxicity to respiratory epithelial cells. The 
bacteria were also able to induce a transient inflammatory response in the epithelial 
cells. When we added S. pneumoniae to the Corynebacterium biofilms, they were able 
to form dual-species biofilms. The presence of S. pneumoniae did not seem to impact 
the Corynebacterium biofilm, and there appeared to be a protective effect for S. 
pneumoniae by Corynebacterium. 

Understanding biofilm formation and biofilm dispersal are aspects that may also 
provide information for designing new therapeutics. Teasing out the specific 
mechanisms of how biofilm dispersal occurs as a response to environment signals like 
fever may provide new targets. These targets would prevent transition to disease while 
allowing for symptomless colonization to persist. Biofilm and dispersed populations 
expressed different proteins. The different proteins are potential targets that would be 
specific for the respective population. For example, a protein that is abundant only in 
dispersed bacteria would be a specific therapeutic target for dispersed bacteria (disease), 
but not biofilm bacteria (colonization). Better understanding how commensal bacteria 
are protective during colonization may lead to the development of probiotics. In 
conclusion, understanding biofilm formation and biofilm dispersal with S. pneumoniae 
are important aspects for subsequently understanding colonization and disease. 
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Introduction 

The concept of identifying a causative relationship between microbe and disease was 
introduced in Koch’s postulates in 18841,2. As summarized, the following criteria would 
identify a pathogen and prove the causative relationship between a microbe and its 
proposed disease: 

1. the microbe must be found in all cases of disease; 

2. the microbe must be isolated from the diseased host and grown in pure culture in the 
laboratory; 

3. introduction of the microbe to a new host must cause the same disease; and, 

4. the microbe must be re-isolated from the newly diseased host. 

Not too long after, scientists including Koch himself, realized that these postulates had 
limitations. Still, Koch’s postulates have been an important guideline for research in 
microbiology. Even modified versions exist, such as the relationship between microbial 
factors and disease3 as well as between microbes found in the host and health or disease 
states4,5. Overall, there has been a growing understanding of the complex interactions 
during infectious disease development6. 

One microbe that does not fulfill Koch’s postulates is the bacterium Streptococcus 
pneumoniae (the pneumococcus). This bacterium primarily resides in the human upper 
respiratory tract without causing clinical symptoms. From there, under certain 
circumstances, the bacterium can migrate to and infect otherwise non-infected host 
sites, which can then lead to diseases with high morbidity and mortality. Included in 
this thesis are methods to study distinct life stages of the pneumococcus, such as 
asymptomatic carriage and transition to disease, as well as a proposed mechanism of 
how the latter occurs. Bacterial populations associated with these life stages are given a 
closer look, and finally, the modulation by beneficial microbes is also addressed. 
Altogether, this thesis attempts to identify what contributes to the different lifestyles of 
the pneumococcus. 
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Chapter 1: Life in the human host 

Pneumococcus is an altogether amazing cell. 

Tiny in size, simple in structure, frail in make-up, it possesses physiological functions of great 
variety, performs feats of extraordinary intricacy and, attacking man, sets up a stormy disease 
so often fatal that it must be reckoned as one of the foremost causes of human death. 

Benjamin White, 1938 

This chapter will provide a brief overview of the different life stages of Streptococcus 
pneumoniae. First, is an introduction to the bacterium and the diseases it causes as well 
as the current state of therapeutic intervention. The remainder of the chapter focuses 
on host-microbe interactions and the biological facets that contribute to these 
interactions from acquisition to disease. 

Streptococcus pneumoniae 

Since its isolation in 18817,8, Streptococcus pneumoniae has been an important organism 
in developing basic principles of biology. In 1928, Griffith used the pneumococcus to 
demonstrate that bacterial traits could be naturally heritable, termed the transformation 
principle9, and the genetic material was later identified to be DNA by Avery, Macleod, 
and McCarty in 194410. Other significant breakthroughs include the development of 
Gram’s stain for bacterial identification, the first non-protein vaccine, and the concept 
of antimicrobial resistance11,12. These were all discovered while studying the 
pneumococcus and pneumococcal disease. 

Burden of pneumococcal disease 

Despite continuous research on the pneumococcus over the last 100+ years, 
pneumococcal disease remains a major influence on human health. The pneumococcus 
is a common colonizer of the human nasopharynx and exists predominantly as a 
commensal, causing no harm to the host. Colonization is the presence and proliferation 
of bacteria on or in the host without causing disease. Already during childhood, 
colonization with the pneumococcus occurs in healthy individuals at approximate rates 
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of 20-60%, which decreases into adulthood to around 2-20%, whereas rates can be up 
to around 90% of individuals in resource-poor settings 13-18. However, the bacterium 
can disseminate from the nasopharynx and infect otherwise non-infected sites, which 
can lead to a number of diseases (Figure 1). Pneumococcal diseases account for a high 
burden in medical and economic costs19. 

The pneumococcus colonizes the mucosal surface of the nasopharynx. From there, the 
bacterium can spread to and infect other sites, such as the middle ear (otitis media), 
sinuses (sinusitis), or the lungs (pneumonia). Invasive diseases occur when the 
bacterium crosses the mucosal barrier into the bloodstream, which can escalate to sepsis. 
The pneumococcus may also cross the blood-brain barrier and infect the meninges 
(meningitis). 

Figure 1. Pneumococcal diseases. 
The pneumococcus colonizes the mucosal surface of the nasopharynx. From there, the pneumococcus can spread to and infect other 
sites, such as the middle ear (otitis media), sinuses (sinusitis), or the lungs (pneumonia). Invasive diseases occur when the bacterium 
crosses the mucosal barrier into the bloodstream, which can escalate to sepsis. The pneumococcus may also cross the blood-brain 
barrier and infect the meninges (meningitis). 
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In 2016, lower respiratory tract infections were estimated to cause nearly 2.4 million 
deaths worldwide20. The pneumococcus was the main etiologic agent and surpassed 
other etiologies combined, including respiratory syncytial virus, Haemophilus influenzae 
type b, and influenza. The pneumococcus was responsible for over 1.1 million deaths 
(almost half of the deaths) and 197 million episodes of lower respiratory tract 
infections, and is considered one of the leading infectious causes of morbidity and 
mortality20. 

Children and the elderly are the most susceptible populations to pneumococcal 
disease21.  Immunocompromised individuals are also susceptible and have higher rates 
of invasive pneumococcal disease than healthy individuals22. In 2016, lower respiratory 
tract infections caused approximately 650,000 deaths in children under the age of five 
and nearly 1.1 million deaths in adults older than 70 years20. In children under the age 
of five, the mortality of lower respiratory tract infection increases with lower 
sociodemographic development20, where access to healthcare, nutrition, and general 
hygiene are contributing factors. Interestingly, in the elderly, the mortality rates by 
location generally do not seem to change23. 

Preventative and treatment approaches 

Current therapeutics 
Before the introduction of antibiotics for treatment of bacterial infections, most 
bacterial infectious diseases were deadly. At least 50% and upwards of 90% of patients 
with pneumococcal bacteremic pneumonia died in the hospital24. Treatment with 
antibiotics has substantially reduced the fatality of disease, and has revolutionized the 
treatment of infectious diseases to this day. However, reduced susceptibility to 
antibiotics is increasingly detected in all regions of the world. Antibiotic resistance is 
considered a global threat to human health, particularly multi-drug resistance 
(resistance to more than three classes of antibiotics). In 2017, the World Health 
Organization deemed the pneumococcus as a ‘priority pathogen’ for which there is an 
urgent need for new antibiotics25. 

Prevention of pneumococcal disease by vaccines was first introduced in the 1980s. 
These vaccines target the polysaccharide structure on the surface of the pneumococcus, 
deemed the capsular polysaccharide or capsule. Vaccines were specifically developed to 
protect against invasive disease, which is only caused by a subset of the 98 known 
serotypes26—pneumococcal strains that produce a polysaccharide with unique chemical 
and immunologic (serologic) properties27. There are two types of pneumococcal 
vaccines: polysaccharide vaccine and conjugate vaccine. The 23-valent pneumococcal 
polysaccharide vaccine was developed in 1983 and contains 23 serotypes, which 
covered 80-90% of the serotypes causing disease28. Children younger than two years of 
age did not elicit a protective immune response to polysaccharide antigens alone29. 
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Therefore, a conjugate of polysaccharide to a non-toxic protein was used in later 
vaccines, starting with the 7-valent conjugated vaccine. This vaccine contains seven 
serotypes from the 23-valent vaccine that were common in pediatric invasive disease. 
Over time, additional serotypes have been added to produce 10-valent and 13-valent 
conjugate vaccines, with a 15-valent conjugate vaccine in the pipeline30  

Vaccine implementation has substantially reduced the incidence of invasive 
pneumococcal disease by serotypes covered in the vaccines31-34, also known as vaccine 
types. However, vaccination has also led to serotype replacement, whereby non-vaccine 
types have emerged in the population in place of vaccine types. Not only have less 
common serotypes emerged, but prominent vaccine types have also altered their capsule 
to appear as another serotype, known as serotype (capsular) switching, which allows for 
the possibility of vaccine escape (Figure 2). These phenomena have been well-
documented in the post-vaccine era35-42. Serotype distribution varies across geographic 
regions43,44 and continued surveillance is important for guiding future vaccine 
development. 

Figure 2. Effects of current vaccines 

It has been proposed that targeting a subset of known serotypes in current vaccines was 
the beginning of an ecological experiment, and that adding new serotypes to the 
existing vaccines is not a long-term solution as it addresses an immediate problem with 
another ecological experiment45. Given the number of known pneumococcal serotypes, 
adding more serotypes to the current vaccines is unlikely to cover the majority of 
serotypes46. Despite the shortcomings of current therapeutics, it is clear that usage of 
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antibiotics and vaccines has decreased the burden of pneumococcal disease. However, 
in the race against antibiotic resistance and serotype replacement, new strategies are 
necessary to further protect against pneumococcal infections. 

New strategies 
There are several pneumococcal protein-based candidates, including whole cell, multi-
component (mixture of targets), and chimeric (fusion of targets), many of which are 
already in clinical trials28,47,48. These candidates target surface proteins, which are 
accessible during nasopharyngeal colonization and would, therefore, provide protection 
against colonization48. This is in contrast to current vaccines that target capsule and 
primarily protect against invasive disease. 

Another preventative approach includes employing the local microbiota. Probiotics are 
live microorganisms that are beneficial for the host. In clinical trials, probiotics have 
shown positive effects in upper respiratory tract infections49,50, and may maintain a 
healthy upper respiratory tract by competing with pathogens or stimulating the host 
immune response 50. 

Although not experimentally tested, there have been proposals to focus on the host 
rather than the bacterium. One suggestion is to limit the host immune response, for 
example, during pneumonia, which may minimize consequences due to excessive 
inflammation51. Another suggestion is to block host receptors, such as endothelium 
receptors, which may prevent adherence of the pneumococcus to the blood-brain 
barrier and invasion into the brain from the bloodstream52. These suggestions aim to 
prevent disease progression alongside current therapeutics. 

Given that pneumococcal colonization is frequent and is most often harmless, 
disturbing this primarily commensal bacterium may have unintended effects. 
Therefore, there may well be an advantage to focusing on disease-specific targets rather 
than eradication of the bacterium. Such approaches focus on a specific state in 
commensal disease progression and seek to balance pneumococcal commensalism and 
protection of the host from pneumococcal disease53-55. The work in this thesis attempts 
to contribute to these approaches as well. 

New strategies are serotype-independent and approach prevention in a different 
manner than current vaccines. These strategies focus on broader coverage and include 
other key players involved in pneumococcal disease. Progress is being made, and these 
advances are a result of ongoing research on the pneumococcus and pneumococcal 
disease. 
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Host-microbe interactions 

A microbe’s ability to cause disease—its pathogenicity—is often determined by its 
virulence factors. These are defined as factors that impair virulence (or harmfulness to 
the host) when lost. However, in the context of a complex environment within the 
host, the virulence of a microbe is also influenced by its surroundings. Such factors 
include the local microbiota and the host’s defense mechanisms. It is not the microbe 
alone, but rather the interactions between the microbe, the microbial community, and 
other host factors that together contribute to disease development (Figure 3). 

 

 

FIGURE 3. Host-microbe interactions contributing to disease development. 
 

Moreover, the interpretation of the basic definition of microbial infection has changed. 
Many consider colonization as the first stage while others consider colonization as a 
different process56. For the pneumococcus, colonization and infection appear to be two 
distinct states. Asymptomatic carriage is regarded as a risk factor for the development 
of pneumococcal disease57 because while colonization is a necessary step for subsequent 
development of infection58, not all colonization events result in infection. 

The pneumococcus is an opportunistic pathogen—an organism that causes disease 
following perturbation of the host. Although pneumococcal diseases occur, the 
pneumococcus more commonly colonizes without harming the host, i.e., as a 
commensal. In fact, further classification as a ‘commensal opportunist’—a human-
specialized, non-obligatory pathogen—has been proposed59. For opportunistic 
pathogens, virulence factors give an advantage in non-infection contexts rather than 
solely in development of infection59. The pneumococcus has traits that allow for its 
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commensal lifestyle and pathogenicity60, which will be discussed throughout this thesis. 
This arsenal of virulence factors contributes to survival by allowing the pneumococcus 
to colonize and contend alongside nearby microbiota and host defenses as well as, under 
certain circumstances, invade the host tissue and disseminate to otherwise uninfected 
sites. 

Colonization of the nasopharynx 

Following acquisition, the pneumococcus colonizes the mucosal surface of the human 
nasopharynx. This is its main ecological niche61, although carriage and spontaneous 
outbreaks in animals have been documented in the past62. Colonization can occur 
consecutively or with multiple strains as once, and can last for weeks to months63, with 
the highest rates of colonization in children under the age of two64. It is from this 
commensal colonization state that transmission from person to person61 occurs either 
through aerosolized droplets or direct contact. Transmission is also possible from 
fomites65,66. These states are in contrast to infection and disease, which are dead ends 
for the bacterium as they are not considered contagious conditions. 

Biofilms 
Growing literature over the last two decades indicates that the pneumococcus colonizes 
the human nasopharynx by forming biofilms. The biofilm mode of growth is 
considered predominant in natural bacterial habitats67. The definition of biofilms has 
evolved since its first mention in the 1970s. It is defined as complex communities of 
microbes that are attached to a surface and encased within a self-produced matrix, and 
exhibit an altered phenotype than singly growing planktonic cells68. The matrix 
provides the structural stability and protection to the biofilm. There would be no 
biofilm without matrix69, as the matrix is what establishes much of the known 
characteristic features of biofilms70. 

Biofilms are tolerant to environmental stresses, such as antimicrobial treatment and 
host defense mechanisms. The matrix functions as a protective barrier and has been 
shown to limit the penetration of antibiotics in a charge-dependent manner71. Biofilm 
bacteria are less susceptible to antibiotics than planktonic bacteria72 and often exhibit 
an altered phenotype with respect to growth and gene expression. A subpopulation of 
biofilm bacteria may contain dormant, non-dividing cells (or persister cells), which 
could explain elevated levels of survival following antimicrobial treatment73. Finally, 
chemical gradients within the biofilm may reduce antimicrobial activity and allow for 
survival of a portion of the biofilm bacteria74. This tolerant or transient, non-heritable 
phenotype75 is different from heritable antibiotic resistance that result from mutations 
or acquired genes. In addition to a physical protective barrier, biofilms incorporate host 
structures, which may contribute to structural stability as well as allow biofilms to 
masquerade as ‘self’ structures to hide from the host immune response76. Besides its 
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protective properties, the matrix keeps the bacteria in close proximity to each other and 
to other resources. The matrix is considered as a ‘communal external digestion system’, 
as enzymes are secreted by cells within the biofilm and accumulate in the matrix69. The 
matrix also sequesters nutrients and, in the case of lysed cells, keeps debris to be 
‘cannibalized’ by surviving cells70. Altogether, biofilms are protected from the 
surrounding environment and allow for persistence of the bacteria within them. 

Evidence hinting at biofilm formation in the pneumococcus occurred as early as 1992, 
when the formation of a ‘thickened gelatinous layer’ was seen when the bacteria were 
grown on the epithelial surface of human nasal turbinate tissue ex vivo77. In the presence 
of the pneumococcus, the epithelium did not show severe damage, although the ciliary 
beating slowed. Most of the bacterial were well above contact with the tips of the cilia. 
At the time, this layer was hypothesized to be a mixture of host mucus and bacterial 
capsular material. The authors concluded that these observations “may be a mechanism 
of bacterial colonization of the respiratory tract”77. 

Biofilms are considered to constitute the main life form of the pneumococcus during 
colonization of the human nasopharynx78-82. This is in agreement with clinical 
observations where eradication of pneumococcal colonization is more difficult than 
eradication of infection83,84. In addition, studies have shown that pneumococcal 
biofilms are less susceptible to antibiotics than broth-grown, planktonic 
counterparts82,85-87, and that biofilm bacteria have an altered phenotype compared with 
planktonic bacteria. For pneumococcal biofilms, extracellular DNA in the matrix is 
used as a substrate for genetic transformation and spread of acquired antibiotic 
resistance88,89). Different phenotypes between bacterial populations will be addressed 
more closely in Chapters 2-4 and the composition of biofilms will be discussed in 
Chapter 3. 

The biofilm lifestyle is a way for the pneumococcus to remain in its ecological niche, 
the nasopharynx, as a commensal. It has been proposed that biofilms are a ‘virulence 
factor’ for the pneumococcus90. The pneumococcus would likely be eliminated without 
this form of bacterial life that functions as a reservoir for transmission between hosts. 
An altered phenotype of the biofilm bacteria and the protective nature of the biofilm 
structure itself contributes to sustained colonization. Moreover, the proximity of 
bacterial cells and resources, such as DNA, allow for horizontal gene transfer and 
acquisition of fitness traits. The biofilm mode of life is a survival advantage for the 
pneumococcus. 

Encounters in the host 
Colonization is a dynamic event91. Physiological gradients exist along the respiratory 
tract, which determine niche-specific selection that shapes the distribution of microbial 
communities92. The importance of nasopharyngeal conditions in pneumococcal 
biofilm formation will be discussed in Chapter 2. In addition to the physiological 
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conditions, the nasopharyngeal environment also includes the presence of microbes and 
other host defenses. The pneumococcus must reconcile with these encounters to 
maintain colonization and persist in the host. 

Although pneumococcal colonization is asymptomatic, an initial degree of tissue 
interaction and penetration likely occurs as colonization is an immunizing event93-98. 
Pneumococcal colonization may act as a natural boosting mechanism of existing 
immunity97. This has been proposed to contribute to pneumococcal disease 
susceptibility in the elderly97 where carriage rates are low and would lack the natural 
boosting mechanism99. 

The nasopharynx is an ecological niche for other microbes as well. Investigation of the 
microbiota in human health and disease has gained traction since the launch of the 
Human Microbiome Project in 2007100. In the gut, the local microbiota and the 
immune system have a two-way communication, with the microbiota priming and 
regulating mucosal and systemic immunity and the host immune system controlling 
the microbiota composition101. Similar, although not as well-studied, host-commensal 
interactions occur in the respiratory tract that are important for shaping the immune 
system and maintaining respiratory health92. 

The microbiota in the upper respiratory tract is considered as the gatekeeper to 
respiratory health and provides colonization resistance against pathogenic 
microorganisms92. Colonization resistance can be by direct commensal-pathogen 
interactions or by indirect mechanisms, for example, via activation of host immunity 
by commensals102. The microbiota is influenced by several factors already from the 
mode of delivery, including feeding type, environment conditions, and exposure to 
therapeutics92,103-106. It is a dynamic and diverse reservoir of many commensals and 
potential pathogens. Distinct microbial profiles are identified in early life and are linked 
to microbial stability and respiratory health106. Typically, a balanced microbiota leads 
to a stable community that is resilient to infection. In contrast, imbalance leads to a less 
stable microbial community and more susceptibility to infection for the host. The role 
of specific commensal species on respiratory health is the topic of Chapter 5. 

Transition to disease 
A wide range of human infections are associated with microbial biofilms107. Biofilms 
may act directly in disease, such as in dental caries, or indirectly, as on surfaces in the 
hospital setting108,109, where the biofilm is a reservoir of potential pathogens. While the 
pneumococcus forms biofilms during asymptomatic colonization of the nasopharynx, 
biofilms have been detected during disease in vivo, such as otitis media110-113, chronic 
sinusitis114, pneumonia115, and cardiac microlesions116. However, the role of 
pneumococcal biofilms at disease sites is unclear. 

Pneumococcal infection is often associated with concurrent virus infection117,118, which 
is involved in the transmission of the pneumococcus from colonized states in vivo119,120 
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as well as dissemination to and infection of otherwise non-infected sites121. Virus 
infection and virus-induced host responses, such as fever, are signals recognized by the 
pneumococcus121, but the specific mechanisms involved in subsequent release of 
bacteria from the biofilm (i.e., biofilm dispersal) are less understood. Although, 
biofilm-dispersed bacteria are distinct from biofilm bacteria121,122 and these differences 
help explain the colonization and disease lifestyles of the pneumococcus. Further 
characterization of these populations will be discussed in Chapter 4. 

The pneumococcus is a common resident in healthy individuals. Yet, pneumococcal 
disease is a prominent cause of serious bacterial infection worldwide. The specific 
mechanisms involved in the transition from asymptomatic colonization to disease are 
still under study. The remainder of this thesis describes aspects involved in the 
transition from asymptomatic colonization to disease with the pneumococcus. With a 
focus on biofilm formation and biofilm dispersal, this thesis includes detailed methods, 
a proposed mechanism for biofilm dispersal, further evaluation of associated 
populations, and finally, modulation by other upper respiratory tract commensals. 
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Chapter 2: Modeling colonization and 
transition to disease 

Host-microbe interactions are complex and can be difficult to study. To better 
understand specific aspects, models are valuable tools for unraveling these intricate 
interactions. These well-studied parts can then be pieced back together to solve a 
formerly puzzling system. This chapter discusses the in vitro models for pneumococcal 
colonization and transition to disease that are used in this thesis. 

Studying biofilms 

Biofilms are the predominant microbial lifestyle in nature67) and estimated to 
contribute to 65-80% of infections123. However, broth-grown, planktonic cultures are 
often still used in studies today. This is a problem when studying biofilm-related 
systems because the broth-grown, planktonic bacteria paradigm may not accurately 
represent biofilm populations and their function in various niches. To more closely 
simulate biofilm populations and interactions in the host, it is essential to take in 
consideration the physiological conditions as well as relevant evaluation methods. 

Biofilm formation 

Pneumococcal biofilms were first detected during disease states in vivo, such as otitis 
media and chronic sinusitis111,114. Biofilm formation during colonization in the mouse 
nasopharynx was later shown82,124 and could be recapitulated in vitro82, the latter 
methods of which have been further developed and are described in Paper 1 and Paper 
2 and are also employed in this thesis. 

A vast number of in vitro studies have contributed to the understanding of 
pneumococcal biofilm formation (as reviewed81). However, many of the studies utilized 
conventional bacterial culture conditions, such as abiotic surfaces (glass or plastic), a 
temperature of 37°C, and nutrient-rich media, which are conditions that are not 
representative of the nasopharyngeal environment where the pneumococcus resides. 
These conventional conditions were not as supportive for biofilm formation when 
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compared with conditions that more closely mimic the nasopharyngeal environment, 
such as the presence of a respiratory epithelial substratum, a temperature of 
approximately 34°C, and nutrient-limited media mimicking the nutritional conditions 
of this niche82. The conditions mimicking the nasopharynx were more optimal for 
biofilm formation over the same time period, as visualized by scanning electron 
microscopy and as measured by antimicrobial susceptibility82 and transformation 
efficiency88. Together, this suggests that the specific conditions in the nasopharynx are 
more conducive for pneumococcal biofilm formation. 

Biofilm dispersal 

There are different methods to monitor, harvest, and analyze dispersed populations125. 
However, the general trend is that upon an environmental cue, there is a release of 
bacteria from the biofilm and these dispersed bacteria have unique properties different 
from the biofilms they are derived from. With pneumococcal biofilms, exposure to 
virus infection or virus-induced host responses, including elevated temperature 
(mimicking fever), results in a release of bacteria from the biofilm121. The dispersed 
bacteria and biofilm bacteria are distinct in the genes they express as well as their ability 
to disseminate and cause infection in vivo121,122. These studies contribute to the 
understanding of microbes that have a commensal phenotype and an invasive 
phenotype. Methods for biofilm dispersal are described in Paper 2, which are employed 
for studying specific mechanisms for bacterial release in Paper 3 and for further analysis 
of bacterial populations in Paper 4. 

Evaluation of phenotype 

Verification is an important aspect of utilizing model systems. For biofilm models, this 
can be done by comparisons with known biofilm characteristics, such as reduced 
susceptibility to antimicrobials, altered gene expression, and biofilm matrix formation. 

Biomass and antimicrobial susceptibility 
Biomass quantification provides a measure of how much material is present, but does 
not consider the functionality of the biofilm. Therefore, functional assays are also 
needed. Biofilm biomass is often quantified by staining or viable cell counts. Crystal 
violet staining is common, which binds negatively charged molecules and does not 
differentiate between live or dead cells. In that respect, viable cell counts are more 
specific since only live cells are quantified. In the case of assessing biofilm bacteria as 
compared with broth-grown, planktonic bacteria of the same strain, functional assays 
can capitalize on the intrinsic antimicrobial tolerance of biofilms. Generally, the same 
concentration of an antimicrobial that results in a detectable amount of bacterial cell 
death of planktonic bacteria will show a reduced amount of death of biofilm bacteria. 
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This is most easily quantified by viable cell counts. Antibiotics gentamicin (targets 
protein synthesis) and penicillin G (targets cell wall synthesis)82 as well as others86 have 
been used successfully for this purpose. 

Antibiotics can also be employed to determine horizontal genetic exchange of resistance 
markers and the efficiency of transformation—the uptake of DNA from the 
environment. Transformation efficiency is markedly higher during biofilm growth 
both in vivo and in vitro than during planktonic growth88. Of note, in this context, 
antibiotic resistance results from acquisition of antibiotic resistance genes. 

Gene expression analysis 
Pneumococcal biofilm, dispersed, and broth-grown planktonic bacteria have been 
shown to have distinct transcriptional profiles122. Biofilm and planktonic bacteria 
differentially regulate a number of genes, which are also distinguishable between 
biofilm and dispersed bacteria, namely competence (comD), capsule production (cps2 
in strain D39, serotype 2), and pneumolysin (ply). Differential regulation of these genes 
as compared with biofilm bacteria was used for verification of different bacterial 
populations in this thesis. 

Competence is involved in DNA uptake and genetic recombination, and is regulated 
by the competence stimulating peptide pheromone126. The comD gene encodes the 
receptor for the pheromone127 and is needed for induction of competence and the 
ability to respond to the pheromone128. Therefore, the comD gene can be used to 
monitor competence. Competent pneumococcal cells are able to kill non-competent 
pneumococcal cells to acquire DNA in a process called fratricide129. Interestingly, the 
release of DNA during fratricide also involves aggregation of the pneumococcal cells129. 
As pneumococcal biofilms upregulate competence genes121,122,130, and have also been 
shown to be primarily composed of dead cells86, this mechanism may be relevant for 
aggregation and acquiring DNA from other bacteria during biofilm formation. Indeed, 
fratricide has been shown to be important for gene transfer between pneumococcal cells 
in biofilms89. Similarly, competence-induced toxin production for acquisition of DNA 
from other species in a multi-species biofilm has been proposed in the oral bacterium 
Streptococcus mutans131.Together, this explains, in part, the increase of antibiotic-
resistant pneumococcal strains in nasopharyngeal colonization after antibiotic 
treatment83,84. 

The polysaccharide capsule is an important virulent determinant that shields the 
pneumococcus from the host immune system. Capsule genes have been found to be 
downregulated in biofilms as compared with planktonic bacteria85,86,132. In one of these 
studies, there was an apparent reduction in capsule amount in biofilm bacteria nearest 
the substratum surface85. Similarly, reduced amounts of capsule have been identified in 
bacteria that are in closest contact with epithelial cells during adherence132. The 
reduction of capsule may enhance adhesion and biofilm formation, which is also 
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supported by non-encapsulated strains forming better biofilms in vitro than 
encapsulated transformants with different serotypes133. There is at least one 
contradicting study where biofilms upregulated capsule gene expression as compared 
with planktonic bacteria, although the biofilm bacteria were also more effective in 
pneumonia130. This is in contrast to what has been seen using the methods presented 
in this thesis, where biofilm bacteria downregulated capsule expression and were found 
in the lungs with no inflammation albeit with similar bacterial loads as compared with 
planktonic bacteria121. Although regulation of capsule expression was opposite in these 
studies, the population with upregulation of capsule was more virulent in pneumonia 
models, further supporting the role of capsule in virulence. It is unclear what the reasons 
are for this discrepancy, but they may arise from different biofilm models. 

Pneumolysin is a pore-forming toxin and is well-characterized for its cytotoxicity134. 
Pneumolysin has been shown to be expressed similarly between planktonic bacteria and 
early biofilm phases, peaking at 6-8 hours and decreasing after 14 hours135. The same 
study showed that pneumolysin-deficient bacteria formed biofilms with less biomass 
over the same time period, and together suggested a role for pneumolysin during early 
biofilm assembly. In biofilms formed over longer periods, pneumolysin gene expression 
has been found to be downregulated86,121,122,130 and reduced amounts of pneumolysin 
were detected86 as compared with planktonic bacteria. The reduction in the amount of 
pneumolysin toxin during biofilm formation may be an important aspect of 
colonization. 

Visualization 
A grain of salt is approximately 100 micrometers in diameter, while the pneumococcus 
is approximately 1 micrometer in length. Visualization of this bacterium requires the 
help of microscopes that have powerful magnification, such as a scanning electron 
microscope. However, it is important to note that sample preparation steps may affect 
the original samples. Biofilms in this thesis were verified by the naked eye as well as 
scanning electron microscopy, which employed a sample fixation method that has been 
shown to preserve the capsule structure132,136. Other visualization techniques exist, but 
require stains or probes for specific structures.  

Models are an important aspect of scientific research, especially for studying complex 
interactions. The methods presented in Paper 1 and Paper 2 are useful for studying 
specific aspects of biofilm colonization as well as mechanisms of transition from 
colonization to disease. Methods for biofilm formation and biofilm dispersal are 
employed in subsequent papers included in this thesis. 
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Summary: Paper 1 and Paper 2 

in plain English 

In Paper 1 and Paper 2, we described detailed methods to study how Streptococcus 
pneumoniae biofilms form and how they disperse during colonization and transition to 
disease. Our models attempt to mimic the nasopharyngeal environment where the 
bacterium normally resides. These conditions include a temperature of 34°C, low 
nutrient availability, and an epithelial surface. We used elevated temperature 
(mimicking fever) to disperse the biofilms. We also described ways to evaluate the 
biofilms once they are formed. Typically, biofilms are more tolerant to antibiotics and 
exchange genetic material at high levels as compared with bacteria that are grown in 
broth. In addition, the biofilm bacteria, dispersed bacteria, and broth bacteria have 
distinct traits. We used these characteristics in our assessments of the different 
populations. Imaging by microscopy was another way to evaluate the biofilms. The 
methods described in Paper 1 and Paper 2 were employed for Paper 3, Paper 4, and 
Paper 5. 
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Chapter 3: Dispersal mechanisms – a 
focus on proteases 

Studies regarding biofilm dispersal have done so mostly in the context of developing 
novel anti-biofilm therapeutics. Fewer studies have done so in the context of disease 
progression; a critical step in the transition from colonization to local or invasive 
disease. Biofilm dispersal can be passive or active. Biofilm bacteria released as part of 
passive processes, such as sloughing due to external force, are expected to retain a 
biofilm phenotype. Actively dispersed bacteria, where dispersal is triggered as a response 
to environmental changes, are phenotypically different than the biofilms from which 
they originate121,122,137. An altered phenotype contributes to the understanding of how 
asymptomatic colonization may transit to dissemination and disease for opportunistic 
pathogens like the pneumococcus. However, the specific mechanisms of how the 
pneumococcus senses these signals and, subsequently, exits the biofilm are still under 
study. This chapter focuses on the latter mechanisms of how bacteria may be released 
from pneumococcal biofilms. 

Biofilm composition 

In general, bacterial biofilm matrix is an important structural aspect of the biofilm and 
is primarily composed of polysaccharides, proteins, lipids, and nucleic acids 138. 
Pneumococcal biofilms have been shown to be composed of dead cells86 and cell lysis 
is important for matrix formation during biofilm formation82. As bacterial biofilm 
bacteria are encased within the biofilm matrix, which generally comprises more than 
half of the biofilm biomass138, enzymes that degrade these matrix components are likely 
candidates in biofilm dispersal. 

Pneumococcal biofilms have been shown to have a matrix composed of carbohydrates 
and DNA, as indicated by imaging with probes that bind to these components85. 
Treatment with DNases are also able to reduce pneumococcal biofilm biomass85,133,139. 
Extracellular DNA and DNA-binding proteins may serve as a scaffold for bacterial 
biofilm stability in general140. Moreover, the pneumococcus has an enzyme that can 
degrade the DNA scaffold of neutrophil extracellular traps141. Enzymes that degrade 
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polysaccharides and extracellular DNA may also be involved in triggered biofilm 
dispersal, although these are not a focus of this thesis. 

Proteins can account for up to 60% of the bacterial biofilm matrix138. In pneumococcal 
biofilms, the amount of protein in biofilms has been shown to increase over the 
duration of biofilm formation and were differentially produced between biofilm and 
planktonic bacteria142. Proteases have been shown to inhibit pneumococcal biofilm 
formation as well as reduce the amount of existing biofilms133,139and is one focus of this 
thesis.  

In general, exogenous treatment of bacterial biofilms with enzymes targeting 
polysaccharides, proteins, or nucleic acids results in a reduction of biofilm 
biomass85,133,139,143-146, which suggests that enzymes targeting the matrix components 
could have a role in active biofilm dispersal. 

Active biofilm dispersal 

For the pneumococcus, colonization always precedes pneumococcal disease58, and 
changes in the nasopharyngeal environment associated with respiratory virus infection 
and virus-induced host responses, such as elevated temperature (mimicking fever), can 
induce the release of bacteria from the biofilm121. These dispersed bacteria have distinct 
transcriptional profiles and phenotypic properties as compared with biofilm bacteria122, 
which suggests that the shift from colonization to disease is due to both bacterial release 
and enhanced virulence of the released bacteria. Elevated temperature has also been 
shown to disperse biofilms of Neisseria subflava147, a commensal of the oral and upper 
respiratory tract that is rarely found in invasive disease148 as well as the opportunistic 
pathogen Staphylococcus aureus149. However, the mechanisms involved in temperature-
induced dispersal are not well understood. Elucidating the mechanisms involved in 
biofilm dispersal during the initial transition from nasopharyngeal colonization to 
infection has prospects for identifying specific therapeutics that target disease 
progression rather than commensal colonization. Paper 3 addresses a role for proteases 
in pneumococcal biofilm dispersal upon exposure to febrile-range temperature. 
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Summary: Paper 3 

in plain English 

In Paper 3, we used the methods in Paper 1 and Paper 2 to study how bacteria disperse 
from a biofilm upon heat exposure (mimicking fever). We showed that enzymes that 
chew up proteins (i.e., proteases) can release bacteria from biofilms. We also showed 
that if we inhibited protease activity, then bacterial release from biofilms in response to 
heat was hindered. When we formed biofilms with a strain that had a deletion of a 
specific protease called HtrA, biofilms formed normally. However, these biofilms did 
not disperse when exposed to heat. We proposed that protease HtrA is involved in 
dispersal of biofilms by heat (associated with disease), but not in biofilm formation 
(associated with colonization). Mechanisms like this one may lead to therapeutic targets 
for preventing transition to disease while allowing for colonization. 
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Chapter 4: Further insights into 
different populations 

There are several signals and respective mechanisms involved in bacterial biofilm 
dispersal, but no universal pattern has clearly emerged125. Moreover, biofilm dispersal 
in the context of disease progression is less defined. The high rates of asymptomatic 
carriage with the pneumococcus indicate that this bacterium is adapted to the 
nasopharyngeal niche. Combined with its ability to also cause invasive disease, it is 
evident that the pneumococcus has the capacity to adapt to its environment and persist 
in the host. Transcriptome and proteome studies in pneumococcal populations have 
investigated differences with or without stimuli within broth-grown, planktonic 
bacteria 150,151 or biofilm bacteria87,142, and have also compared planktonic with biofilm 
bacteria86,137,142,152, but have focused less on the bacteria that are released from the 
biofilms upon stimulation. This chapter focuses on differences between planktonic, 
biofilm, and dispersed populations of bacteria. 
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Planktonic and biofilm bacteria 

Transcriptomes and proteomes have been shown to be different between planktonic 
and biofilm bacteria, as well as during biofilm development142,153. Compared with 
biofilm bacteria, planktonic bacteria upregulated genes associated with energy 
metabolism, motility and chemotaxis, translation, quorum sensing, with virulence86,137. 
On a protein level, increased protein abundances in planktonic bacteria were associated 
with energy metabolism, the glycolytic pathway, lipid metabolism, nucleotide 
metabolism, translation, transcription, and virulence factors137,152. Biofilms upregulated 
genes associated with matrix protein synthesis and, on a protein level, amino acid 
metabolism, carbohydrate metabolism, and non-glycolytic carbohydrate 
metabolism137,152. These findings are in Table 1. 

Table 1. Expression in biofilm bacteria compared with planktonic bacteria in Pseudomonas aeruginosa and Streptococcus 
pneumoniae. 

mRNA level 

Up in biofilm Up in planktonic 

Matrix protein synthesis Energy metabolism, motility and chemotaxis, translation, quorum 
sensing, and virulence 

Protein level 

Up in biofilm Up in planktonic 

Amino acid metabolism, carbohydrate metabolism, and 
non-glycolytic carbohydrate metabolism 

Energy metabolism, glycolytic pathway, lipid metabolism, 
nucleotide metabolism, translation, transcription, and virulence 
factors 

 

Biofilm bacteria were more adhesive, less invasive, and elicited a weaker immune 
response to epithelial cells in vitro121,124. In animal models, biofilm bacteria were 
attenuated for invasive disease86,121 as compared with planktonic bacteria. There is one 
study where biofilms were found to be more virulent in pneumonia and meningitis 
models than planktonic bacteria, although these biofilms also upregulated capsule 
expression130, which is also in contrast to the other mentioned studies. 

Biofilm and dispersed bacteria 

Biofilm dispersal as a response to nitric oxide or increased nutrient availability has been 
investigated in the opportunistic pathogen Pseudomonas aeruginosa. Upon exposure to 
nitric oxide, dispersed bacteria upregulated genes associated with virulence whereas 
genes associated with iron uptake was observed in biofilm bacteria137. Bacteria dispersed 
by nitric oxide were more evasive and cytotoxic in vitro than planktonic bacteria137). In 
another study, upon increased nutrient availability, dispersed bacteria upregulated 
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genes associated with translation and transport while genes associated with adaption or 
protection and energy metabolism were observed in biofilm bacteria154. Interestingly, 
there were many hypothetical proteins found to be differentially regulated in dispersed 
or biofilm bacteria154. 

In the transcriptional analysis of pneumococcal populations, bacteria dispersed 
following exposure to virus infection or virus-induced signals upregulated carbohydrate 
metabolism, bacteriocins, and virulence factors122. Biofilms upregulated genes 
associated with competence, amino acid metabolism, nucleotide metabolism, and 
translation. As compared with biofilm bacteria, dispersed bacteria were more 
virulent121,122. Dispersed bacteria were less adherent, more invasive, and more toxic to 
epithelial cells in vitro compared with biofilm bacteria121. In animal models, dispersed 
bacteria had an increased ability to disseminate and infect otherwise non-infected 
sites121. These findings are in Table 2. 

Table 2. Expression in biofilm bacteria compared with dispersed bacteria 
mRNA level 

Up in biofilm Up in dispersed Bacteria, Dispersal agent 

Iron uptake Virulence Pseudomonas aeruginosa, Nitric 
oxide 

Adaption/protection and energy metabolism, Translation and transport Pseudomonas aeruginosa, Increase in 
nutrient availability 

Protein level 

Up in biofilm Up in dispersed Bacteria, Dispersal agent 

Competence, amino acid metabolism, 
nucleotide metabolism, and translation 

Carbonhydrate metabolism, 
bacterioincs, and virulence factors 

Streptococcus pneumoniae, Virus 
infection 

Temperature-induced biofilm dispersal 

Fever is often associated with virus infection. Elevated temperature (mimicking fever) 
is able to disperse pneumococcal biofilms, and these dispersed bacteria have distinct 
transcriptional profiles and phenotypic properties as compared with biofilm 
bacteria121,122. These distinct populations are associated with colonization (biofilm 
bacteria) and disease (dispersed bacteria)121. With regard to the effect of temperature 
modulation, there is a study that evaluates the proteome in fish-pathogenic Streptococcus 
agalactiae at 32°C compared with 22°C155. Generally, there were not major differences 
between temperatures, which was suggested to coincide with a pathogen that would be 
exposed to temperature variations in the water. The differentially regulated proteins 
that were upregulated in higher temperature were primarily involved in metabolic 
pathways, such as amino acid metabolism, carbohydrate metabolism, and lipid 
metabolism. Interestingly, there was a low correlation between the transcriptome and 
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the proteome. For example, there was one differentially expressed translation gene, but 
11 translation proteins with differential abundance. In the case of nucleotide 
metabolism, regulation was observed in opposite directions on the gene level compared 
to the protein level. The combination of relatively unchanged expression between 
temperatures and differential expression of some genes and proteins in S. agalactiae 
provides insight into the host-microbe interactions155. 

Colonization is an important step in the route to invasive disease. Therefore, describing 
the bacteria that leave the colonizing state is essential for understanding the transition 
from asymptomatic colonization to disease. Signals from the surrounding environment 
may be an important step for preparing the dispersed bacteria for an environment other 
than the nasopharyngeal niche during colonization. Characterizing the bacterial 
populations associated with colonization (biofilms) and invasive disease (dispersed 
bacteria) offers opportunities for identifying specific therapeutics that target these 
populations. To further characterize the previously identified transcriptional 
differences122, Paper 4 examines the proteome profiles of pneumococcal populations 
associated with conventional culture (planktonic bacteria) as well as physiological 
niches, specifically colonization (biofilms) and invasive disease (dispersed bacteria). 

Summary for Paper 4 

in plain English 

In Paper 4, we used the methods in Paper 1 and Paper 2 to obtain bacterial populations 
associated with colonization and disease. Biofilm bacteria are associated with 
colonization. Bacteria that are dispersed from biofilms in response to elevated 
temperature (mimicking fever) are associated with disease. We also used bacteria that 
were grown in broth (planktonic bacteria). We evaluated the abundance of different 
proteins that the bacterial populations had. Most of the identified proteins were 
associated with metabolism. There were differences between biofilm bacteria and 
dispersed bacteria. Even more differences were seen between broth bacteria and biofilm 
bacteria or dispersed bacteria. Generally, biofilm bacteria appeared to be less 
metabolically active than the other two populations. The differences between 
populations may be potential targets for specific population. For example, a protein 
that is abundant only in dispersed bacteria would be a specific therapeutic target for 
dispersed bacteria (disease), but not biofilm bacteria (colonization). 
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Chapter 5: In the context of the 
nasopharyngeal microbiota 

Until now, this thesis has primarily focused on the pneumococcus under relatively 
defined situations. However, this bacterium is not alone in host environments. The 
nasopharynx is also an ecological niche for other commensals and pathogens. This 
chapter focuses on the microbiota related to respiratory health. 

Other nasopharyngeal commensals 

The microbiota of the upper respiratory tract is considered the gatekeeper to respiratory 
health as it provides colonization resistance against respiratory pathogens and is thought 
to influence the development of respiratory tract infections92. During early life, the 
absence of beneficial bacteria, the presence and abundance of potential pathogens, and 
an influx of oral species into the nasopharyngeal niche has been observed prior to and 
during respiratory tract infections156. In adults and elderly, the microbiota was shown 
to differ in the nostrils as well as the oropharynx, with a loss of microbial topography 
with age157. Interestingly, the microbiota of the nostrils of the elderly resembled the 
oropharyngeal microbiota of adults, suggesting displacement by oropharyngeal 
microbiota, which may contribute to the increased risk of respiratory infections in the 
elderly157. 

Already at 1.5 months of age, distinct microbial profiles can be identified in healthy 
individuals and are linked with microbial stability and respiratory health106. Profiles 
dominated by Corynebacterium/Dolosigranulum or Moraxella were more stable over 
time, whereas microbial instability was associated with Streptococcus- or Haemophilius-
dominated profiles106. Corynebacterium spp. (corynebacteria) commonly colonize the 
nasal passage of children and adults106,158-162. Corynebacteria are thought to be 
protective members of the normal microbiota, as presence and abundance of 
corynebacteria have been shown to be negatively associated with pneumococcal carriage 
as well as the number of acute respiratory infections103,106,160,162,163. However, the specific 
mechanistic interactions between corynebacteria and the pneumococcus are not well 
understood. 
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Colonization resistance by commensals arises from interactions with pathogens164. 
Corynebacterium accolens has been shown to inhibit the growth of the pneumococcus 
in vitro on agar by producing fatty acids from human skin surface triacylglycerols165. 
Modification of the environment is one indirect mechanism by which corynebacteria 
may shape the nasopharyngeal microbiota. As the pneumococcus forms biofilms during 
colonization of the nasopharynx, it is possible that other colonizing commensals do so 
as well. Corynebacterium pseudodiphtheriticum has been reported to form biofilms on 
abiotic surfaces166. Paper 5 addresses corynebacteria biofilm formation in conditions 
mimicking the nasopharyngeal environment by utilizing methods adapted from Paper 
1 and Paper 2. 

Nasopharyngeal colonization is a commonality between the pneumococcus and 
corynebacteria. While microbiota composition is related to respiratory health, the 
interplay between the host and corynebacteria and the pneumococcus during 
colonization are not well understood. Better understanding these host-microbe 
interactions may reveal therapeutic avenues to improve human health. Paper 5 explores 
the interactions between commensal corynebacteria, the host epithelial cells, and the 
pneumococcus, with a focus on biofilm formation and inflammatory responses by 
corynebacteria. 

Summary for Paper 5 

in plain English 

In Paper 5, we used an adapted version of the biofilm formation methods in Paper 1 
and Paper 2 to study biofilm formation with commensal Corynebacterium species. The 
presence of these bacteria has been shown to be protective in respiratory health, with 
fewer reported cases of respiratory infections. We showed that Corynebacterium could 
form biofilms in our model that mimics the nasopharyngeal environment. We assessed 
these biofilms for tolerance to antibiotics and visually by microscopy. The 
Corynebacterium formed biofilms with minimal toxicity to the cells and were able to 
induce a transient inflammatory response in respiratory epithelial cells. We then 
investigated the acquisition of Streptococcus pneumoniae to existing Corynebacterium 
biofilms. We found that the presence of S. pneumoniae did not appear to affect the 
Corynebacterium biofilms, and that the Corynebacterium may have a protective effect 
for S. pneumoniae. Understanding the role of commensal bacteria interactions may lead 
to probiotic therapeutics. 
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Chapter 6: Conclusions 

Standing on the shoulders of giants. 

A key thing is knowing who’s shoulders you are standing on, and help the others who could 
stand on your shoulders 

Bill Buchanan 

This concluding chapter focuses on a discussion of the papers included in this thesis, 
central themes, as well as future perspectives. 

Discussion of papers 

Aims 

The aim of this thesis was to identify specific mechanisms involved during biofilm 
formation and biofilm dispersal with Streptococcus pneumoniae. 

o to develop and improve methods to study pneumococcal biofilm formation 
and biofilm dispersal that are associated with colonization and transition to 
disease 

o to investigate the role of proteases in pneumococcal biofilm dispersal 

o to examine the proteome of pneumococcal populations associated with 
colonization (biofilm bacteria), disease (dispersed bacteria), and conventional 
broth-grown culture (planktonic bacteria) 

o to assess interactions between commensal Corynebacterium spp., the 
pneumococcus, and respiratory epithelial cells, with a focus on biofilm 
formation 
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Summary of results 

In Paper 1 and Paper 2, we described detailed and improved in vitro and in vivo 
methods to model biofilm formation and biofilm dispersal with the pneumococcus. 
The in vitro approach attempts to mimic the nasopharyngeal environment by including 
features such as a respiratory epithelial substratum, an approximate nasopharyngeal 
temperature of 34°C, and nutrient-limiting media. We also described methods to 
evaluate biofilm formation. This included assessments of the functionality of the 
biofilms via known characteristics of biofilms, such as antibiotic tolerance, high 
transformation efficiency, and altered gene expression as compared with broth-grown, 
planktonic bacteria. Methods for visualizing biofilms by scanning electron microscopy 
were also included. Biofilm dispersal as a model for transition from colonization via 
response to signals in the environment was described. Gene expression analysis was also 
used for verifying the phenotype of dispersed bacteria as compared with the biofilms 
they originated from.  

In Paper 3, we utilized the methods in Paper 1 and Paper 2 and investigated 
pneumococcal biofilm dispersal by exposure to elevated temperature (mimicking fever) 
in lab strain D39 (serotype 2) and clinical isolate EF10175 (serotype 19F). We showed 
that exogenous addition of serine proteases (trypsin and proteinase K) and cysteine 
protease (papain) could release bacteria from the biofilm into the supernatant. We 
further showed a role for serine protease activity in heat-induced biofilm dispersal by 
inhibition with serine protease inhibitors during heat-induced dispersal. By utilizing 
strains lacking the surface-exposed serine proteases HtrA or PrtA as compared with 
wild-type isogenic strains, we identified a role for serine protease HtrA, but not PrtA, 
in heat-induced biofilm dispersal. By our biofilm assessment methods in Paper 1 and 
Paper 2, biofilm formation was not affected by the mutations. We proposed a role for 
serine protease HtrA in heat-induced biofilm dispersal, but not biofilm formation. 
Understanding how bacterial are released during biofilm dispersal has the potential to 
interfere with disease-specific targets rather than colonization. 

In Paper 4, we utilized the methods in Paper 1 and Paper 2 to obtain bacterial 
populations associated with colonization (biofilm bacteria) and disease (heat-dispersed 
bacteria), and also used conventional broth-grown culture (planktonic bacteria). We 
used lab strain D39 (serotype 2) and clinical isolate EF01715 (serotype 19F). The 
biofilms were validated by biomass and antibiotic tolerance and biofilm dispersal was 
confirmed by increase of bacterial release upon heat treatment. Proteome cluster 
analysis indicated differences between biofilm bacteria and dispersed bacteria, and even 
more so as compared with planktonic bacteria. 

When comparing proteome profiles and previous transcriptional profiles of genes 
upregulated in dispersed bacteria as compared with biofilm bacteria, about half of the 
genes and respective proteins overlapped in the direction of expression, representing 
pathways involved in competence, amino acid metabolism, ABC transport systems, and 
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carbohydrate metabolism. Nucleotide metabolism, vitamins and cofactors, and 
putative proteins were regulated in different directions. In the proteome analysis, 
differences between populations were primarily associated with metabolic pathways. 

As compared with biofilm bacteria, dispersed bacteria upregulated proteins associated 
with amino acid metabolism, carbohydrate metabolism, nucleotide metabolism, and 
translation. Biofilm bacteria upregulated proteins associated with genetic information 
processing and ABC transport systems. As compared with biofilm bacteria, planktonic 
bacteria upregulated nucleotide metabolism, translation, and carbohydrate metabolism. 
Biofilms upregulated replication and repair and transport systems. Together, the 
proteome profile of biofilm bacteria appeared to be less metabolically active and had 
increased expression of replication and repair, ABC transport systems, and metabolism 
of cofactors and vitamins as compared with dispersed bacteria as well as planktonic 
bacteria, which corresponds with their sessile life. These data further indicate 
differences between broth-grown planktonic bacteria and biofilm-derived bacteria, and 
also provides targets for specific populations associated with colonization (biofilms) or 
disease (dispersed bacteria). 

In Paper 5, we utilized an adapted version of the biofilm formation methods in Paper 
1 and Paper 2 and assessed interactions between Corynebacterium spp. (corynebacteria), 
the pneumococcus, and respiratory tract epithelial cells. While the paper also addressed 
the inflammatory response by respiratory cells, the focus of this thesis was on the 
biofilm aspects. We formed biofilms with four clinical isolates of corynebacteria over 
72 hours, and generally saw no difference between a substratum of live or pre-fixed 
epithelial cells. Biomass was generally unchanged over 24-72 hours, but antibiotic 
susceptibility decreased over time, indicating formation of functional biofilms. A plastic 
substratum was not conducive for biofilm formation, as most of the strains remained 
susceptible to antibiotic treatment over time as compared with biofilms formed on 
epithelial substrata. As the pneumococcus is toxic to epithelial cells over 24 hours, we 
utilized a pre-fixed epithelial substratum to assess interactions with corynebacteria. 
Corynebacteria biofilms were formed over 48 hours, then formed in the presence or 
absence of the pneumococcus for another 24 hours. Generally, the presence of the 
pneumococcus did not affect corynebacteria biofilms (in biomass or susceptibility to 
antibiotics). However, the pneumococcus was less susceptible to antibiotic treatment 
when formed with corynebacteria, suggesting a protective effect of the presence of 
corynebacteria. A better understanding of microbial interactions offers opportunities 
for probiotic strategies. 
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Contributions to the field 

Our main contribution has been to further understand the pneumococcus in the 
context of biofilm formation and biofilm dispersal that are associated with colonization 
and disease, respectively. The involvement of proteases with pneumococcal biofilm 
dispersal may lead to identifying other similar mechanisms of triggered dispersal, which 
could be useful as a target for specific prevention of the initial transition from 
colonization to infection. The proteome analysis further revealed differences between 
relevant pneumococcal populations associated with colonization, disease, as well as 
conventional broth-grown culture. These differences may be useful for understanding 
the pneumococcus in different niches as well as identifying therapeutic targets directed 
at colonization or transition to disease. Finally, we have demonstrated that commensal 
corynebacteria form biofilms and that they may be protective for the pneumococcus in 
dual-species biofilms. The detailed methods to model and evaluate biofilm formation 
and biofilm dispersal could be adapted and used for other opportunistic pathogens that 
have colonization states that may transit to infection states. 

Central themes 

The role of colonization 

The pneumococcus is well-adapted for colonizing the nasopharynx, which is evident 
by the high rates of carriage. However, the prevalence of non-invasive and invasive 
diseases indicates that the pneumococcus is also equipped to survive in other host sites. 
The transcriptome122 and proteome differences of populations associated with 
colonization (biofilm bacteria) and disease (dispersed bacteria) indicate that the 
pneumococcus responds to changes in the environment. These signals may be an 
important step for preparing the dispersed bacteria for a new environment. As 
colonization and infection appear to be two different states for the pneumococcus, this 
may be an important aspect to consider for future therapeutics. Implementation of 
current vaccines has led to serotype replacement, which may be a caution to targeting 
colonization that is abundant and typically asymptomatic. 

Pneumococcal colonization may act as a natural boosting mechanism of existing 
immunity97. This may explain why the elderly have low carriage rates99 but high 
susceptibility to pneumococcal disease97. In addition, loss of microbial topography 
occurs with age, as well as an apparent displacement of nostril microbiota with 
oropharyngeal microbiota157. These are interesting findings in light of studies indicating 
that stable microbial profiles in the nasopharynx are associated with lower rates of 
respiratory infection in the first two years of life106. 
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Different populations 

To focus on elevated temperature as a dispersal signal, we used pre-fixed epithelial cells 
for biofilm formation and biofilm dispersal. Elevated temperature alone (mimicking 
fever) is a dispersal signal, but is likely more complicated in vivo. The biofilm and heat-
dispersed populations were associated with colonization and disease in animal 
models121. Treatment with enzymes has been shown to prevent biofilm formation or 
reduce already formed biofilms, but have not addressed biofilm dispersal as a 
mechanism for disease progression. A focus on the specific mechanisms for biofilm 
dispersal is important for understanding the transition phase from colonization to 
infection. 

In our previous transcriptome analysis, biofilm, dispersed, and broth-grown, 
planktonic populations were observed to have distinct transcriptional profiles122. We, 
therefore, wanted to address these differences on a protein level. Biofilms dispersed 
upon exposure to an elevated temperature of 38.5°C, which was sufficient for observing 
proteomic changes between dispersed and biofilm populations. However, only about 
half of the identified genes (and the proteins they encode) were regulated in the same 
direction when comparing transcriptional data to proteomic data. A low correlation 
between the transcriptome and proteome was seen when comparing fish-pathogenic 
Streptococcus agalactiae at 32°C and 22°C155. This may be due to differences in the 
turnover rate between mRNA transcripts and proteins. 

Generally, our proteome analysis revealed that biofilms were more metabolically 
quiescent as compared with dispersed bacteria or broth-grown, planktonic bacteria, 
which is similar to what has been observed in other studies86,122,137,142,152. The 
differentially regulated pathways provide targets that are specific to a bacterial 
population (e.g., biofilm or dispersed) that is associated with colonization and disease, 
respectively. It is important to note that the observed proteomic changes are involved 
in an initial response of the pneumococcus to elevated temperature. As the 
pneumococcus invades other host sites, proteome profiles are likely to change. A study 
has shown that subsequent planktonic growth of pneumococcal biofilm bacteria 
partially restored virulence in animal models, suggesting that this population had an 
intermediate phenotype86. This supports the notion that the pneumococcus adapts to 
its surroundings. 

Methodological considerations 

Studying pneumococcal biofilms is challenging. There are different biofilms models 
with varying conditions in regards to media, temperature, the substratum, and the 
duration of time. These additional variables make it more difficult to compare studies, 
especially when there are contradicting findings. The variability among results suggests 
that the model system influences the results, which is important to note. There is more 
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and more evidence of phenotypic differences between broth-grown, planktonic bacteria 
and biofilm bacteria. These differences, which may be associated with the niche, need 
to be taken into consideration when studying these populations. 

Another challenge is studying heterogeneity in biofilms. The proteomic analysis of the 
biofilm population in our studies address the average expression profile. This could also 
mean that the biofilm proteomic profile is a reflection of the matrix proteome as well. 
Another potential limitation is studying pneumococcal biofilms in pure-culture 
systems. Host-microbe interactions are complex and involves the microbe, other 
microbes in the environment, as well as host defenses. In this thesis, we have primarily 
studied the pneumococcus in conditions mimicking the nasopharynx but without 
dynamic input from the host or other microbes. Our work with dual-species biofilms 
with corynebacteria and the pneumococcus is of continued interest to begin to 
understand more complex interactions. 

A decent part of my PhD studies has been devoted to developing the biofilm methods, 
the methods of which are an important foundation for the rest of the thesis work. From 
our experience with developing the in vitro biofilm models, the specific parameters have 
a profound influence. While some outcomes were a result of intentional manipulation, 
others happened with the best reason being that you blinked at the bacteria the wrong 
way. Regardless of these variabilities, the use of models attempts to simplify complex 
interactions to better understand specific questions, but is possibly limited by the 
simplicity. It is a trade-off. The best one can do is to recognize the limitations and the 
implications. 
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Future 

Biofilm dispersal mechanisms 

We have explored the role of proteases in pneumococcal biofilm dispersal, but other 
enzymes that target the matrix are of interest, such as DNases. It will be important to 
verify the role of HtrA in biofilm formation and biofilm dispersal in vivo. We 
hypothesize that the mutant strain lacking HtrA will colonize the nasopharynx of the 
animals (as biofilm formation in vitro was comparable to the wild-type isogenic strain), 
but will not disseminate to the middle ears, lungs, or bloodstream following exposure 
to elevated temperature (as biofilm dispersal in vitro was impaired). It is of interest to 
investigate whether immunization with HtrA will specifically target disease-causing 
(dispersed) population but allow for asymptomatic colonization. 

Pneumococcal populations 

We intend to investigate the biofilm, dispersed, and planktonic populations in other 
pneumococcal clinical isolates, which is underway. As there were not as distinct changes 
in the proteomic analysis between biofilm and dispersed bacteria, we hypothesize that 
the duration of exposure has an effect. Our planktonic population have only been 
cultured in broth-grown conditions or kept as frozen glycerol stocks. The biofilm 
population has been formed over 72 hours, whereas heat dispersal is over 4 hours. 
Longer duration of exposure is of interest. 

As of now, we have not addressed the passively released bacteria from biofilms at 34°C 
or the remaining biofilm after heat-induced dispersal, but that is underway. We are also 
interested in investigating the effect of temperature on broth-grown planktonic 
bacteria. The question is if elevated temperature alone has similar effects on broth-
grown planktonic bacteria as seen in heat-induced biofilm dispersal or if egress from a 
biofilm phase is necessary. For example, will bacteria grown planktonically at 34°C and 
subsequently exposed to 38.5°C have a similar phenotype as bacteria that are heat-
dispersed from biofilms.  

Of interest is to compare biofilm formation and biofilm dispersal across non-vaccine 
serotypes that are currently circulating in the population. Different serotypes exhibit 
different invasive potentials, and we wonder if there is a link between a strain’s ability 
to form biofilms and its invasive potential. 

Transcriptional changes do not necessarily correspond to changes on the protein level. 
Therefore, it is important to validate using other methods. Since the majority of the 
proteome analysis revealed regulation of proteins in metabolic pathways, other methods 
to validate the metabolic differences can be used, such as enzymatic assays or 
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metabolome analysis. In addition, metabolism may also influence host-microbe 
interactions via metabolite-responsive regulators167 and metabolic proteins may also 
have alternative functions152. 

Microbiota 

We are planning to visualize the Corynebacterium spp. (corynebacteria) biofilms, in 
single-species biofilms and in dual-species biofilms with the pneumococcus by scanning 
electron microscopy. 

Investigating dual-species biofilms and the order of acquisition are ongoing. We have 
focused on corynebacteria in this thesis, but have also explored other commensal species 
involved in respiratory health, such as Moraxella. The presence of corynebacteria and 
Moraxella are associated with lower rates of respiratory infection, but we are also 
interested in evaluating dual-species biofilms with microbiota species that are associated 
with increased rates of respiratory infection as well. 

We are also investigating if the presence of corynebacteria in a dual-species biofilm will 
modulate heat-induced biofilm dispersal of the pneumococcus. Furthermore, 
evaluating dual-species biofilms with gene expression analysis may reveal differentially 
regulated genes that may be involved in modulating the pneumococcus.  

Methods 

As I have emphasized the importance of incorporating physiological conditions in 
model systems, we do have an interest in further developing our current models. 
Incorporating a nasopharyngeal cell line, nutrient-poor media with other carbon 
sources (e.g., galactose) as well as mucins are some of our interests. With regards to 
imaging our biofilms, we would like to incorporate live cell imaging to better 
understand the dynamics of biofilm formation and biofilm dispersal. 
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