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Resumo

Palavras-chave: Streptococcus pneumoniae, competéncia, lise fagica, formacao
de biofilmes

A ultima década assistiu a um aumento das evidéncias reunidas sobre a
elevada diversidade genética existente na populacdo de Streptococcus
pneumoniae. A competéncia associada a transformac¢do natural e a transdugao
fagica sao dois recursos biolégicos importantes para a plasticidade genémica do
pneumococo. Ambos contribuem de forma signficativa para a modificacdo
genOmica e tém um impacto visivel na capacidade de adaptacdo e sobrevivéncia

desta bactéria.

Outra estratégia de sobrevivéncia do pneumococo é a sua capacidade de
formacgdo de biofilmes. Estas comunidades bacterianas constituem mecanismos
de proteccao face a ameagas ambientais tais como os mecanismos de defesa do
sistema imunitario do hospedeiro e os antibidticos. Além disso, devido ao facto
das bactérias existirem maioritamente sob a forma de biofilmes e de existir uma
maior proximidade fisica entre as bactérias nestas estruturas, os biofilmes sdo

provavelmente o palco principal para a ocorréncia das trocas genéticas.

Esta tese contribui para um maior conhecimento da relagdo entre
mecanismos geradores de diversidade genética e a capacidade de formacao de
biofilmes em Streptococcus pneumoniae. Com esse intuito foram seleccionadas
duas caracteristicas bioldgicas: a) a presenca de fagos lisogénicos no genoma
bacteriano e b) a diversidade ferotipica, resultando em trés estudos
independentes: i) o impacto da activacao espontianea de fagos lisogénicos na
formacao de biofilmes pneumocdcicos, ii) o estudo de genética de populagdes
sobre a distribuicdo dos feroétipos e a sua contribuicao para a diferencao genética
no pneumococo, iii) o estudo da influéncia dos ferdtipos na formacao de

biofilmes pneumocdcicos e na respectiva eficiéncia de recombinacao.

0 estudo do efeito da presenca de fagos lisogénicos no genoma bacteriano

e da sua lise espontdnea nos biofilmes pneumocdcicos mostrou que, apesar da



inducdo fagica resultar na morte das respectivas bactérias hospedeiras, a
populacdo bacteriana como um todo beneficia da presenca dos fagos lisogénicos
observando-se um aumento na capacidade de formacao de biofilmes. Este estudo
permitiu ainda mostrar a existéncia de uma ligacao entre a libertacdo de DNA e o

aumento dos biofilmes pneumocdcicos.

O estudo de genética de populacdes permitiu mostrar que, de entre os
dois ferétipos dominantes no pneumococo (CSP1 e CSP2), a maioria das estirpes
invasivas caracterizadas apresenta o ferdtipo CSP1. Varias associagdes entre os
ferotipos e outros marcadores biolégicos foram identificadas indicando que os
ferétipos nao estdo aleatoriamente distribuidos na populagdo pneumocdcica.
Foram detectadas associagdes com o serdtipo, a resisténcia antimicrobiana e a
linhagem genética; os dados obtidos sugerem igualmente que a transdugdo fagica
pode ser indirectamente arbitrada pelo ferétipo, implicando uma distribuicao
heterogénea de elementos genéticos de maior dimensao, como é o caso de alguns
determinantes genéticos de resisténcia antimicrobiana. O estudo permitiu ainda
mostrar que estirpes filogeneticamente mais préximas tém uma maior
probabilidade de partilhar o mesmo ferétipo. Limitacdes severas a comunicagdo
entre ferdtipos parecem estar a conduzir a populacao pneumocdcica para uma
situacdo de afastamento genético continuado, explicando deste modo as duas

populacdes geneticamente distintas que foram detectadas ao longo deste estudo.

No ambito desta tese foi ainda explorado o impacto dos dois ferétipos
dominantes na capacidade de formacdo de biofilmes e na respectiva eficiéncia de
transformacgdo. As estirpes com CSP1 apresentam biofilmes mais densos e com
mais biomassa. Além disso, a adicdo de CSP sintético respectivo amplifica as
diferengas observadas no crescimento dos biofilmes entre ferotipos. Este estudo
mostra também que estirpes CSP1 sdo mais eficientes no processo de

transformagdo em meio liquido e em biofilme.

Em conjunto, os resultados obtidos nesta tese mostram que as trocas
genéticas entre estirpes pneumocdcicas estdo a ocorrer preferencialmente entre
estirpes que partilham o mesmo ferétipo e que o aumento na formagao de

biofilme detectado quer como consequéncia da presenca do fago liségenico quer

ii



pela via de sinalizacdo do CSP, tétm em comum o impacto positivo da libertacdo
de DNA para o meio extracelular resultante da lise de uma fraccao de bactérias

dentro do biofilme.
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Abstract

Keywords: Streptococcus pneumoniae, competence, prophage-mediated lysis,
biofilm formation

During the last decade it has become more evident that Streptococcus
pneumoniae (pneumococcus) holds a high genetic diversity throughout its
population. Two important biological resources for achieving pneumococcal
genetic plasticity are competence/natural transformation and phage
transduction. Both factors strongly contribute to genome modification and have

areal impact in the capacity of survival and adaptation of this bacterium.

Another important survival skill of the pneumococcus is its ability to form
matrix-enclosed biofilms. These microbial communities guarantee protection
from environmental threats such as host immune defenses and antibiotics.
Moreover, due to the fact that bacteria are believed to spend most of their
lifetime in biofilms and that there is a higher physical proximity of bacteria
within these structures, biofilms are probably the prefered stage for the

occurrence of genetic exchange between pneumococci.

This thesis contributes to a better understanding of the mechanisms that
generate pneumococcal genetic diversity and the important bacterial ability to
form biofilms. In the pursuit of this goal, two biological conditions were selected:
a) prophage carriage and b) pherotype characterization, resulting in three
independent studies: i) the study of the impact of prophage spontaneous
activation on pneumococcal biofilm formation, ii) a molecular epidemiology
study of the distribution of pherotypes and its contribution to pneumococcal
genetic differentiation and iii) the study of the influence of pherotypes on

pneumococcal biofilm growth and recombination efficiency.

The study of the effect of prophage carriage and its spontaneously
induced host lysis on pneumococcal biofilms reveal that, although limited phage
induction results in the death of their bacterial hosts, the bacterial population as

a whole benefits from prophage carriage and an enhancement in biofilm



formation is observed. Moreover, this study shows a link between the external
DNA (eDNA) that is released to the medium due to bacterial lysis and the growth

of pneumococcal biofilms.

The molecular epidemiology study performed showed that of the two
dominants pherotypes (CSP1 and CSP2) the majority of the invasive isolates
screened presented the CSP1 pherotype. Several associations with the
pherotypes and other biological markers were observed indicating that
pherotypes are not randomly distributed within the pneumococcal population.
Associations with serotype, antimicrobial resistance and genetic lineage were
unveiled; it was also detected that phage transduction may be indirectly
arbitrated by pherotypes, implicating an uneven distribution of large genetic
elements such as some genetic determinants of antibiotic resistance. The study
also showed that strains that are phylogenetically closer have a higher likelihood
of sharing the same pherotype. Severe limitations to inter-pherotype
communication may be leading towards an ongoing genetic drift, explaining the

two genetically distinct subpopulations that were detected.

Moving forward, we decided to explore the impact of the two major
pherotypes on both the capacity to form biofilms and on recombination
efficiency. Biofilms of strains presenting CSP1 had increased biofilm mass and
were more densely packed. Also, the addition of synthetic cognate CSP amplifies
the observed differences in biofilm growth between the pherotypes. The study
also revealed that CSP1 strains transform more efficient both in the liquid

medium and within the biofilm structure.

Taken together this thesis work has shown that genetic exchanges
between pneumococcal strains are occurring preferentially between strains
sharing the same pherotypes and that the enhancement of biofilm formation
detected both by prophage carriage and by CSP signaling have in common the
positive impact of DNA release to the extracellular medium resulting from the

lysis of a fraction of the bacteria inside the biofilm.
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Chapter 1






Introduction

1. What is Pneumococcus?

1.1. From discovery to vaccines

Streptococcus pneumoniae (pneumococcus) came to light in the golden era of
microbiology [1] and since then it has been an object of scientific scrutiny for more

than a century.

Two scientists working on opposite sides of the Atlantic Ocean were able to
grow pneumococcus in vitro and isolated it in culture. Louis Pasteur in France was
the first to publish his report, in January 1881, after finding the bacteria in the saliva
of a youngster that died with rabies. George Miller Sternberg in the United States
sampled his own saliva and successfully grew the bacteria in September 1880, but
did not publish his report until April 1881. Their descriptions of the morphology of
the isolates were similar each recognizing what is now designated by the diplococcal

form of the bacterium and its capsule [1].

The 10-year period following the initial isolation saw rapid extension of the
association of the pneumococcus with foci of infection and human disease. During
this period pneumococci were isolated from blood, from the lung by direct puncture,
from pleural, cerebrospinal and joint fluid [2]. In the same decade, pneumococci was
firstly described as an etiological agent of pneumonia, endocarditis, otitis media,

arthritis and meningitis [1, 3].

Nevertheless, knowledge of the host's defenses against pneumococcal
infections evolved slowly over the final 15 years of the 19t century. The importance
of the leukocytes was suggested during this period [4] but the rational use of
serotherapy, however, had to wait the recognition of the diversity of pneumococcal

capsular types, which did not begin clearly until 1910 [3].

In the beginning of the 20t century, the fortuitous finding of pneumococcus

solubility in bile by Neufeld was a major contribution to the identification of this



pathogen [2]. Also in this period, the Quellung reaction [5] was described despite the
fact that its first use in the identification of pneumococcal capsular types was not

made until 1931 [3].

Study of the pneumococcal capsule has played a major role in the
development of immunology. Prior to the second decade of the 20t century, it was
widely believed that all antigens were proteins. In 1925, as a result of several years
performing chemical studies, it was finally reported by Heidelberger and Avery that
“the so-called specific soluble substance of Pneumococcus of the three fixed types is
in each instance a polysaccharide” [6]. Subsequent studies marked the foundations

of quantitative immunology [7].

The polysaccharide capsule of Streptococcus pneumoniae is an important
player in the virulence of this organism [3]. Ninety-four serologically distinct
capsules have already been recognized [8, 9]. The polysaccharides differ with
respect to sugar composition, chemical bonds and presence or absence of side
chains. Despite their diversity, all perform the same primary function of providing
protection against complement-mediated opsonophagocytosis by blocking the

access to the pneumococcus cell wall and associated proteins.

Overall, serotype diversity has been a challenge to effective vaccination.
Attempts to prevent pneumococcal pneumonia by vaccination were initiated in
1910s, although failing to establish efficacy [2, 3]. Only in 1945 came out the initial
report that type-specific pneumococcal infection in man could be prevented by a

tetravalent vaccine of capsular polysaccharides [10].

At the end of the second decade of the 20t century, while trying to produce
an effective vaccine against pneumococcal pneumonia, Griffith found that bacteria
are capable of transferring genetic information through a process designated by
transformation [11]. These observations were the root for the work developed by
Avery, MacLeod and McCarthy [10] that culminated on the first report of a biological
activity of a nucleic acid and became the cornerstone of molecular genetics. It was
the capacity of pneumococci to undergo genetic transformation that lead to the
discovery that competence, the process by which cells can bind and uptake

exogenous DNA, presented the intriguing property of being tightly controlled at the



population level [12-14]. Competence was thus one of the first examples of a
multicellular bacterial response coordinated by a diffusible signal. These processes
were later termed quorum-sensing and found to be used by bacteria to sincronize
the switch of genetic programs simultaneously at the population level in order to

achieve goals that are unattainable by single cells [15].

Although the development of antimicrobial drugs has revolutionized the
treatment of bacterial infections, the availability and use of these therapeutic agents
have evidenced the adaptability of living organisms. The pneumococcus was among
the first bacterial species recognized as being capable of developing resistance to an
antimicrobial agent. In 1912 a report was published disclosing the first observations
on the development of in vivo resistance to an antibacterial drug (optochin: ethyl
hydrocuprein) in mice infected with pneumococci [1]. This finding was made a long
time before antibioteraphy was considered safe and effective for the treatment of
humans and so this phenomenum was rediscovered many years after. In fact,
pneumococcal resistant isolates have been described since the introduction of
antimicrobial agents. Examples include resistance to sulfonamides reported in the
United States in 1943 [16, 17], tetracycline resistance in the United Kingdom in 1963
[18], macrolide resistance in Canada and United States in 1967 [19, 20], penicillin
also in 1967 in Australia in 1967 [21], chloramphenicol resistance in Poland in 1970
[22] and sulfamethoxazole-trimethoprim in the United Kingdom in 1972 [23].
Multiply resistant pneumococcal strains, defined as resistant to three or more

classes of antibiotics, were first described in 1978 in South Africa [24].

Given the widespread antibiotic resistance to Streptococcus pneumoniae, a
renewed interest in vaccines for the prevention of pneumococcal infections arose.
During the 1970s, the first 23-valent polysaccharide pneumococcal vaccine
appeared, being adopted in a very restricted way both geographically and in the
population being targeted [1]. The major drawback of this vaccine was the lack of
efficacy in infants, calling for further improvement. The result was the heptavalent
pneumococcal conjugate vaccine (PCV7), containing the 7 most common
pneumococcal serotypes causing invasive infections in children in North America
licensed in the US and recommended for routine use in infants in 2000. However,

even though the PCV7 vaccine has been reported to reduce pneumococcal disease



[25-27], there are other nonvaccine serotypes arising due to the vaccine selective
pressure on the pneumococcal population. To respond to this situation, in 2010 a
new 13-valent pneumococcal conjugate vaccine (PCV13) was licensed and its usage
is now widely recommended. Nevertheless, pneumococcal conjugated vaccines may
not be the ultimate answer for the control of pneumococcal disease. The current unit
cost of PCV13 is likely to be unaffordable to many countries where the burden of
disease is high [28]. Furthermore, vaccines are limited by the number of serotypes
that can be included due to manufacturing considerations and cost of production. In
addition, although colonization of vaccine serotypes have been reduced, non-vaccine
serotypes have been occupying the vacanted niche, in a process referred to as
serotype replacement. This process of replacement has had an impact both on

nasopharyngeal colonization and in pneumococcal disease [25].

The ability of pneumococcus to evolve and adapt to new conditions warns
against complacency and calls for further action. The lessons learned during the last
130 years will certainly be instructive for the refinement of the current knowledge

and for strengthening the future research challenges.

1.2. Biological background and epidemiology

Streptococcus pneumoniae is taxonomically recognized as a group within the
pneumoniae-mitis-pseudopneumoniae cluster of the Streptococcus genus [29]. It is
strikingly similar to four other species Streptococcus mitis, Streptococcus oralis,
Streptococcus infantis, and Streptococcus pseudopneumoniae [30-33], often leading to

problems of identification in microbiology laboratories [29].

The pneumococcus is a Gram-positive pathogenic bacterium, lancet-shaped,
which grows in pairs or short chains. Identification of pneumococci has relied
heavily upon colony morphology and hemolytic activity on blood agar plates (a
hemolysis) [3, 34]. Additional tests include susceptibility to optochin and solubility
in bile salts, catalase negativity and agglutination with antipneumococcal

polysaccharide sera [5, 35].



The pneumococcus is a common component of the nasopharyngeal mucous
membrane microflora [3]; it is believed that most episodes of nasopharyngeal
colonization cause no symptoms or disease, although recent data indicate that mild
respiratory tract symptoms may occur [36]. There is serial and simultaneous
colonization by multiple strains [37-39] with an individual strain generally being
carried transiently for weeks to months before it is cleared [40, 41]. Transmission of
Streptococcus pneumoniae infection occurs via respiratory droplets from persons
with pneumococcal disease or, more commonly, persons without disease who carry
the bacteria in the nasopharynx [42]. When pneumococcal disease occurs, it is the

host’s own colonizing pneumococci that are the source of the disease-causing strain

[1].

The pneumococcus is one of the most common etiologies of respiratory tract
infections like sinusitis, otitis media and pneumonia, as well as nonrespiratory
infections like meningitis, sepsis and bacteremia [43]. Properties that explain the
pathogenic potential of pneumococcus include the presence of a polysaccharide
capsule, IgAl protease, pneumolysin, autolysin, and several surface-exposed
proteins that mediate contact with components of the host’s tissues and secretions

3, 29, 44].

The vast majority of pneumococcal disease is caused by a relatively small
number of serotypes [3]. This could explain the fact that the number of
pneumococcal serotypes found colonizing persons in a given community is generally
greater than the number causing invasive infection. In what concerns serotype
invasiveness-capacity, it has long been observed that certain serotypes appear to be
more invasive than other serotypes as they are seldom isolated from asymptomatic
carriers but cause a significant fraction of invasive disease [3]. The distribution of
serotypes among disease-causing pneumococci is influenced by factors such as the
age, the socioeconomic and immune status of the host, but also by the type of disease
and geographical region [3]. Reports from population based surveillance of invasive
pneumococcal disease show that the incidence is greatest among the very young and
the elderly, with males being overrepresented [45, 46]. Pneumococcal infection
disproportionately affects the poor [47] and those living in institutional settings [48,

49]. Exposure to children appears to increase the risk of pneumococcal disease in



adults [3]. Children are more commonly colonized with pneumococci than adults,
and adults with preschool-aged children in the household have been found to be

more likely to be colonized comparing to the rest of the adult population [3, 50].

The rather paradoxical nature of this organism, being a frequent member of the
microflora of the human respiratory tract and a major pathogen represents both a
vast burden of human disease but also an enormous opportunity for medical and

basic science discovery.



2. Strategies for genetic modification in Streptococcus

pneumoniae

Full genome sequences and extensive surveys of bacterial populations using
multilocus sequence typing (MLST) have established the essential role of gene
transfer and recombination in bacterial evolution, revealing the high frequency of
these events of genetic recombination [51, 52]. Through gene transfer events
bacteria can obtain chromosomal genes and genes clusters (islands) as well as
plasmids, transposons and prophage bearing genes that have successfully crossed
the barriers of natural selection. In this way, bacteria can expand their ecological
niches; colonize new habitats and hosts, metabolize new energy sources, synthesize
essential nutrients, survive to toxic agents like antibiotics and increase their
virulence towards the human and other hosts [53]. While the core genome of the
pneumococcus is conserved with little genetic diversity [3, 32], the accessory
genome holds a high diversity, both in the presence or absence of genes and in

differences within genetic sequences [54, 55].

In order to achieve this genetic diversity, Streptococcus pneumoniae can use
several strategies such as natural transformation [13, 14], and phage transduction

[56].

2.1. Natural transformation

Streptococcus pneumoniae is widely known for its ability to undergo natural
transformation - the stable uptake, integration and functional expression of

extracellular DNA [3].

Transformable bacteria use related proteins to transport DNA [57, 58], which

suggests evolution of this pathway from a common ancestor. As to selective forces



that have shaped these DNA uptake systems, three major hypotheses have been
considered: DNA as a nutrient, DNA for repair, DNA for genetic diversity [59].

The hypothesis that pneumococcal transformation occurs for nutrient
acquisition was supported by the finding that Streptococcus pneumoniae transport
system does not require a specific uptake sequence and allows the capture of any
double stranded DNA molecule released in the environment [59]. However, this
transport system appears to be a wasteful and inefficient food-gathering mechanism
since only one of the strands enters the cell, while the complementary strand is
degraded in the outside. Moreover, this hypothesis is fragilized by the fact that,
instead of using a complex transport apparatus requiring 11-13 proteins [57, 58] it
would be more economical to use a released nuclease together with an uptake
system for obtaining nucleolytic products [59, 60]. In addition, the finding that
internalized ssDNA is actively protected from degradation due to the presence of
three competence-induced proteins SsbB, DprA and RecA [61-63] suggests rather

the existence of a need to maintain internalized DNA intact.

The hypothesis that the primary function of bacterial transformation is DNA
repair was tested in the naturally transforming Bacillus subtilis and Haemophilus
influenzae by determining whether competence for transformation is regulated by
DNA damage. The hypothesis was based on the proposal that internalized DNA
provided a template for the recovery of damaged regions of the chromosome [64,
65]. Experiments carried out in both microorganisms showed that no induction or
enhancement of competence by DNA-damaging agents was observed. [66]. Although
it is likely that other explanations rather than DNA repair would fit better the
evolutionary function of natural transformation, it has been proposed that
degradation of ssDNA could actually play an important role for repair, via temporary

replenishment of nucleotide pools [60].

The DNA-for-genetic-diversity hypothesis postulates that the purpose of
natural transformation is to capture genetic material from other cells in order to
generate genetic diversity and acquire novel traits. This suggestion is supported by
the fact that the existing DNA protection from degradation keeps DNA in a form

readily available for recombination with the recipient’s genome [60]. Progress in the
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knowledge of the transformation will probably bring additional arguments to fuel

the debate on the biological role of transformation.

2.2. Competence and its regulation

For natural transformation to occur, bacterial cells must first develop a
regulated state of competence. This phenotype allow cells to actively lyse and take
up DNA from noncompetent pneumococci, thus providing competent bacteria with

an efficient predatory mechanism for acquisition of genetic material [67-69].

Pneumococcal competence is subject to a remarkable form of regulation, in
which the capacity for highly efficient DNA processing first develops quite suddenly
and, simultaneously, in all cells of an exponentially growing culture, is maintained
for about 10-15 minutes and then decays nearly as rapidly as it arose [14, 70].
Subsequent cycles of induction and decay are possible, but they will affect only

smaller subpopulations within the culture [70].

This remarkable regulation of competence at the population level depends on
a developmental switch that is coordinated by quorum sensing via a peptide
pheromone signal CSP (competence stimulating peptide) that is one of the products
of the comCDE operon [71]. The pheromone is ribosomally synthesized as a pro-
peptide, product of the comC gene, containing 41 amino acids residues and a double
glycine motif where cleavage occurs to give a carboxyl-terminal 17-mer oligopeptide

(Figure 2.1).

The products of another operon, ComA and ComB, which are, respectively, a
transmembrane protein and an ATP-binding cytosolic protein of the ABC transporter
family, are responsible for processing and excreting the 17-mer to the outside of the
cell. When CSP reaches an extracellular concentration of 1-10ng/ml corresponding
to a cell density of about 107 cells/ml [72], it binds to the membrane-located
histidine kinase receptor ComD, causing its autophosphorilation. Phosphorylated
ComD transfers the phosphate group to the intracellular response regulator ComE,
enhancing its affinity [73] for its DNA binding sites and leading to an increase in the

expression of the comAB and comCDE operons. Activated ComE also drives the
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expression of ComW and ComX [74]. ComX is an alternative sigma factor specific for
competence, activates transcription of the late com genes, required for the full
development of competence. In vivo, ComW stabilizes ComX against proteolysis and

stimulates its activity. [60].

Transcriptome studies using microarrays showed that the whole competence
regulon is made of two classes of com genes: the early-induced com genes (those
involved in deciding when conditions are right for development of the competent
state) and the late-induced com genes (those required for DNA binding, import and

recombination) [61].

Cell

Membrane
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Late
competence

genes
!
(le'wx’
J U ﬁ\
W= o] el [ ] B

Figure 2.1: Model of pneumococcal competence regulation. Accumulated extracelullar CSP signals
ComD to phosphorylate ComE, which then enhances synthesis of the early-competence genes of the
operons ComAB, ComCDE and ComWX. ComX will then activate the synthesis of late-competence

genes that include the genes responsible for transformation. (image adapted from [3]).

Sequencing studies have identified two dominant variants of Streptococcus
pneumoniae CSP: CSP1 and CSP2 [75]. The large majority of pneumococcal strains
isolated from patients encode the CSP1 sequence [75-77] with nearly all the rest of
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strains expressing CSP2. In their mature and functional forms of 17-mer

oligopeptides, CSP1 and CSP2 differ in eight amino acid residues (Figure 2.2.).

CSP1 MKNTVKLEQFVALKEKDLQKIKGG EMRLSKFFRDFILQRKK
CSP2 MKNTVKLEQFVALKEKDLQKIKGG EMRISRIILDFLFLRKK
LEADER MATURE PEPTIDE

Figure 2.2: The two most common allelic forms of the pneumococcal competence pheromone.
The genes comC1 and comC2 encode pro-peptides with identical N-terminal leaders, which are

proteolytically processed yielding mature secreted peptide signals. (Image from [60]).

It is known that strains genetically carrying one of the variants are mostly
unable to respond to the presence of the other signaling peptide, possibly due to
specificity of the ComD receptors for their cognate CSP alleles [75, 76]. It has been
suggested that this happens due to the fact that, in these two alternative forms of
CSP, the ComD receptors differ in 13 of the first hundred N-terminal residues in the

two classes [78].

2.3. Phages

Phages have been recognized as important vectors in the evolution and
transfer of genes advantageous to the host bacteria [79], such as the dissemination
of virulence factors, that have been found in different species associated with phages
or phage-like structures [3, 80, 81]. Nevertheless, phages can also transfer bacterial
DNA between cells in the process of transduction [82]. There is increasing evidence
from bacterial pathogens that prophages contribute a substantial share of the mobile
DNA of their bacterial hosts and seem to be a motor of short-term bacterial evolution
[83].

Streptococcus pneumoniae has a high prevalence of lysogenic phages in

isolates associated with infection [84, 85]. During lysogeny, the prophage is
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integrated in the bacterial chromosome being replicated as part of the host genome.
Upon induction, the repressed lysogenic state shifts to lytic growth with the
production of viral particles and subsequent phage mediated host lysis to release the
phage progeny [79, 84]. In order to exit the bacterium and disseminate its progeny,
phages count on lytic enzymes that target the integrity of the cell wall, by disrupting
bonds between peptidoglycan monomers, thereby causing cell lysis and the release

of phage progeny [86].

It was recognized early that free phages can be found in cultures of lysogenic
bacteria, indicating that prophages can spontaneously enter the lytic cycle [87]. In
fact, spontaneous phage induction seems to be a common feature of lysogeny, being
non-specific of the phage or the bacterial host. The factors that promote this
spontaneous induction, both in vitro and in vivo, are still poorly understood. Recent
studies showed that this natural phenomenon may contribute to the pathogenicity
observed in Salmonella typhimurium [88], increasing the awareness of the potential
importance of lysogeny in the context of infection. This spontaneous phage release
occurs obviously at low levels, and the phage titer observed is orders of magnitude
less than the one produced when the same bacteria are treated with an inducing

agent [79, 89, 90].

Inevitably, prophage activation whether spontaneous or induced results in
bacterial lysis with the concomitant release of the cellular components to the
extracellular medium. Within the release, DNA becomes present in the extracellular
environment and becomes available to be rescued in transformation events or to

participate in the formation of complex bacterial structures designated by biofilms.
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3. Social interactions of Streptococcus pneumoniae

Several biological processes result from social interaction events within
populations. Understanding how interaction among cells enables the spread of
information and leads to dynamic group-behaviors is the fundamental role of
sociomicrobiology [91, 92] .As research in this area moves forward, it is becoming
clear that bacteria are far from being the solitary organisms that were once
perceived. In fact, they lead highly social lives regulated by the ability to detect the
density and diversity of bacteria around them [92-96]. This ability is
phylogenetically widespread, which suggests an early origin in bacterial evolution
[97]. The bacterial group behaviors include coordinated control of virulence,

luminescence, competence and biofilm formation [98].

3.1. Quorum sensing

The bacterial ability of coordinating gene expression in accordance to an
environmental stimulus is a process termed quorum sensing (QS). This bacterial cell-
to-cell communication mechanism provides significant benefits in hosts colonization,
defense against competitors, adaptation to varying physical conditions, cellular

differentiation and species evolution [99].

The underlying mechanism of QS is the production of diffusible signal
molecules by the bacteria (autoinducers), that accumulate in a cell density-
dependent manner, interact with specific receptors on self and on neighboring cells,
and then regulate expression of specific target genes. By integrating this with other
environmental stimuli, bacteria are capable of exhibiting complex responses and
taking part in sophisticated interactions [100]. QS is phylogenetically widespread

pointing towards an early origin in bacterial evolution [97].

To date, several types of QS systems are known: one for Gram-negative
bacteria mediated by N-acyl homoserine lactone [101] derivates [102, 103], another

for Gram-positive bacteria relying on polypeptides [15, 72, 104] and a third type of
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QS system, Al-2, that has been proposed as a inter-species signaling system common

to a widespread range of bacterial species [105, 106].

In Gram-positive bacteria, QS regulates a number of physiological activities,
including those involving sporulation in Bacillus subtilis [107], antibiotic
biosynthesis in Lactococcus lactis [108], induction of virulence factors in
Staphylococcus aureus [109] and competence development in Streptococcus
pneumoniae [72]. Among streptococci, the best characterized quorum sensing
system belongs to Streptococcus pneumoniae. Although initially QS was believed to
act mainly to acquire and incorporate foreign DNA into the chromosome, studies
implicating its involvement in biofilm formation, fratricide as well as virulence
suggested a broader and more varied role for this system in Streptococcus

pneumoniae.

3.2. Fratricide

Streptococcus pneumoniae has long been known to possess a pathway leading
to the lytic death of a large proportion of cells within a population. This lytic death
and subsequent release of DNA were recently shown to be induced by the

competence pathway [67, 68].

Undoubtedly, individuals will sometimes become infected with two or more
pneumococcal strains at the same time, resulting in their cohabitation in the
nasopharynx milieu [37, 110]. Fratricide is then committed by pneumococci that
enter the competence state first and promote the lysis of their noncompetent
siblings that share the same niche, through the expression of a putative murein
hydrolase CbpD [111], major autolysin lytA and lysozyme lytC, and a two-peptide
bacteriocin cibAB and its immunity factor cibC [111]. As the DNA released from the
lysed cells can be taken up by the competent “attacker” cells, the rate of gene

transfer is greatly increased [112].

One possible explanation for the advantage of competent pneumococci

attacking their noncompetent siblings may be that this process contributes to the
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virulence of this bacterium by exacerbating an infection, through the release of
virulence factors and inflammatory mediators [111, 112]. Another non-mutually
exclusive explanation is that fratricide may be a direct consequence of the existence
of two predominant pherotypes. Regarding the pherotype impact on genetic
exchange, the first model proposes that the lysis of bacteria belonging to the other
pherotype is occurring favoring genetic diversity within the pneumococcal
population [113, 114]. The second model proposes limitations to pneumococcal
genetic exchanges regarding the absence of interpherotype communication [115,
116].

3.3. Biofilms

Bacteria in their natural ecosystems preferentially grow as matrix-enclosed
biofilms. This microbial lifestyle appears to be ancient and an integral component of
the prokaryotic life cycle [117]. Bacterial biofilms have a structurally complex and
dynamic structure that can be broadly divided into three major phases [118-120].
The first phase corresponds to the adhesion of planktonic bacteria to surfaces. This
initial attachment is either mediated by electrostatic contacts or relies on the
interaction of bacterial surface structures with inert or protein-carbohydrate-coated
surfaces [118]. The second phase involves the proliferation of the primary colonizers
and the maturation of the biofilm. During this phase, either bacteria multiply without
releasing progeny cells from the biofilm, or the primary colonizers recruit and
coaggregate planktonic members of the same species or other species [119]. At the
same time, bacteria inside the biofilm produce extracellular polymeric substances
(EPS), which stabilize the biofilm architecture. In a final third phase, previously
sessile members of the mature biofilm detach and act as primary colonizers at

different sites [120].

Biofilms results in several benefits, including protection from environmental
threats such as host immune defenses and antibiotics. Thus, bacteria in biofilms are
characteristically highly resistant to immune-mediated clearance [121-123] and, in
some studies, these biological structures have been proposed as the way bacteria

organize themselves when colonizing asymptomatically their human host [124-126].
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The extracellular matrix is implicated in the bacterial protection within the biofilm.
This structure consists of polysaccharides, proteins and nucleic acids [127]. The role
of extracellular DNA (eDNA) as a critical element of the matrix is being increasingly
recognized, both in providing structural stability as well as protection against

antimicrobial agents [128-130].

Many of the developmental, metabolic, genetic, and physical properties of
biofilms are regulated by QS systems [131, 132]. The first report to suggest that CSPs
were involved in biofilm formation in Gram-positive bacteria was made in
Streptococcus gordinii. In this organism, a transposon mediated knock-out mutation
in the comD gene resulted in a phenotype that was defective in biofilm formation
[133]. Further evidence came from a report in Streptococcus mutans where the
inactivation of any component of the comCDE operon resulted in a phenotype of
defective competence and biofilm formation [134]. An alternative approach showed
that the addition of synthetic CSP favored the biofilm mode of growth of

Streptococcus intermedius without affecting the rate of culture growth [135].

Recent studies demonstrated the potential of Streptococcus pneumoniae to
produce biofilms in vivo [136, 137]. Pneumococcal biofilms were indeed detected on
affected tissues in patients with chronic rhinosinusitis [136], children with otitis
media [137], as well as in a chinchilla model of otitis [138]. The presence of these
bacterial communities at the site of infection implicates them in these disorders,
although their significance in the infection process is still a matter of debate. Two
recent studies have failed to find an association between the ability to form biofilms
and the origin of the isolates, i.e., if the isolates had been recovered from
asymptomatic carriers or caused invasive infections [139, 140]. Although these two
studies question the role of biofilms in determining the invasive potential of
pneumococci, the transcriptional profile of several known virulence-related genes in
Streptococcus pneumoniae isolated from lungs and brains of infected mice is similar
to that found in biofilms formed in vitro, suggesting a possible biofilm-like state of
Streptococcus pneumoniae associated with tissues [141]. In addition, a link was
established between pneumococcal biofilm formation and the asymptomatic

colonization of the nasopharynx, the most frequent state of pneumococci [142].
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4. Thesis outline

This thesis describes the results of a research work developed between 2008 and
2011 in the Molecular Microbiology and Infection Unit, under the supervision of
Prof. Dr. Mario Ramirez. The main goal of this work was to delve into the large
genetic diversity of Streptococcus pneumoniae and to explore biological parameters

with a significant impact on the biofilm formation of this species.

The results, final remarks and future perspectives resulting from this work are

presented in the following chapters.

Chapter 2 explores the impact of spontaneous prophage activation and the
consequent bacterial host lysis on Streptococcus pneumoniae biofilm formation. Our
data provides evidence that prophage-mediated lysis enhances biofilm formation
through the release of eDNA. Overall, the results suggest that in this context the
bacterial population as a whole could benefit from limited prophage induction.
These results have been published in: Margarida Carrolo, Maria Joao Frias, Francisco
R Pinto, Jose Melo-Cristino and Mario Ramirez (2010) Prophage Spontaneous
Activation Promotes DNA Release Enhancing Biofilm Formation in Streptococcus
pneumoniae, PLoS One. 5 (12): e15678. (Individual contributions: Margarida Carrolo
was responsible for the biofilms experiments, the CLSM results, and participated in
data analysis. Maria Joao Frias constructed the mutants with the exception of
R36AAlytA, performed the experiments of purification and quantification of eDNA
and participated in data analysis. Francisco Pinto participated in the data analysis.
All authors have contributed to the study design and have critically revised the

manuscript).

Chapter 3 presents the results from a molecular epidemiological study. A
pneumococcal population was scrutinized for the distribution of the two major
pherotypes and associations with serotype, antimicrobial resistance and genetic
lineage were evaluated. Results show that pherotype is a clonal property of
pneumococci. The original work described in this chapter has been integrally
published in: Margarida Carrolo, Francisco R Pinto, Jose Melo-Cristino and Mario

Ramirez (2009) Pherotypes are driving genetic differentiation within Streptococcus
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pneumoniae, BMC Microbiology. 9:191. (Individual contributions: Margarida Carrolo
was responsible for designing and performing all the experimental work, for writing
the manuscript and participating in the data analysis. Francisco Pinto was
responsible for the infinite allele model of MLST evolution and participated in the
data analysis. Mario Ramirez was responsible for the population genetics analysis.
All authors have contributed to the study design and have critically revised the

manuscript).

Chapter 4 focuses on the influence of pherotypes on biofilm growth and genetic
recombination in pneumococci. Here we show that CSP1 strains present both a
higher capacity to form biofilms and also a stronger recombination efficiency. These
observations may explain the higher prevalence of CSP1 strains in the pneumococcal
population. The results presented in this chapter are in the process of submission to
PLoS ONE under the title “Pherotype influences biofilm growth and recombination in
Streptococcus pneumoniae”. (Individual contributions: Margarida Carrolo was
responsible for designing and performing all the experimental work, for writing the
manuscript and participated in the data analysis. Francisco Pinto participated in the
data analysis. All authors have contributed to the study design and have critically

revised the manuscript).

Chapter 5 comprises an integrative discussion of the results and holds future
perspectives on the better understanding of the sociomicrobiology of Streptococcus

pneumoniae.
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5. Objectives

Recently, eDNA was found to be a by-product of cell lysis with a critical structural
influence on the biofilm matrix. So as the first objective of this thesis work we
decided to explore the effect of prophage spontaneous activation with the
consequence bacterial host lysis on pneumococcal biofilms.

Moving forward, the second objective of this thesis work was to study the
distribution of the two major pherotypes in the pneumococcal population and their
association with serotype, antimicrobial resistance and genetic lineage. Moreover
these results would allow the view of the impact of pherotypes on pneumococcal
gene flow and to probe the consequences of gene flow limitations on the evolution of

pneumococcus.

The previously described link between competence and biofilm formation in
other bacteria was the motivation that drove us to the third objective of this work
which was the study of the influence of the pherotypes on biofilm growth and

recombination in Streptococcus pneumoniae.

Overall, these studies highlight the importance of studying the sociomicrobiology
of Streptococcus pneumoniae and the influence of it on the biofilm structures that per
se may have a strong impact on the response of pneumococci to antibiotics and

human immune defenses.
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Abstract

Streptococcus pneumoniae (pneumococcus) is able to form biofilms in vivo and previous studies propose that pneumococcal
biofilms play a relevant role both in colonization and infection. Additionally, pneumococci recovered from human infections
are characterized by a high prevalence of lysogenic bacteriophages (phages) residing quiescently in their host chromosome.
We investigated a possible link between lysogeny and biofilm formation. Considering that extracellular DNA (eDNA) is a key
factor in the biofilm matrix, we reasoned that prophage spontaneous activation with the consequent bacterial host lysis
could provide a source of eDNA, enhancing pneumococcal biofilm development. Monitoring biofilm growth of lysogenic
and non-lysogenic pneumococcal strains indicated that phage-infected bacteria are more proficient at forming biofilms,
that is their biofilms are characterized by a higher biomass and cell viability. The presence of phage particles throughout the
lysogenic strains biofilm development implicated prophage spontaneous induction in this effect. Analysis of lysogens
deficient for phage lysin and the bacterial major autolysin revealed that the absence of either lytic activity impaired biofilm
development and the addition of DNA restored the ability of mutant strains to form robust biofilms. These findings establish
that limited phage-mediated host lysis of a fraction of the bacterial population, due to spontaneous phage induction,
constitutes an important source of eDNA for the S. pneumoniae biofilm matrix and that this localized release of eDNA favors
biofilm formation by the remaining bacterial population.
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Introduction

Biofilms, the most frequently encountered physiological form
adopted by microorganisms, are surface-adapted communities that
constitute a protected mode of bacterial growth allowing survival
in hostile environments [1-4]. Recent studies demonstrated the
potential of Streptococcus pneumoniae to produce biofilms i vivo [5,6].
Pneumococcal biofilms were indeed detected on affected tissues in
patients with chronic rhinosinusitis [5], children with otitis media
[6], as well as a chinchilla model of otitis [7]. The presence of these
communities at the site of infection implicates them in these
disorders, although their significance in the infection process is a
matter of debate. Two recent studies have failed to find an
association between the ability to form biofilms and whether the
isolates had been recovered from asymptomatic carriers or caused
invasive infections [8,9]. Moreover, a mouse model of invasive
infection failed to show any association between the capacity to
cause bacteremia and the ability of the strains to form robust

@ PLoS ONE | www.plosone.org

biofilms [8]. Although these two studies question the role of
biofilms in determining the invasive potential of pneumococci, the
transcriptional profile of several known virulence-related genes in
S. pneumoniae isolated from lungs and brains of infected mice is
similar to that in biofilms formed i wvitro, suggesting a possible
biofilm-like state of S. pneumoniae associated with tissues [10]. In
addition, a link was established between pneumococcal biofilm
formation and the asymptomatic colonization of the nasopharynx
[11], the most frequent state of pneumococci. Overall, these
studies highlight the importance of studying S. preumoniae biofilms,
particularly of identifying the factors that influence the formation
of these structures.

Bacterial biofilms are encased within an extracellular matrix
consisting of polysaccharides, proteins and nucleic acids [2].
Although polysaccharides and proteins are important components,
the role of extracellular DNA (eDNA) as a critical element of the
matrix is increasingly recognized, both in providing structural
stability as well as protection against antimicrobial agents [12-15].
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In Gram-positive bacteria, such as Enlerococcus faecalis and
Staphylococcus  epidermidis, autolysins (bacterial murein hydrolases)
were recently implicated in biofilm formation, apparently by
mediating bacterial lysis with the consequent release of eDNA
[15-18]. Pneumococcal cells are characterized by the presence of
a major autolysin LytA, an N-acetyl-muramyl-L-alanine amidase,
which is responsible for the unusual property of massive cellular
lysis displayed in the stationary phase of liquid cultures [19].
Furthermore, cell lysis dependent on LytA was also detected upon
competence development, which results in DNA release into the
medium [20,21]. The observation that S. pnreumoniae biofilm
formation is influenced by the presence of eDNA [22,23] and
that LytA mutants have a decreased capacity to form biofilms [23],
hints that LytA-induced pneumococcal lysis could be related to
biofilm formation through the release of eDNA.

In addition to autolytic events, cell lysis in S. pneumoniae can also
be mediated by lysogenic phages, which have a high prevalence
(76%) in isolates associated with infection [24,25]. During
lysogeny, the prophage is integrated in the bacterial chromosome
being replicated as part of the hosts genome. Upon induction, the
repressed lysogenic state shifts to lytic growth with the production
of viral particles and subsequent phage mediated host lysis to
release the phage progeny [24,26]. It was recognized early that
free phages can be found in cultures of lysogenic bacteria in the
absence of a known inducing agent, indicating that some
prophages spontaneously enter the lytic cycle [27]. Spontaneous
phage induction seems to be a common feature of lysogeny, being
non-specific of the phage or the bacterial host, although the factors
that promote spontaneous induction, either i vitro or i vivo, are
poorly understood. Recent studies showed that this natural
phenomenon may contribute to pathogenicity in Salmonella [28],
increasing the awareness of the potential importance of lysogeny in
the context of infection. This spontaneous phage release occurs
obviously at low levels, and the phage titer observed is orders of
magnitude less than the one produced when the same bacteria are
treated with an inducing agent [26,29,30].

Whether agent-induced or spontaneous, it was believed that
phages of S. preumoniae relied exclusively on their own lysins to
hydrolyze host cell wall peptidoglycan and release the phage
progeny [31]. Recently, it was shown that pneumococcal lysogenic
phages achieve an optimal exit strategy by orchestrating the
coordinated action of the phage-encoded lysin and the bacterial
major autolysin LytA [32].

Inevitably, prophage activation results, through bacterial lysis,
in the release of the cellular components to the extracellular
medium. Since eDNA is increasingly recognized as a critical
element for biofilm formation, we hypothesized that spontaneous
induction of lysogenic phages could have a positive effect on
pneumococcal biofilms. To test this, we have evaluated biofilm
formation and eDNA release of isogenic strains differing in
carriage of a prophage and having functional or being deleted in
the major phage and bacterial lysins.

Results

Lysogenic phages enhance biofilm development

In order to evaluate the impact of lysogeny in biofilm formation
a well established i vitro system, based on an abiotic surface as the
growth substrate, was used allowing proper investigation of the
initial stages of biofilm formation [8-10,22,23]. We started by
monitoring biofilm development of the isogenic pair of
S. pneumoniae strains R36A and R36AP, which differ only in the
presence of a prophage (R36AP is a lysogen of phage SVI).
Biofilm growth was followed at specific time points between 6 h
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and 30 h of incubation by biomass quantification and viable cell
counts (Fig. 1A and 1B). The evaluation of cell viability by CFUs
was consistent with biomass quantification obtained by crystal-
violet staining. The biofilm of the lysogenic strain R36AP reaches
its maximal development at 24 h and from that time onwards a
decrease in biomass occurs. We reasoned that this decrease is
inherent to the experimental conditions used, probably due to
nutrient depletion, accumulation of toxic substances or intrinsic
properties of the biofilm. In contrast, for the wild type non-
lysogenic strain R36A the highest biofilm mass values are
registered at 26 h, decreasing afterwards in a behavior similar to
that of strain R36AP. This observation is consistent with a slower
biofilm growth of strain R36A, resulting in delayed development.
The lysogenic strain showed improved biofilm growth at all time
points and also a higher maximal biofilm mass than its non-
lysogenic parent. In agreement with these findings, images of
CLSM show denser and thicker biofilms for R36AP (Fig. 2A and
2B). Since the lysogen R36AP is indistinguishable from its parental
strain R36A in planktonic growth [32], the differences observed
must be attributed to the influence of the lysogenic phage on
biofilm formation.

Spontaneous prophage induction enhances biofilm
development due to host lysis

It was previously shown that the main pneumococcal autolysin
LytA is important in normal biofilm development since its
inactivation resulted in diminished biofilm formation, possibly by
a mechanism dependent on its regulated lytic activity [23]. Thus,
autolytic events may be helpful in the establishment of robust S.
pneumoniae biofilms. It is well known that spontaneous phage
induction results in the lysis of a fraction of the bacterial
population [29] and we speculated that such induction could also
occur within pneumococcal biofilms. Accordingly, the enhanced
biofilm formation of the lysogenic strain R36AP could be
explained by limited phage triggered lysis. To test this hypothesis,
we compared biofilm development of the lysogenic strain R36AP
to that of the derived mutants for phage lysin Svl (strain
R36APAsvl), bacterial autolysin LytA (R36APA}A) or both lysins
(R36APAWiAAsvl). As shown in Fig. 1A and 1B biofilm growth is
significantly impaired in the absence of the phage lysin with a shift
in the biofilm biomass peak from 24 h to 26 h, analogous to the
growth pattern observed for the non-lysogenic strain (R36A). A
similar behavior was observed for the lysogen in the absence of the
bacterial autolysin. In fact, the presence of at least one lysin is
essential, as the double mutant was largely deficient in biofilm
formation. Accordingly, the non-lysonenic R36AANA strain is
also severely impaired in biofilm formation, supporting an
important role of bacterial lysis in biofilm formation. This inability
to form biofilms is not due to a growth defect since all mutants
presented identical planktonic growth to the parent lysogen [32].
These results are consistent with the hypothesis that the positive
impact of prophages in pneumococcal biofilm development is due
to spontaneous induction of the lytic cycle resulting in cell lysis.

In order to confirm if phage induction was indeed occurring in
the biofilm, we measured the phage particles released during
biofilm development of strain R36AP by determining the number
of PFUs throughout biofilm growth (Fig. 1C). We observed the
presence of phages in the biofilm at all time points, indicating that
spontaneous phage induction is occurring continuously and
paralleling the increase in viable cells. A substantial increase in
the number of PFUs coincides with the peak of biofilm
development (Fig. 1A and 1B), indicating increased phage
induction at the later stages of biofilm formation. This higher
phage induction is not due to a massive triggering of the phage
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Figure 1. Effect of lysogeny and phage induction in Strepto-
coccus pneumoniae biofilm development. A) Biofilm development
monitored as biomass from 6 h to 30 h. R36A non-lysogenic strain;
R36AP lysogenic derivative of R36A; R36APAsvI, R36APAlytA, R36AAlytA
and R36APAlytAAsvl are mutants in which the phage lysin (Svl), the
bacterial autolysin (LytA) or both were deleted. Results are an average
of 9 independent replicates. B) Biofilm development monitored as CFUs
from 6 h to 30 h. The strains are the same indicated in panel A. Results
are an average of 6 independent replicates. C) The presence of phage in
the R36AP biofilm was determined by the production of plaques on
R36A. PFUs were determined throughout biofilm development from
6 h to 30 h. Results are an average of 2 to 7 independent replicates for
each time point. In all panels error bars represent 95% confidence
intervals for the sample mean.

doi:10.1371/journal.pone.0015678.9001
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Iytic cycle related to this stage of biofilm growth since no increase
of PFUs concomitant with biofilm dispersal was observed.
Altogether, these results strongly support a role of spontaneous
phage induction during biofilm development in the different
phenotype shown by lysogenic strains.

Released eDNA through phage-mediated lysis is a key
factor for biofilm enhancement

Extracellular DNA is an essential matrix component produced
by many bacterial species during biofilm development
[13,15,16,33,34]. Therefore, we hypothesized that in S. preumoniae
phage-mediated lysis of a fraction of the bacterial population
within the biofilm could provide an extra source of eDNA for
incorporation in the biofilm matrix.

We performed a DNase I susceptibility assay by incubating this
enzyme for 24 h with R36A and R36AP in conditions allowing
biofilm formation. A gradient of DNase I concentrations, ranging
from 0.5 to 50 pg/ml was used. Biofilm biomass quantification
indicates that DNase I reduces biofilm formation in a dose
dependent way (Fig. 3A). As expected, the biomass reduction is
directly related to a decrease of viable cells in the biofilm (data not
shown). The effect of DNase I is similar in R36A and R36AP
biofilms, however, R36AP biofilms always show a higher biomass
than R36A biofilms at all tested DNase I concentrations, suggesting
that R36AP biofilms are richer in eDNA. In fact, the biomass of the
R36AP biofilm incubated with 0.5 pg/ml of DNase I, is similar to
that of the R36A biofilm incubated in the absence of DNase I,
indicating that the presence of this enzyme reduced the extra eDNA
present in the R36AP matrix, resulting in a biofilm similar to that of
R36A. Taken together, the data enable an argument to be made for
the beneficial effect of lysogenic phages in biofilm development due
to an increased presence of eDNA in the matrix.

To further explore this potential role of eDNA on biofilm
development, we decided to determine the effect of the addition of
external DNA to the medium since the time of seeding, on biofilm
mass measured at 24 h of growth. DNA was extracted from the
R36A strain (homologous DNA) and used at a final concentration
of 10, 100 and 1000 ng/ml. To rule out any specific effect of
pneumococcal DNA, the same experiments were repeated using
DNA isolated from salmon sperm (heterologous DNA). As shown
in Fig. 3B, incubation with DNA since biofilm seeding enhances
biofilm development in a dose dependent manner, with a
significant effect detected with as little as 10 ng/ml. This biomass
increase parallels the number of viable cells in the biofilm (data not
shown). Moreover, this effect is observed with both homologous
and heterologous DNA, indicating that this was due to an intrinsic
property of the DNA molecule and independent of the exact
nucleotide sequence and donor organism.

Microscopy was used to explore the differences between
untreated R36AP biofilms and those treated with 50 pg/ml of
DNase I and 1000 ng/ml of DNA. In agreement with the results
obtained by biomass quantification, treatment with DNase I
resulted in sparser and thinner biofilms when compared to control
(Fig. 2A and 2D). On the other hand, supplementation of the
medium with DNA resulted in a more densely packed and thicker
biofilm (Fig. 2A and 2C). These results further support that the
limited lysis promoted by lysogenic phages during biofilm
development leads to higher eDNA release resulting in stronger
biofilm growth.

Due to the different kinetics of biofilm development of the
lysogenic and non-lysogenic strains, we wanted to clarify if the role
of DNA was only critical in the initial steps of biofilm
establishment (initial cell attachment) or if its presence was
necessary throughout the subsequent early phases of biofilm
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Figure 2. Confocal laser scanning microscopy images of R3A6P and R36A biofilms. Staining was done with Syto 9/PI (Live/Dead BacLight
Bacterial Viability kit) and images were acquired at 630 xamplification. Only live cells internalize Syto 9 (fluorescing green) whereas dead cells allow
the uptake of PI (fluorescing red). The large images are optical sections of top views and the small images to the right and above are optical sections
of side views. The depth of the biofilm is indicated by the height of the z-stack. The inset scale bar represents 5 um. A) Biofilm formed by the
lysogenic strain R36AP. B) Biofilm of the non-lysogenic strain R36A. C) The biofilm was grown in the presence of salmon sperm DNA at 1000 ng/ml.
D) The biofilm was grown in medium supplemented with DNase | at 50 ug/ml. In all panels the results are representative images of 3 independent

experiments and biofilm growth was evaluated at 24 h.
doi:10.1371/journal.pone.0015678.g002

development. To this end, the wells where the biofilms were grown
were pre-coated with DNA followed by incubation of the bacteria
in DNA-free medium. After 24 h, biofilm mass was similar to the
uncoated control (Fig. 3B), indicating that the observed DNA
effect is not related with the initial adherence process.
Furthermore, we also examined whether DNA acts as a
structural component of the biofilm or if the availability of extra
nutrients, due to the presence of DNA in the medium, could
explain the enhanced biofilm development. With that in mind, we

@ PLoS ONE | www.plosone.org

grew biofilms in the presence of sonicated DNA and compared
them with biofilms formed in the presence of intact DNA, using
both homologous and heterologous DNA. In the presence of
fragmented DNA, biofilm development assessed at 24 h was
similar to that of biofilms grown in the absence of DNA and
substantially less to that observed with intact DNA (Fig. 3B). This
data revealed that large DNA fragments were essential for the
enhancement of biofilm growth and suggested that DNA had an
important structural role in biofilm architecture.
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Figure 3. Effect of DNAse | and DNA on biofilm mass. A) The
lysogenic strain R36AP and its non-lysogenic parent R36A were exposed
from seeding to DNAse | at final concentrations of 0.5, 5 and 50 ug/ml.
Biofilm mass was quantified after 24 h of incubation. B) R36AP and
R36A were exposed from seeding to DNA from R36A or salmon sperm
at final concentrations of 10, 100 and 1000 ng/ml. In separate
experiments, the effect on biofilm development of coating the wells
with 1000 ng/ml of R36A DNA prior to seeding and the addition of
sonicated R36A DNA at 1000 ng/ml since the time of seeding was also
determined. Biofilm mass was assessed at 24 h of incubation. In all
panels, the results are an average of 9 independent replicates and error
bars represent 95% confidence intervals for the sample mean.
doi:10.1371/journal.pone.0015678.g003

To confirm if a higher eDNA release due to phage spontaneous
induction is related to a strong biofilm development we
determined the actual eDNA released into the biofilm of each
strain, after 24 h of growth, by quantitative real-time PCR. Strains
with a higher capacity to form biofilm (R36AP, R36A, R36APAsv/
and R36APA/ytd) contain significantly more eDNA in comparison
to the almost undetectable levels present in R36APA/yiAAsvl and
R36AAliA, two strains with poor biofilm forming capacity
(Fig. 4A). The marked difference observed between lytic and
non-lytic strains suggest that lytic events resulting in eDNA release
have a strong positive impact in biofilm development.

DNA release upon phage induction is dependent on lysis. So,
we reasoned that the addition of external DNA to biofilms of the
mutant strains R36APAsvl, R36APAliA and R36APAWtAAsv

@ PLoS ONE | www.plosone.org
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would allow the development of more robust biofilms. Indeed,
when the mutant strains were given exogenous DNA, biofilm
development was strongly increased in R36APAsvo/ and R36AP-
Altd (Fig. 4B). The addition of a large excess of DNA overcomes
the impairments created by the ablation of either the phage or
bacterial lysins, with the formation of more biofilm in the presence
of DNA by these mutants than that observed when R36AP, where
both lysins are functional, was incubated in the absence of
exogenous DNA (Fig. 4B). As pointed out previously, the mutant
lacking both lysin activities (R36APAliAAsvl) was incompetent to
form stable biofilms and, even in the presence of excess DNA,
failed to recover to the R36AP level. Thus the addition of DNA
does not fully overcome the abolishment of the two major lysins
present in R36AP. This is in contrast to R36AA/4 that responds
well to the addition of external DNA. Although both mutants
present similar amounts of eDNA (Fig. 4A), the R36AA}A4 strain
forms more biofilm biomass than strain R36APApidAsul (Fig. 1A)
and this effect is even more pronounced in the number of viable
bacteria in the biofilm (Fig. 1B). It has been previously shown that
even when phage and bacterial lysins are deleted, phage induction
decreases cell viability as phages express holins that collapse the
cell membrane potential resulting in host cell death [32]. Thus,
this difference in cell viability between R36AAl4 and R36AP-
AltAAsvol may be sufficient to compromise the enhancement of
biofilm development in the presence of added DNA observed in
the later strain.

To test if the presence of a capsular polysaccharide could
influence our results, we characterized the behavior of strain
SVMC(C28 and its mutants in both phage and bacterial lysins.
SVMC28 is an encapsulated strain and the natural host of the SV1
phage. The results obtained were superimposable to those of strain
R36AP and its mutants, with the same relative biomass produced
by the parental strain and its mutants in the absence of DNA and
the same effect seen upon DNA addition (Fig. 4C). This indicates
that our observations were reproducible in different genetic
backgrounds and, more importantly, that the capsule did not
qualitatively alter our conclusions Overall, our results indicate that
the release of eDNA through controlled lytic events is a key factor
for biofilm formation in S. preumoniae and that lysogenic phages are
important adjuvants for its incorporation in the biofilm matrix
independently of the presence of a capsular polysaccharide.

Discussion

Prophages are extremely common among S. preumoniae isolates
causing infections in humans [24]. The lysogenic lifestyle results in
the establishment of the phage genome inside the bacterial host
where it can remain in a dormant state replicating together with
the bacterial chromosome. An important feature is the possible
transition from the repressed lysogenic state to lytic development,
that ultimately leads to host cell death and release of the newly
produced phage particles. Prophage induction can occur sponta-
neously in a fraction of the lysogenic bacterial population or
massively upon external stimuli [26,27].

Here we investigated the impact of lysogeny in S. preumoniae
biofilm formation exploring its role in the early development of
these structures. Our data provided evidence that prophage carriage
had a positive impact on pneumococcal biofilm formation through
spontaneous induction of the lytic cycle. Phage induction results in
the death of their bacterial hosts, however we showed that this
phage-mediated lysis enhances biofilm formation, suggesting that in
this context the bacterial population as a whole could benefit from
limited prophage induction. Studies on gene expression in biofilms
of various species have identified phage genes as overexpressed

December 2010 | Volume 5 | Issue 12 | 15678

41



Lysogenic Phages Foster Pneumococcal Biofilms

<

E E
o o
“s, m ﬁ “s g y
= vmvvv w < vv.«mv_q wn = Aavv.«v
% 3 ] Qb@m_&‘ p m ?.vm.% 2 m V%m.
mo | _ 5, B0 by, (= liu! - “,
79 (-
Y. QV.W
e, - Y
v ﬂ o
g, \Aqv ' vhavosv
Va.vw by, Ts
m..@ L m..av -
) + b,
L %nvb\v
by N
by % i
"y, %,
m.@. i & ﬂT
L %
b b v,

NI

N
sseuwolq aAnejaiyNge bu

r T T T T T T T T t
™~ © 0 < ) o~ - L L T M N = O
P S S S il S S c © o % c © ©o © <

0 -
0.8
0

(4585 Q) 32101A [R)SAID (*"“*“go) 30101A [e3sAID

m O

@ PLoS ONE | www.plosone.org

December 2010 | Volume 5 | Issue 12 | 15678

42



Lysogenic Phages Foster Pneumococcal Biofilms

Figure 4. eDNA quantification and DNA impact on biofilm mass. A) Extracellular DNA was isolated from the biofilm matrices of R36A,
R36AAlytA, R36AP, R36APAsvI, R36APAlytA and R36APAlytAAsvl and quantitative real-time PCR of two chromosomal genes, spi and gdh, was done.
The relative biomass was quantified at ODsgs ,,, and the eDNA measurements were normalized to total biofilm mass. B) The effect of salmon sperm
DNA (1000 ng/ml) added from seeding on biofilm biomass at 24 h was tested. R36APAsv/, R36APAlytA, R36AAlytA and R36APAlytAAsvl are mutants
in which the phage lysin (Svl), the bacterial autolysin (LytA) or both were deleted. C) The same experiments described in panel B were done with the
encapsulated wild type host of phage SV1, strain SYMC28, and its mutants. SVMC28Asv/, SYVMC28AlytA and SVMC28AlytAAsvl are mutants in which
the phage lysin (Svl), the bacterial autolysin (LytA) or both were deleted. In all panels, the results are an average of 9 independent replicates and error

bars represent 95% confidence intervals for the sample mean.
doi:10.1371/journal.pone.0015678.g004

relative to planktonic growth while other studies showed the
existence of lysis inside biofilms and proposed that it could increase
biofilm fitness [35-40]. Our results corroborate this previous
proposal in the context of S. pneumoniae biofilms, clearly identifying
the phage activated lytic machinery as a key player in this effect.
Interestingly, phage mediated bacterial lysis within the biofilm has
also been described in other bacterial species. However, in contrast
to our study, in those cases, phage induction results in the death of a
large fraction of the bacterial population and occurs in the later
stages of biofilm development [36,38-40].

The impact of lysogenic phages on pneumococcal populations is
still an open question since comparative genomic analysis did not
reveal any phage-encoded virulence factors, contrary to other
related streptococcal pathogens such as Streplococcus pyogenes
[41,42]. The observed biofilm potentiating role of lysogenic
phages and the proposed importance of these structures in
colonization [11] could explain in part the high incidence of
lysogeny in S. pneumoniae natural populations [24,25]. Further-
more, a high frequency of lysogeny is characteristic of many
bacterial pathogens [43] as well as of bacterial populations in the
environment [44], raising the possibility that the influence of
lysogeny on the ability of pneumococci to form biofilms could be
paralleled in other bacterial species.

The mechanism by which spontaneous prophage-mediated cell
lysis leads to increased biofilm development was also addressed in
this study. We gathered evidence that DNA released through this
process to the extracellular environment contributes to biofilm
formation in S. pneumoniae. An approximately six-fold increase in
eDNA was detected in strains carrying prophages and functional
bacterial or phage lysins. These lysogenic strains were also
characterized by forming biofilms with a higher biomass and cell
viability. This role of eDNA is consistent with previous findings in
this species, although in those studies the source of eDNA was not
identified [6,23]. We observed that eDNA is not involved in the
initial attachment stage, since pre-treatment of the plastic substrate
with DNA did not increase biofilm formation. In agreement, a
high concentration of DNAse I added from the onset of biofilm
incubation still allowed bacterial surface attachment and biofilm
formation, although in these conditions bacteria failed to form the
thick and dense structures observed in the absence of DNase I. To
our knowledge, this is the first study of the role of eDNA in initial
adhesion of pneumococcal cells to a surface. Although in some
bacterial species eDNA plays an important role in this initial step
[16,45], similar results to ours were already observed with another
Gram-positive bacterium [15]. Being such a complex lifestyle, it is
plausible that in different microorganisms the importance of the
various mechanisms for biofilm establishment is also different. The
factors or substances that promote initial attachment remain to be
identified in S. pneumoniae. However, eDNA played an important
role already in the early stages of biofilm development, since
spontaneous phage induced lysis is detected in the early hours of
biofilm establishment and the R36AP lysogen showed a more
robust biofilm development at all time points. Accordingly, a
mutant lacking the phage lysin produced less biofilm and in a
delayed fashion, a behaviour that was similar to the mutants
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lacking the major bacterial autolysin LytA. Both observations are
consistent with a possibly slower accumulation of ¢eDNA in the
matrix and with an important role of eDNA at various stages of
biofilm formation.

Our data indicates that eDNA is an important structural
component of S. pneumoniae biofilms, ensuring stability of the
overall architecture of these structures. Although DNAse I
treatment resulted in eDNA degradation with the consequent
reduction in biofilm formation, the critical result that definitely
establishes this structural role of DNA was the observation that
addition of fragmented DNA did not affect biofilm development,
whereas intact DNA led to increases in both mass and bacterial
viability in biofilms, indicating that the long strands of DNA may
allow more intercellular cohesion thereby increasing biofilm
stability. These results are supported by studies in other species
that have proposed DNA as an essential component of the
extracellular polymeric substance that constitutes the biofilm
matrix [13,15,16,23,46]. Thus, cell lysis mediated by lysogenic
phages influences the matrix composition, thereby contributing to
the pneumococcal biofilm structural stability. Since spontaneous
phage induction occurs in different areas of the biofilm, it is
expected to contribute significantly to the abundance and
widespread localization of eDNA.

In contrast to limited cell lysis due to spontancous phage
induction, massive phage induction in the presence of an external
inducing agent could disrupt biofilms drastically, an hypothesis
supported by the use of lytic phages as powerful anti-biofilm agents
active against different microorganisms [47,48]. In fact, prelimi-
nary results from our group indicate that Mitomycin C phage
induction is able to disrupt to a large extent biofilms of lysogenic
strains. If the proportion of induced cells is large, more cells lyse
than are contributing to the biofilm resulting in an overall loss of
biofilm mass. This is in agreement with the natural biofilm demise
mediated by substantial phage induction proposed for some
Pseudomonas aeruginosa strains that facilitate differentiation and
dispersal of biofilm associated bacteria [36,39,40]. The beneficial
or detrimental effect of prophage induction on biofilm formation
seems to be quantitatively regulated by the proportion of lysogenic
bacteria undergoing lytic induction.

In conclusion, we showed that limited activation of prophages
into the lytic cycle, thereby promoting host lysis and eDNA
release, contributes to enhanced pneumococcal biofilm produc-
tion. This more efficient biofilm development afforded by
lysogenic phages may be an important aspect in the biology of
the bacteria since lysogeny is highly prevalent in pneumococci.
Our data provided new insights into the factors that influence the
formation and maintenance of biofilms whose occurrence and
importance i vivo is increasingly recognized.

Materials and Methods

Bacterial strains, culture conditions and DNA
manipulations

Bacterial strains SVMC28 and R36A were obtained from the
Rockefeller University collection (A. Tomasz). R36A is a non-
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lysogenic, non-encapsulated strain [24]. SVMC28 is an encapsulated
(serotype 23F) clinical isolate, lysogenic for phage SV1 encoding the
Svl phage lysin [32]. R36AA)tA was kindly provided by S. Filipe.
SVMC28 derived mutants SVMC28Asv,, SVMC28Ald and
SVMC28AsvlAlytA belong to the Faculdade de Medicina de Lishoa
collection. The SVl-lysogenized strains R36AP, R36APA)A,
R36APAsv/ and R36APApiAAsul are also from the Faculdade de
Medicina de Lisboa collection. All strains were described previously
[32]. All S. pneumoniae strains were grown in a casein-based semi-
synthetic medium (C+Y) at 37°C without aeration or in tryptic soy
agar (T'SA) (Oxoid, Hampshire, England) supplemented with 5%
(v/v) sterile sheep blood incubated at 37°C in 5% COs. For overnight
cultures, pneumococcal mutant strains were grown in the presence of
2 pg/ml erythromycin or 4 pg/ml chloramphenicol (Sigma, Stein-
heim, Germany) or both, as appropriate. After selective growth, the
culture was diluted 1:100 in fresh medium and grown untl the
appropriate optical density. Chromosomal DNA from S. preumoniae
strain R36A was isolated following previously described procedures
[49]. Sperm salmon DNA was purchased from Invitrogen Co.
(Carlsbad, California, USA).

Biofilm biomass quantification

Biofilm formation was determined by the ability of cells to grow
adherent to 96-well flat-bottom polystyrene microtiter plates
(Nunc™, Roskilde, Denmark) in static conditions. Cells were
grown in C+Y medium, with selective antibiotic when necessary,
to an optical density measured at 600 nm (ODggonm) between 0.5
and 0.6 and then diluted 1:4 in fresh medium to a final volume of
200 pl per well. Microtiter plates were incubated at 37°C and
biofilm mass was determined by staining with crystal violet [23]
and measuring the ODsgs5,,,, using a plate reader (Tecan Infinite
M200 with i-control ™ software V1.40). The incubation times at
which the biomass was quantified were selected based on
preliminary experiments in order to monitor the dynamics of
biofilm growth and dispersal. Shorter time intervals were selected
when biofilm mass showed steeper variations. The incubation
times at which biomass was quantified were 6 h, 12 h, 18 h, 20 h,
24 h, 26 h, 28 h and 30 h of incubation. A control with only C+Y
medium was also done for all time points and the values were
subtracted to those measured for all strains.

Quantitative determination of biofilm formation was also
evaluated in the presence of desoxiribonuclease I (DNase I) and
DNA, incorporated in the medium. DNase I (Sigma, Steinheim,
Germany) was used at a final concentration of 0.5, 5 or 50 pg/ml
and biofilm mass was measure after 24 h of incubation. DNA from
R36A strain or salmon sperm was added at 10, 100 or 1000 ng/ml
to the medium and determination of biofilm formation was carried
out 24 h post incubation. Values obtained from medium supple-
mented with DNAse I and DNA were subtracted in all strains. To
test if DNA was important in biofilm adherence, the plate wells were
incubated with 1000 ng/ml of R36A DNA overnight at 4°C to
condition the plastic surface. The solution was then discarded and
the biofilm was seeded as described before. Biofilm mass was
determined at 24 h post incubation. To determine if the impact of
DNA on biofilm formation was due to a structural role, DNA from
R36A was broken by sonication for 5 min at 0.63 A and 50-60 Hz
in a Transsonic T570 (Elma, Germany), and added to the medium
at 1000 ng/ml. DNA fragmentation was confirmed by agarose gel
electrophoresis. Biofilm formation was compared to biofilms grown
in the presence of 1000 ng/ml of intact DNA.

Biofilm colony forming units (CFU) assays
Biofilms were grown in 96-well plates at 37°C as described for
the biofilm biomass quantification assay. CFUs were determined
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at the selected time points between 6 h and 30 h of incubation.
Liquid medium with bacteria was gently removed from the wells,
which were washed twice with phosphate buffered saline (PBS)
1x, pH 7.2 (Invitrogen, Grand Island, New York) to eliminate
unbound bacteria without disturbing the adherent biofilm. 200 pl
of PBS were then added to each well and biofilms were scraped
thoroughly, including well edges. The well contents were
recovered and the total CFU number was determined by serial
dilution and plating on appropriate media.

To test the effect of DNase I and DNA on biofilm development,
DNase I was added to the growth medium to a final concentration
of 0.5, 5 or 50 pg/ml. After 24 h of incubation at 37°C, CFUs
were determined as described above. When using DNA to
evaluate its effect on biofilm formation, DNA from salmon sperm
was added to the growth medium at a final concentration of
1000 ng/ml and CFUs were determined as described above.

Phage plaque assays

Plaque assays were performed as described elsewhere [32].In
detail, basal plates were made by pouring C+Y medium with
170 U catalase per ml and 1% agar into Petri dishes. A lawn
culture of R36A strain grown to an ODggg,,, of 0.2 was mixed
with soft agar containing C+Y supplemented with 170 U catalase
per ml and 0.35% agar. The entire mixture was spread onto basal
plates. After hardening, phage preparations were applied in 10 puL
aliquots directly on the soft agar with the R36A indicator strain.
Incubation was performed at 30°C for 18 h. To obtain the phage
preparation, at the chosen time points after biofilm seeding each
well was scraped thoroughly including well edges. The harvested
biofilms were filtered through a 0.45 pm-pore-size membrane
followed by filtering with a 100 000 MWCO polyethersulfone
membrane (Vivaspin concentrator, Sartorius Stedim biotech,
Goettingen, Germany), that retains and concentrates the SV1
phage [32]. The phage concentrate was stored at 4°C for a
maximum of 24 h until usage. The filtrate containing proteins
<100 KDa, that could cause bacterial lysis such as LytA and
bacteriocins, was also used to eliminate the possibility that lysis of
the indicator strain was caused by bacterial products and not
caused by phage infection. Images of the plates were acquired with
the high-performance stereo-microscope Leica MZ7.5 (Leica
Microsystems, Germany) and the number of plaque forming units
(PFUs) was counted manually by visual inspection of the image.

Confocal laser scanning microscopy (CLSM)

Biofilms were stained by using a Live/Dead BacLight bacterial
viability kit (Invitrogen, Carlbad, USA) and examined by CLSM.
Syto9/PI labeled biofilms allowed for monitoring the viability of
bacterial populations as a function of the membrane integrity of
the cell. Cells with a compromised membrane (dead cells) will stain
red whereas cells with an intact membrane (live cells) will stain
green. Whenever DNA and DNase I effects were tested, the
medium was supplemented before biofilm seeding (t=0). In all
experiments, biofilms were analyzed after 24 h of incubation.
Images were acquired on a Zeiss LSM510 META confocal
microscope (Carl Zeiss, Jena, Germany) using a PlanApochromat
63x/1.4 objective for cell viability assays and a C-AproChromat
40x/1.2. Syto 9 fluorescence was detected using the 488 nm laser
line of an Ar laser (45> mW nominal output) and a BP 505-550
filter. PI fluorescence was detected using a DPSS 561 nm laser
(15 mW nominal output) and a LP 575 filter. For imaging, the
laser power was attenuated to 1-2% of its maximum value. The
pinhole aperture was set to 1 Airy unit.

Purification and quantification of eDNA. Biofilms were
grown in 96-well plates at 37°Ci as reported above. eDNA was
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purified from 24 h biofilms exactly as previously described [50].
eDNA was quantified by real-time PCR using the primes gdh-up
(5'-ATGGACAAACCAGCNAGYTT) and gdh-dn (5’-GCTTG-
AGGTCCCATRCTNCC) and spi-up (5'-TTATTCCTCCTG-
ATTCTGTC) and spi-dn (GTGATTGGCCAGAAGCGGAA),
amplifying the gdh and spi genes used for multilocus sequence
typing (MLST), respectively. These are housekeeping genes
located far apart in the R36A chromosome. PCRs were
performed on non-diluted samples with the SYBR Green Jump
Start Taq Ready Mix (Sigma, Steinheim, Germany), according to
the manufacturers recommendations. Purified R36A genomic
DNA at known concentrations was also subjected to quantitative
real-time PCR with each primer pair to generate a standard curve
used to calculate the concentration of eDNA in the unknown
samples. PCR was performed in a 7500 Fast Real-Time PCR
System (Applied Biosystems, Life Technologies, Carlsbad,
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Abstract

Background: The boundaries of bacterial species and the mechanisms underlying bacterial
speciation are matters of intense debate. Theoretical studies have shown that recombination acts
as a strong cohesive force preventing divergence in bacterial populations. Streptococcus pneumoniae
populations have the telltale signs of high recombination with competence implicated as the major
driving force behind gene exchange. Competence in S. pneumoniae is triggered by a quorum-sensing
mechanism controlled by the competence-stimulating peptide pheromone.

Results: We studied the distribution of the two major pherotypes in the pneumococcal population
and their association with serotype, antimicrobial resistance and genetic lineage. Using multilocus
sequence data we evaluated pherotype influence on the dynamics of horizontal gene transfer. We
show that pherotype is a clonal property of pneumococci. Standard population genetic analysis and
multilocus infinite allele model simulations support the hypothesis that two genetically
differentiated populations are defined by the major pherotypes.

Conclusion: Severe limitations to gene flow can therefore occur in bacterial species in the
absence of geographical barriers and within highly recombinogenic populations. This departure
from panmixia can have important consequences for our understanding of the response of
pneumococci to human imposed selective pressures such as vaccination and antibiotic use.

Background

Horizontal gene transfer and recombination, although
recognized as important mechanisms in the evolution of
certain phenotypes such as penicillin resistance in both
Neisseria meningitidis and Streptococcus pneumoniae, were
considered to be rare [1,2]. Full genome sequences and
extensive surveys of bacterial populations using multilo-
cus sequence typing (MLST) have challenged this view

and established the essential role of horizontal gene trans-
fer and recombination in bacterial evolution, revealing
the high frequency of these events [3,4].

Streptococcus pneumoniae (pneumococcus) is an important
human pathogen, taxonomically recognized as a group
within the pneumoniae-mitis-pseudopneumoniae cluster
of the Streptococcus genus [5]. The capacity of pneumo-
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cocci to undergo genetic transformation was recognized
early in the study of this bacterium [6] and it was later
found that competence presented the intriguing property
of being tightly controlled at the population level [7].
Competence was thus one of the first examples of a mul-
ticellular bacterial response coordinated by a diffusible
signal. These processes were later termed quorum-sensing
and found to be used by both Gram positive and Gram
negative bacteria to synchronize the switch of genetic pro-
grams simultaneously at the population level in order to
achieve goals that are unattainable by single cells [8]. Sev-
eral molecules are used by bacteria to regulate their quo-
rum-sensing mechanisms, with modified or unmodified
oligopeptides being used by Gram positive and Gram-
negative bacteria [8]. In S. pneumoniae, a secreted unmodi-
fied 17-aminoacid peptide pheromone, termed the com-
petence-stimulating peptide (CSP), is responsible for
quorum-sensing [9]. The product of the comC gene is
secreted and processed by an ABC transporter (ComAB)
resulting in the accumulation of CSP in the medium. A
two-component regulatory system consisting of a histi-
dine kinase receptor (ComD) and its cognate response
regulator (ComkE) are then responsible for sensing the
CSP concentration and triggering the competence
response.

In pneumococci several distinct mature CSPs have been
identified, although the vast majority of strains produce
one of two variants: CSP-1 or CSP-2 (also designated CSP-
o and CSP-B, respectively) [5,10-12]. Each different CSP
variant identifies a pherotype and strains genetically carry-
ing one of the variants are mostly unable to respond to the
presence of the other signaling peptide, possibly due to
specificity of the ComD receptors for their cognate CSP
alleles [10,11].

Competent bacteria will recognize and bind naked double
stranded DNA fragments present in their environment,
and translocate these fragments in a single stranded form
across the membrane and into the cytoplasm. A number
of genes facilitating recombination of the incoming DNA
with the bacterial chromosome are also upregulated at
competence, favoring the integration of the foreign DNA
fragment that may permanently change the cell genotype
and phenotype [9]. Competent cells are also endowed
with the capacity to kill non-competent pneumococci in a
mechanism named fratricide [13,14] and this may be a
key property for transformation in vivo by providing a
source of free DNA.

Pneumococcal fratricide is committed by cells that are
competent and thus able to lyse non-competent siblings
[13,15-17] with the concomitant release of DNA that will
become available for transformation. The existence of two
predominant pherotypes in S. pneumoniae and the docu-
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mented occurrence of co-colonization [18,19], led to the
proposal of two contrasting models of the pherotype
impact on genetic exchange [15]. In the first model, the
lack of inter-pherotype communication prevents genetic
exchange between phenotypes favoring genetic differenti-
ation [20,21]. The second model is based on the proposal
that the absence of inter-pherotype cross-activation would
result in a race for competence activation with the win-
ning phenotype inducing the lysis of cells belonging to
the other pherotype [22]. The latter would result in a more
frequent exchange of genetic information between differ-
ent pherotype lineages that is assumed to result in
enhanced genetic diversity of pneumococci.

The human host is the only natural ecological niche of all
pneumococcal strains where they are exposed to the same
environmental insults and share very similar lifestyles. We
propose that limitations to lateral gene transfer, through a
kind of "assortative mating" promoted by the existence of
two pherotypes, is creating genetically differentiated sub-
populations within S. pneumoniae.

Results and discussion

Pherotype distribution among the pneumococcal
population

Traditionally, pneumococcal strains have been character-
ized by their capsular polysaccharide (serotype) of which
pneumococci produce 91 chemically and immunologi-
cally distinct variants [23]. Although it has been shown
that the serotype defines important epidemiological and
virulence properties of pneumococcal isolates [24], it is
also recognized that each serotype comprises different
clones that may present different properties [25].

The collection of 483 invasive pneumococcal isolates was
characterized for the comC allele (pherotype) carried by
each isolate. All isolates could be classified either as CSP-
1 or as CSP-2 and, in agreement with previous findings,
most presented the CSP-1 pherotype (70.6%) [see Addi-
tional file 1 - Table S1]. The data was analyzed to deter-
mine if the pherotypes were randomly distributed among
the population or if there were associations with particu-
lar characteristics of the isolates, namely serotype, antibi-
otic resistance and the genetic lineages identified by
pulsed-field gel electrophoresis (PFGE) profiling and
MLST.

As a first approximation we used the Wallace coefficient
(W) [26,27]. W provides an estimate of the probability of
two strains sharing the same pherotype if they share
another characteristic such as serotype or being classified
in the same PFGE cluster. Table 1 shows the W values
obtained, indicating that isolates sharing the same sero-
type have a high probability of belonging to the same phe-
rotype (W = 0.730) and this probability is higher if the
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Table |: Wallace's coefficients and respective confidence
intervals testing the ability of several methods to predict the
pherotype.

Parameter W (95% CI) w2

Serotype 0.730 (0.689;0.772) 0.584
PFGE cluster 0.771 (0.726;0.816) 0.584
Sequence type 0.982 (0.964;1) 0.621
Clonal complex 0.986 (0.961;0.992) 0.621

aW,;is the expected Wallace coefficient if the classification method is
independent of the pherotype.

isolates belong to the same PFGE cluster (W = 0.771).
Both values are significantly different from the expected
values in case of a random association between pherotype
and either of these two characteristics (W; = 0.584), dem-
onstrating that pherotypes are not randomly dispersed
within the pneumococcal population.

To determine if individual serotypes and PFGE clusters
were significantly enriched in isolates presenting each
pherotype, odds ratios (OR) were calculated. A total of
five serotypes are significantly associated with either one
of the pherotypes (Table 2 and see Additional file 1 - Table
S1). The high Wallace values suggest that pherotype/sero-
type association is not only due to these five serotypes.
Many serotypes are present in insufficient numbers to
reach a significant odds ratio. By simultaneously looking
at each pair of strains the Wallace statistic has an increased
power to detect associations. Serotypes 1 and 14 are
strongly associated with CSP-1 whereas serotypes 3, 6A
and 9N show an association with CSP-2. The same
approach was used to determine if pherotypes were asso-
ciated with particular PFGE clusters within each serotype,
aiming to subdivide serotypes into closely related genetic
lineages. Five PFGE clusters showed association with a
particular pherotype [see Additional file 2 - Table S2]. Of
these, the largest PFGE clusters within serotypes 1, 3, 9N
and 14 maintained the same association found between

Table 2: Odds ratios measuring significant associations between
pherotype and serotype.

Serotype CSP-1 CSP-2 OR (95%Cl)> FDR®b
[ 48 2 11434 (2.923;98526) < 104
3 23 23 0.375 (0.193;0.729) 0017
6A 2 1 0.071 (0.007;0.330) 0.001
9N 2 8 0.099 (0.010;0.506) 0.013
14 6l 4 7.497 (2.698;28.985) <104

20dds ratio (OR) describes the strength of the association between a
pherotype and a particular serotype. In each case, if the OR is
significantly > |, CSP-1 is associated with the serotype and if OR is
significantly < | means that the serotype is enriched in CSP-2 beyond
what would be expected.

bValues obtained after false-discovery rate correction for multiple
testing
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these serotypes and pherotype. Possibly due to the small
number of isolates in each PFGE cluster, none of the clus-
ters expressing serotype 6A was significantly associated
with either pherotype, in contrast with the association
found between this serotype and CSP-2. On the other
hand, serotype 4 presents one PFGE cluster that was sig-
nificantly associated with CSP-2, whereas no association
was found at the serotype level possibly as a consequence
of the largest cluster of serotype 4 being mainly CSP-1 [see
Additional file 2 - Table S2]. Taken together the data sug-
gest that pherotype is a clonal property that may vary
independently of the serotype.

MLST is a sequence based approach that uses the sequence
of internal fragments of housekeeping genes for the pur-
pose of characterizing, typing, and classifying members of
bacterial populations. The data derived from MLST can
also be used to study the population genetics of bacteria
such as Streptococcus pneumoniae [28]. Applying eBURST to
MILST data originates subnetworks of isolates with
increased probability of sharing a recent common ances-
tor. These subnetworks define clonal complexes as groups
of isolates that share the alleles at no less than six loci with
at least another member of that group [29]. MLST from 90
selected strains [30] revealed 57 different sequence types
grouped into 39 distinct clonal complexes. The ability of
sequence type and clonal complex to predict the phero-
type is remarkably high, both with W > 0.97 (Table 1).
PFGE and MLST are widely used tools to define bacterial
clones, the fact that the groups defined by both these
methods show such strong correspondence with phero-
type further strengthen the indication that pherotype is a
clonal property within the pneumococcal population.

A consistent hypothesis with pherotype clonality is that
the role of CSP in triggering competence and its conse-
quences on lateral gene transfer is itself responsible for the
distribution of the pherotypes in the pneumococcal pop-
ulation. If this hypothesis is correct and the pherotype is
indeed restricting gene transfer within the pneumococcal
population, genes that are under recent strong selective
pressure and that are known to be horizontally transferred
should be associated with pherotype.

Pherotype and antibiotic resistance

To test our hypothesis, we checked if there was an associ-
ation between antibiotic resistance and pherotype. Resist-
ance to several antibiotics in pneumococcus was shown to
be mediated by the acquisition of foreign DNA that has
subsequently spread within the pneumococcal popula-
tion [31]. Emergence of resistance in pneumococci and its
dissemination in the population is postulated to have
occurred since their widespread use in clinical practice in
the late 1940s. The results in Table 3 indicate that there
was an association of most antibiotics (with the exception
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Table 3: Association between antibiotic resistance and pherotype.

http://www.biomedcentral.com/1471-2180/9/191

Antibiotic CSP-1 CSP-2 OR (95% Cl)2 FDRP
Resistant Susceptible Resistant Susceptible
Penicilline 4 92 249 21 121 2.13 (1.24;3.78) 0.012
Erythromycin 32 309 16 126 0.82 (0.42;1.65) 0.611
Clindamycin 22 319 16 126 0.54 (0.26;1.15) 0.141
Tetracyclined 18 323 20 122 0.31 (0.16;0.70) 0.010
Chloramphenicold 5 336 9 133 0.22 (0.05;0.75) 0.013
Co-trimoxazoled 89 252 17 125 2.59 (1.45;4.86) 0.005
Cefuroximed 68 272 12 129 2.68 (1.38;5.64) 0.010

20dds ratio (OR) measures the strength of the association between a pherotype and resistance to a particular antibiotic. In each case, if OR is
significantly > |, CSP-1 is associated with resistance to that antibiotic and if OR is significantly < | this means that CSP-2 is associated with

resistance to that particular antibiotic.

b Correction for multiple testing performed by the false discovery rate method (FDR)

¢p < 0.05 after FDR correction.

dBoth penicillin intermediate and fully resistant isolates were considered resistant for this analysis.

of erythromycin) with a particular pherotype. Isolates
resistant to penicillin and other B-lactams were associated
with CSP-1. It is known that resistance to B-lactams was
acquired from closely related species of the mitis complex
and that genes encoding resistance are transferred within
the pneumococcal population by genetic recombination
[31]. The fact that penicillin resistant isolates are more fre-
quently CSP-1 suggests that, in addition to the expansion
of resistant clones, current gene flow occurs primarily
between isolates that share the same pherotype.

The relationship between pherotype and restriction/
modification systems

Another important mechanism of lateral gene transfer is
bacteriophage transduction [32]. This is an especially
important mechanism for the transfer of large DNA frag-
ments that may be restricted in transformation. This is for
instance the case of the locus encoding the capsular
polysaccharide biosynthesis machinery and of some of
the genetic determinants of resistance to tetracycline,
chloramphenicol or erythromycin, that are large compos-
ite transposons unable to transfer by conjugation, leaving
phage transduction as the most likely mechanism of dis-
semination in the bacterial population, similarly to what
was described in other streptococci [33].

Transduction should be independent of CSP activity, but
the presence of restriction/modification (R/M) systems
was shown to impair horizontal transfer through this
mechanism [34]. Pneumococci are unusual in that they
posses either one of two complementary R/M systems
located in interchangeable genetic cassettes. Strains of S.
pneumoniae contain either the dpnl cassete, containing an
endonuclease that cleaves only the methylated DNA-
sequence 5'GmeATC3' or the dpnll cassette, which
includes an endonuclease that cleaves the same sequence
when not methylated, together with the corresponding
methylase. These mutually exclusive R/M systems were

shown to protect against viral infection by viruses pro-
duced in cells of the opposite genotype, reducing infec-
tion frequency to < 105 [35].

The R/M cassette has a size compatible with horizontal
transfer by transformation, so we wondered if the distri-
bution of the R/M cassettes could be correlated to the phe-
rotype and thereby contribute to promote asymmetries of
horizontal gene transfer within the pneumococcal popu-
lation.

To pursue this hypothesis, the R/M cassette carried by
pneumococcal isolates previously characterized by MLST
was determined. The proportion of CSP-2 isolates with
the dpnll cassette (3/23) is lower than the proportion of
CSP-1 isolates with that same cassette (25/67) and the
association between pherotype and the R/M system is sig-
nificant (p = 0.037, Fisher exact test), suggesting that
phage transduction may be indirectly arbitrated by the
pherotype via the R/M systems, such that the spread of
large genetic elements that rely on this mechanism of hor-
izontal gene transfer could also be limited by pherotype.

Pherotype is a marker of population segregation

MLST data has been used to characterize the clonality of
bacterial populations and to explore the impact of recom-
bination and mutation in bacterial evolution [4]. For S.
pneumoniae the recombination rate has been estimated to
be 3-10 times the mutation rate per locus [28,36]. To test
if the pherotype could be limiting the genetic exchanges
within pneumococci, we took the simple approach of test-
ing among all pairs of sequence types that diverge at the
allele of a single locus (single-locus variants - SLV) and
that should represent the initial stages of diversification
dominated by recombination, if the allele that differed
was more frequent among sequence types sharing the
same pherotype or among isolates of a different phero-
type. Considering the observed SLV pairs in our study, the
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probability that the changing allele came from a different
pherotype is 0.11. In a panmictic population, the expected
probability would be 0.38 (p < 104, permutation test),
again suggesting that recombination between pherotypes
is reduced.

To test if the populations defined by each pherotype
showed genetic differentiation we analyzed the concate-
nated sequences of six of the genes used in MLST, exclud-
ing ddl since it was previously shown that this gene
showed a hitchhiking effect with pbp2b involved in peni-
cillin resistance[37] and could thus bias the results. Out of
143 mutations in 142 polymorphic sites, 66 were shared
between the two pherotype defined populations, 63 were
polymorphic in the CSP-1 population but monomorphic
in the CSP-2 population and 14 were polymorphic in
CSP-2 but monomorphic in CSP-1. To estimate the level
of gene flow and whether pherotype defined diverging
populations, the classic Fgr parameter [38], the K* ¢ statis-
tic [39] and the more powerful nearest-neighbor statistic
Son [40] were used. The Fg, K*gp and S, statistics are
measures of population differentiation based on the
number of differences between haplotypes. The statistical
significance of both the K*¢rand S, statistics were evalu-
ated by permutation. The data in Table 4 shows that sta-
tistically significant K*¢; values (p < 0.01) were obtained
not only for the analysis of the concatenated sequences
but also for most of the individual genes. The more sensi-
tive S, statistic presented significant values (p < 0.01) for
the analysis of the concatenated sequence as well as for all
individual genes.

A different approach to test if the pherotype is a marker of
genetic isolation consists of calculating the probability
that pairs of isolates with increasing levels of genetic diver-
gence have of belonging to different pherotypes. Figure 1
shows that the closest pairs of isolates have a significantly
lower probability of having different pherotypes. When
genetic divergence increases, the probability of differing in
pherotype also increases, reaching the levels expected by

Table 4: Nucleotide variation and population differentiation
parameters.

Alleles n Fst  K¥%r p(K¥%1)? S P(San)?
aroE 0.005 0.021 0.018 0.022 0.721 <104
gdh 0.009 0.025 0.008 0.115 0.706 0.004
gki 0.019 0.134 0.045 <104 0.810 <04
recP 0.005 0.072 0.039 0.001 0.717 <104
spi 0.009 0.190 0.062 < 104 0.677 0.004
xpt 0.007 0.133 0.042 < 104 0.790 < 104
ddl 0.012 0.018 0.012 0.033 0.738 <104
Combined® 0.009 0.115 0.025 <104 0.833 < |04

3Probabilities evaluated by 1,000 permutations.
bThe results correspond to the analysis of the concatenated
sequences of the aroE, gdh, gki, recP, spi and xpt alleles.
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50

% CSP-1/CSP-2 pairs

# Different alleles

Figure |

Probability of pairs of isolates with different alleles to
belong to different pherotypes. The black line indicates
the fraction of observed CSP-1/CSP-2 pairs differing at the
indicated number of alleles and the grey line the expected
number if there was a random association between phero-
type and sequence type. As the allelic differences increase,
the probability of diverging in pherotype also increases
reaching levels undistinguishable from those expected by
chance when strains differ in more than three alleles. One
asterisk, p < 0.0l and two asterisks, p < 0.001.

chance when isolates differ in more than three alleles.
Again, these results show that isolates that are phylogenet-
ically closely linked have an increased likelihood of shar-
ing the same pherotype.

Infinite allele model

The structured nature of the pneumococcal population
and the geographically limited origin of our sample could
explain, at least partially, the segregation of pherotypes
seen in Figure 1 and the high Wallace indices of Table 1.
To address this issue a MLST infinite allele model was
used to test the effect of restricting or promoting recombi-
nation between the two pherotype defined subpopula-
tions. This modeling approach was previously shown to
reproduce the clonal structure of the pneumococcal pop-
ulation [36,41] and provides a possibly more realistic null
hypothesis for the distribution of phenotypes in the pop-
ulation. The model was expanded to include a new locus
with two possible alleles: CSP-1 and CSP-2. This extra
locus recombines with the same rate as the MLST loci and
the frequency of each allele is kept constant and equal to
70 and 30% of CSP-1 and CSP-2 respectively, correspond-
ing to the observed values in natural populations. Addi-
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tionally, a new parameter IPR was introduced, that
controls the probability of inter-pherotype recombina-
tion. If pherotype differences would not prevent or pro-
mote recombination, the observed frequencies of each
pherotype in the population would lead to a probability
of inter-pherotype recombination of 0.42. Figure 2A
shows that even in the absence of a pherotype effect on
recombination, high Wallace values of clonal complex
predicting pherotype are expected. This result is intuitive
since the recent common ancestry of strains belonging to
the same clonal complex would also cause them to share
the same pherotype. Still, there is a marked shift to higher
Wallace values when the probability of inter-pherotype
recombination decreases (IPR = 0.1 in Figure 2A). On the
other hand, if genetic exchange between pherotypes is
favored, in spite of their different prevalence in the popu-
lation (IPR = 0.9 in Figure 2A), a shift towards lower
W gt Values is observed. When systematically varying
IPR and computing the probability density for the
observed Wallace coefficients (Figure 2B), one concludes
that a value of 0.2 is 2-3 times more likely to explain the
observed values than an IPR of 0.42, expected in case of
no CSP effect in recombination. Since the more probable
IPR is lower than expected if the two pherotype popula-
tions were recombining freely, these results strengthen the

45
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= = =no CSP effect
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proposal that recombination is promoted within individ-
uals sharing the same pherotype, promoting the diver-
gence of two subpopulations of S. pneumoniae.

Conclusion

In agreement with previous suggestions [14,20,21], we
propose that the specific ComC/ComD match facilitates a
form of assortative genetic exchange, which could main-
tain genetically diverse subpopulations within this spe-
cies. Although recent studies addressing the phenomenon
of fratricide in pneumococci favor the hypothesis of pref-
erential inter-pherotype genetic exchange [42], the data
presented here argues that in natural populations intra-
pherotype exchanges prevail, creating a barrier to gene
exchange. In vitro studies that led to the fratricide hypoth-
esis show that if two pneumococcal strains with different
pherotypes are grown together, the one that becomes
competent earlier will have a greater probability of being
transformed with DNA from the other strain [42]. In order
to observe the impact of this admixture promoting event
in pneumococcal natural populations, frequent and ade-
quate co-colonization events involving different phero-
types must occur. On the other hand, fratricide has also
been observed in experiments with a single strain [13].
Dynamic bi-stable regulatory systems, as described for

25

—e— ST->CSP
20! - ® -CC->CSP

Probability density function of Wallace values for simulated populations. Multilocus sequence types of a pneumo-
coccal population were generated with an adapted infinite allele model [36]. It includes an additional locus for CSP type and a
new parameter IPR that, given a recombination event, defines the probability that the two recombining strains have different
pherotypes. The prevalence of each pherotype in the population was fixed during the simulation at 70% for CSP-1 and 30% for
CSP-2. (A) From 1,000 simulations, the probability density functions of Wallace values for Clonal Complex predicting phero-
type were computed for three scenarios: (1) pherotype is a barrier to recombination (IPR = 0.1, red line), (2) pherotype has no
impact in gene exchange (equivalent to IPR = 0.42, black dashed line) and (3) inter-pherotype recombination is favored (IPR =
0.9, green dotted line). The vertical blue line indicates the observed Wallace value in the studied sample. (B) To identify the
value of the IPR parameter that is in best agreement with the data, the probability density at the observed Wallace values was
computed for simulated populations with varying inter-pherotype recombination probabilities (IPR from 0.1 to 0.9), both for
Wallace indexes of sequence type (blue line) and of clonal complex (red line) predicting pherotype.
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Bacillus subtilis [43], may underlie the mechanism leading
to the simultaneous presence of competent and non-com-
petent cells of the same strain or the same pherotype. If
natural co-colonization by strains of different pherotypes
is rare or inadequate to promote gene exchange, it is pos-
sible to reconcile the inter-pherotype fratricide observa-
tions with the pherotype defined genetic differentiation
identified here. The observed genetic barrier would then
be justified if co-colonization events involving different
strains of the same pherotype are more frequent or more
adequate for recombination, leaving intra-pherotype frat-
ricide and genetic exchange as the most common event in
natural populations.

All the isolates analyzed were recovered in Portugal from
invasive infections and it is therefore unlikely that geo-
graphic or ecological fragmentation could explain the pat-
tern observed. The model simulations also exclude the
possibility that our observation results simply from the
structure of the pneumococcal population, with multiple
isolates sharing the same genotype or with a recent com-
mon ancestry. It would also be plausible to assume that
the CSP-2 population was recently established by intro-
duction of a novel pherotype into pneumococci. This
would result in the genome wide differentiation observed,
but if it had occurred recently it would also cause lower
haplotype diversity in the CSP-2 population, that the data
does not support. Furthermore, the CSP-2 pherotype was
found in multiple serotypes and clones, including strains
differing in the alleles of up to five of the seven genes used
in the pneumococcal MLST scheme. These observations
support an ancient origin of the CSP-2 pherotype that
would have allowed sufficient time for the coalescence of
the two pherotype defined populations due to the high
recombination of pneumococci.

Although only invasive strains were used in the present
study, a comparison of previous studies [30,44] indicates
that clones found causing invasive infections are also
found among the most prevalent in carriage, meaning that
the results described here are also expected to be valid for
the overall pneumococcal population in Portugal.

The concept of allopatric speciation follows the intuitive
rationale that genetic divergence subsequent to geo-
graphic isolation could lead to the emergence of different
species [45]. In bacteria, this has been connected with the
concept of ecotypes [46], arising as a consequence of a sin-
gle clone expanding into a new niche. These events have
been implicated in the emergence of human pathogens
from environmental or commensal species, such as the
rise of Yersinia pestis or Mycobacterium tuberculosis from
within the Yersinia and mycobacteria respectively [47].
But genetic differentiation in microorganisms was also

http://www.biomedcentral.com/1471-2180/9/191

shown to occur mainly as a result of geographic barriers,
such as that of the wild yeast Saccharomyces paradoxus [48].

In the absence of ecological isolation, a process of sympat-
ric speciation, shown to occur in sexual eukaryotes [45], is
deemed unlikely in bacteria due to the occurrence of
recombination. In fact, theoretical studies have shown
that if recombination is more frequent than mutation, the
"cohesive force of recombination" is an effective barrier to
divergence and to bacterial speciation [49,50]. This
received further support from the recent observation of an
accelerated convergence of species within the Campylo-
bacter genus proposed to be caused by the breakdown of
ecological or geographical barriers and the effect of
recombination [51].

Pneumococci are generally considered a sexual popula-
tion due to the dominant role of recombination in the
evolution of this species [49]. It was therefore surprising
to find that two genetically distinct subpopulations could
be identified. Extensive sequence divergence, previously
shown to be a major barrier to gene exchange [52], could
not be implicated as attested by the low = values and the
fact that 66 out of the 143 mutations were shared between
the two pherotype populations. Interestingly, the exist-
ence of three differentiated subpopulations within pneu-
mococci, with different rates of admixture, was recently
inferred using a Bayesian method of population analysis
[53], but no explanation for this differentiation was pre-
sented.

We propose that "assortative mating" mediated by differ-
ent pherotypes and ongoing genetic drift may be driving
an incipient speciation process within S. pneumoniae. Our
data support theoretical predictions that the existence of
barriers to recombination allow the accumulation of sig-
nificant genetic drift, even within highly recombinogenic
bacterial species. An understanding of these mechanisms
and their consequences offer further insights into the evo-
lution of bacterial pathogens and may allow more
informed predictions on the consequences of human
interventions such as antibiotic use and vaccination on
bacterial populations.

Addendum in proof

We recently became aware of a study (Omar Cornejo, per-
sonal communication) that has addressed the same issue
discussed here. In contrast to our findings, the authors
failed to detect any differentiation between the two phe-
rotype defined populations. The reasons behind this dis-
crepancy of results is not clear and further studies are
needed to reconcile these apparently contradictory find-
ings.
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Methods

Bacterial strains, growth conditions, PFGE and MLST

A collection of 483 invasive pneumococcal isolates recov-
ered during the period of 1999 to 2002 in Portugal were
obtained from the Faculdade de Medicina de Lisboa col-
lection. The serotype, PFGE type, MLST characterization
and antibiotic susceptibility of these strains were collected
from previous studies[25,30,54]. Briefly, all S. pneumoniae
strains were grown in a casein-based semi-synthetic
medium (C+Y) at 37°C without aeration or in tryptic soy
agar (TSA) (Oxoid, Hampshire, England) supplemented
with 5% (v/v) sterile sheep blood incubated at 37°C in
5% CO,. Antimicrobial susceptibility, serotyping and
PFGE analysis was performed for all isolates. MLST analy-
sis was performed for at least one isolate in each major
PFGE cluster (n = 90) and revealed 57 different sequence
types (ST) corresponding to 39 different lineages by
eBURST analysis.

Detection of the pherotype and endonuclease restriction
phenotype by PCR

CSP-1 and CSP-2 gene fragments were amplified using
multiplex PCR with primers CSP_up (5'-TGA AAA ACA
CAG TTA AAT TGG AAC-3'), CSP1_dn (5'-TCA AGA AAG
GAT AAA GGT AGT CCT C-3') and CSP2 _dn (5'-TAA AAA
TCT TTC AAT CCC TAT TT-3'), which allowed the ampli-
fication of fragments of 620 bp for the CSP-1 allele and
340 bp for the CSP-2 allele. dpnl and dpnll genotype was
also detected by multiplex PCR with primers Dpnl_up (5'-
GAA GTA GGA GAT AAA TTG CCA GAG), Dpnll_up (5'-
TAC GAA TGA TGG GAATAC TGT G-3') and Dpn_dn (5'-
TGT CCT CAA TGC CGT AIT AAA TC-3'), with the
expected products of 342 bp and 421 bp for dpnl and
dpnll, respectively. Template DNA was prepared by dilut-
ing 9 pl of an overnight culture in 441 pl of water and
boiling this mixture for 2 minutes. The PCR reactions were
performed in 50 pl of final volume containing 20 pl of
template solution, 1x reaction buffer (Biotools, Madrid,
Spain), 10 mM dNTPs (Fermentas, Vilnius, Lithuania), 20
pmol of each of the primers and 1.25 U GoTaq Polymer-
ase (Invitrogen, Carlsbad, California). The same PCR pro-
gram was used consisting of 30 cycles of denaturation at
95°C for 1 min, annealing at 55°C for 30 sec, and primer
extension at 72°C for 1 min. Followed by 10 min incuba-
tion at 72°C to complete extension.

Data analysis

Statistical association between serotypes, PFGE clusters,
antimicrobial resistance or endonuclease restriction phe-
notype and pherotype where characterized by odds ratios
(OR) with 95% confidence intervals (CI) computed
through the Fisher method implemented in the epitools
package for the R language. OR significance was evaluated
with the Fisher exact test. The resulting p-values were cor-
rected for multiple testing by controlling the False Discov-
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ery Rate (FDR) under or equal to 0.05 through the linear
procedure of Benjamini and Hochberg [55].

Wallace coefficients (W) and respective 95% confidence
intervals were computed as previously described [26,27].

The relationship between cross-pherotype pair frequency
and the number of divergent alleles between STs was val-
idated for statistical significance by permutation tests. The
latter consisted in repeating the computation of frequen-
cies of cross-pherotype strain pairs for 1,000 times, ran-
domly shuffling the pherotype assignment of the strains
before each repetition. The p-values were obtained from
the fraction of the 1,000 random runs where the cross-
pherotype pair frequency was lower than the respective
values with the correct pherotype assignment. A permuta-
tion test was also performed to evaluate the significance of
the probability that a divergent allele in an SLV pair was
donated from a strain with a different pherotype. In this
case, in each of the 1,000 runs, the divergent allele was
randomly sampled from the corresponding locus in the
collection of STs. The determination of n, Fg, K*grand S,
for the analysis of sequence data was done using the
DNASP v4.50.3 program. The values of K*¢rand S, were
used to assess population differentiation in combination
with permutation tests (1,000 permutations).

Neutral Multilocus Infinite Allele Model

The model presented by Fraser et al. [36] was expanded to
include an additional CSP locus and a new IPR parameter.
The CSP locus has only two possible alleles, CSP-1 and
CSP-2 that can interchange by recombination but are not
affected by mutations. The parameter IPR defines the
inter-pherotype recombination probability. The model
was simulated with the parameter values determined in
[36] for the pneumococcal population. Namely, the pop-
ulation size was 1,000, the population mutation and
recombination rates were 5.3 and 17.3, respectively. All
the analyses were repeated with a population recombina-
tion rate reduced in 50% and the results were qualitatively
similar. All simulations were run for 1,000 generations,
after which the sequence type diversity was stable, as
measured by the Simpson's index of diversity [56]. At each
generation, 70% of the selected individuals were CSP-1
and 30% were CSP-2. For each value of parameter IPR,
1,000 independent simulations were carried out. Wallace
coefficients for ST and CC predicting CSP type were calcu-
lated for each of the final 1,000 populations. Probability
density functions for the Wallace distributions were deter-
mined by kernel density estimation with a Gaussian ker-
nel function. All simulations and computations were
done in Matlab version 7.7.
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Pherotype influences biofilm growth and

recombination in Streptococcus pneumoniae

Running title: Impact of competence stimulating peptide on biofilm

Abstract: In Streptococcus pneumoniae the competence-stimulating peptide (CSP),
encoded by the comC gene, controls competence development and influences
biofilm growth. In the present study, we explored the influence of pherotype,
defined by the two major comC allelic variants (comC1 and comC2), on biofilm
development and recombination efficiency. Isolates recovered from infections and
presenting comC1 show a higher capacity to form biofilms. The influence of
pherotype on biofilm growth was confirmed by experiments with isogenic strains
differing in their comC alleles. Biofilm architecture evaluated by confocal laser
scanning microscopy showed that strains carrying comC1 form biofilms that are
denser and 35% thicker than those carrying the comC2 allele. Evaluation of
competence in liquid culture and in biofilms of isogenic strains of different
pherotypes showed that strains carrying the comC1l allele yielded more
transformants than those carrying the comC2 allele. In contrast to mixed
planktonic growth, within mixed biofilms inter-pherotype genetic exchange is less
frequent than that occurring between bacteria of the same pherotype. Since
biofilms are a major bacterial lifestyle, these observations may explain the genetic
differentiation between populations with different pherotypes reported previously.
Considering that biofilms have been associated with colonization our results
suggest that strains carrying the comC1 allele may be more transmissible and more
efficient at persisting in carriage. Both effects may help explain the higher

prevalence of the comC1 allele in the pneumococcal population.
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1.1. Introduction

Although planktonic bacteria are the most frequently studied microbial
lifestyle in vitro, it is comparatively rare in vivo, where most prokaryotes grow in
matrix-enclosed biofilms. Life within a biofilm matrix, wherein oxygen is limited
and the metabolic rate is altered, results in several benefits, including protection
from environmental threats such as host immune defenses, antibiotics, and
surfactants. Thus, bacteria in biofilms are characteristically highly resistant to
immune-mediated clearance (3, 28, 51) and, in some studies, these biological
structures have been proposed as the way bacteria organize themselves when

colonizing asymptomatically their human hosts (23, 32, 41).

Bacteria are known to communicate with each other within biofilms in
order to set up mutually beneficial associations and coordinate protection
measures. Communication flows through quorum sensing system (QS), where
diffusible chemical signals (autoinducers) interact with specific receptors on the
surface or in the cytoplasm of bacteria, regulating the expression of specific target

genes (1, 20).

Induction of the competent state in streptococci belonging to the mitis
phylogenetic group is controlled by the extracellular concentration of a secreted
peptide pheromone, called the competence-stimulating peptide (CSP) the
processed product of the comC gene (17, 48, 49). In several streptococci, the
functioning of the QS system depends on the products of two distinct genetic loci,
comAB and comCDE (17, 22). The operon comAB encodes the secretion apparatus
necessary for CSP maturation and export whereas the comCDE operon encodes the
immature signal (ComC) and the necessary sensing machinery. The signaling
cascade, which leads to the induction of competence, begins with the interaction of
CSP with its cognate receptor, ComD. When CSP reaches an extracellular
concentration of 1-10 ng/ml, as a result of a basal expression of both operons and
corresponding to a cell density of about 107 cells/ml (17), it binds to the
membrane-bound histidine kinase receptor ComD, causing its autophosphorilation.
Phosphorylated ComD transfers the phosphate group to an intracellular response

regulator ComE, which then upregulates the transcription of the comAB and
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comCDE operons. Phosphorylated ComE also drives the expression of comX that
encodes an alternative sigma factor, so that in response to the signal-peptide, not
only more CSP is produced but a relatively large number of genes are induced
(aprox. 6% of total genome) (36). Only a small part of these genes have direct roles
in DNA uptake, suggesting that the QS system of S. pneumoniae plays a larger role in
the biology of this species. A set of genes induced at competence functions to
trigger the lysis of a fraction of the bacteria within a population (8, 30, 43, 44). This
process of “fratricide” has been postulated to be an important source of DNA for

competent cells.

Several allelic variants of the comC gene have been identified in S.
pneumoniae, although the vast majority of isolates carries one of two variants:
comC(C1 or com(C2 resulting in the production of two distinct peptides CSP1 and CSP2
(38, 39). Each different CSP variant identifies a pherotype and strains genetically
carrying one of the variants are mostly unable to respond to the presence of other

signaling peptide, possibly due to receptor specificity (38, 39).

The existence of two predominant pherotypes in S. pneumoniae and the
documented occurrence of co-colonization (5, 14), led to the proposal of two
contrasting models regarding the pherotype impact on genetic exchange (8). In the
first model, absence of inter-pherotype cross-activation favors the induced lysis of
bacteria belonging to the other pherotype (10). Consequently, DNA of bacteria not
sharing the same pherotype would be released and become available for
transformation, resulting in higher genetic diversity within the pneumococcal
population (11). The second model is based on the premise that the lack of inter-
pherotype communication prevents genetic exchange and favors differentiation
(18, 50). Recently, we have reported that the two predominant pherotypes define
genetically differentiated subpopulations of pneumococci consistent with the
existence of limitations to gene flow between different pherotypes. We proposed
that this “assortative mating” mediated by the pherotypes may be driving an

incipient speciation process within S. pneumoniae (7).

In streptococci, several reports have shown a link between CSP production

and biofilm formation (25-27, 35, 45). In S. gordonii a mutant where comD was
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inactivated presented impaired biofilm growth (27). Further evidence comes from
a report in S.mutans where the inactivation of any component of the comCDE
operon resulted in a phenotype of defective competence and biofilm formation (25,
26). An alternative approach showed that the addition of synthetic CSP favored the
biofilm mode of growth of S.intermedius without affecting the rate of culture
growth (35). A previous study in S. pneumoniae supports the link between
competence and biofilm formation showing that CSP receptor mutants are
incapable of forming biofilms (33). We have recently shown that spontaneous
phage-mediated lysis, through the release of eDNA, promotes pneumococcal
biofilm formation (6). This observation raises the possibility that competence
induced fratricide may also be an important mechanism contributing to the

accumulation of this important biofilm matrix component.

Given the described links between CSP signalling, biofilm growth and
genetic recombination, we pursued the hypothesis that different pherotypes could
vary in their capacity for biofilm growth, and that these differences could influence
the recombination efficiency between strains with different pherotypes. Oggioni
and colleagues had already reported some preliminary data showing that strains
carrying the com(1 allele had higher numbers of cells attached to a plastic surface
(33). Here we show that among strains recovered from human infections, those
carrying the com(C1 allele are better biofilm producers an observation that was
corroborated with isogenic strains differing only in their pherotypes. In contrast to
what happens in planktonic growth, when strains of different pherotypes are
grown together in biofilms, less genetic exchange occurs than when the biofilm is
formed by cells sharing the same pherotype. These observations have important

consequences for the population biology of S. pneumoniae.

1.2. Materials and Methods

1.2.1. Bacterial strains and growth conditions

The 90 invasive pneumococcal isolates were recovered in Portugal during
the period of 1999 to 2002 and are part of the Faculdade de Medicina de Lisboa

collection. Bacterial strains R36A and TIGR4 were obtained from the Rockefeller
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University collection (A. Tomasz). All S. pneumoniae strains were grown in a casein-
based semi-synthetic medium (C+Y) at 372C without aeration (24) or in tryptic soy
agar (TSA) (Oxoid, Hampshire, England) supplemented with 5% (v/v) sterile sheep
blood incubated at 372C in 5% COx.

1.2.2. Liquid medium growth curves

An inoculum of 50 ul of rapidly thawed bacteria was added to a glass tube
with C+Y to reach a total volume of 5 ml. Bacteria were incubated at 372C for 340
minutes and growth was monitored by ODsoonm every 30 minutes. For each strain, 3

replicates of 3 independent experiments were obtained.

1.2.3. Pherotype detection by PCR

The comC1 (CSP1) and comC2 (CSP2) gene fragments were amplified as
previously described (7). Briefly, a multiplex PCR with primers CSP_up (5'-TGA
AAA ACA CAG TTA AAT TGG AAC-3"), CSP1_dn (5'-TCA AGA AAG GAT AAA GGT AGT
CCT C-3") and CSP2 _dn (5'-TAA AAA TCT TTC AAT CCC TAT TT-3') was used to
amplify fragments of 620 bp for the com(1 allele and 340 bp for the com(2 allele.
Template DNA was prepared by diluting 9 pl of an overnight culture in 441 pl of
water and boiling this mixture for 2 minutes. The multiplex PCR reactions were
performed in 50 pl of final volume containing 20 ul of template solution, 1x
reaction buffer (Biotools, Madrid, Spain), 10 mM dNTPs (Fermentas, Vilnius,
Lithuania), 20 pmol of each of the primers and 1.25 U GoTaq Polymerase
(Invitrogen, Carlsbad, California). The PCR program consisted of 30 cycles of
denaturation at 95°C for 1’, annealing at 55°C for 30”, primer extension at 72°C for

1’ and a final 10’ incubation at 72°C to complete extension.

1.2.4. Altered pherotype strain construction

To construct strain R36A-CSP2, the operon comCDE of TIGR4 strain (CSP2
pherotype) was amplified by PCR reaction. Likewise, construction of strain TIGR4-
CSP1 started with the amplification of the operon ComCDE of R36A (CSP1
pherotype). In both cases, primers ComCDE_fw (5-

65



GCTGACCGTGATTTCGTTATTGTG-3’) and ComCDE_rev (5-
AGGATAAGTATGATATGATTGAGC-3"), were used allowing the amplification of
fragments with 3415 bp encompassing the entire comCDE operon. Template DNAs
were prepared by diluting 9 pl of an overnight culture in 441 ul of water and
boiling this mixture for 2’. In both cases, the PCR reaction was performed in 50 pl of
final volume containing 20 pl of template DNA solution, 1x reaction buffer
(Invitrogen, Carlsbad, California), 10 mM of dNTPs (Invitrogen, Carlsbad,
California), 2 mM of MgCl: (Invitrogen, Carlsbad, California), 0,4 pmol of each of the
primers and 1.25 U GoTaq Polymerase (Invitrogen, Carlsbad, California). The PCR
program consisted of an initial 10 cycles of 10” denaturation at 94°C, 30” of
annealing at 532C and 30" of primer extension at 682C. A second run of 10 cycles
started with 15” of denaturation at 949C, 30” of annealing at 539C and primer
extension of 2’ 30” at 689C, with a 20" increase in each successive cycle. The
amplification ends with 7’ incubation at 68°C to complete extension. The resulting
fragments were purified with the High Pure PCR Product Purification kit (Roche
Applied Sciences, Germany) and used directly for transformation with R36A or
TIGR4, as previously described (37), briefly a 5 ml culture of each strain was grown
to an optical density at 600nm of 0.06 and inducing development of competence
with CaClz (0.5mM), bovine serum albumin (0.002%) and CSP1 (250 ng/ml) in case
of strain R36A or CSP2 (250 ng/ml) for TIGR4. After 5 minutes, 1 ml of induced
cells were incubated with 100 ng of donor DNA for 70 min. To select R36A-CSP2
and TIGR4-CSP1 mutants, colony pooling was performed using PCR for pherotype

identification.
1.2.5. Antibiotic resistant strains

The following antibiotic resistant strains were constructed: R36A(NovR)
(novobiocin resistant, streptomycin sensitive), R36A(StrepR) (streptomycin
resistant, novobiocin sensitive), R36A-CSP2(NovR) (novobiocin resistant,
streptomycin sensitive), R36A-CSP2(StrepR) (streptomycin resistant, novobiocin
sensitive). These strains were constructed by transforming R36A and R36A-CSP2
with genomic DNA from the novobiocin and streptomycin resistant strain CP1500.
Transformants were selected by plating on tryptic soy agar (Oxoid, Basingstoke,

United Kingdom) supplemented with 5% sheep blood (blood agar), containing
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5pg/ml of novobiocin or 100pg/ml of streptomycin. Transformants resistant to
one antibiotic were tested for growth on blood agar with the other antibiotic. Only
transformants that presented resistance to one of the antibiotics were selected.

Antibiotic resistant strains TIGR4 and TIGR4-CSP1 were constructed similarly.

1.2.6. Biofilm growth and quantification

Biofilm formation was determined in 96-well flat-bottom polystyrene (PST)
microtiter dishes (Nunc™, Roskilde, Denmark). Cells were grown in C+Y medium to
an ODsoonm between 0.5 and 0.6 and then diluted 1:4 to a final volume of 200 pl per
well. Plates were incubated at 372C and biofilm mass was determined using the
crystal violet staining protocol (31). Biofilm mass was measured at ODs9snm using a
plate reader (Bio-Rad Model 680, Microplate Manager™ software V5.2.1). For the
evaluation of viable cells in biofilms, a previously described procedure was adopted
(46). Biofilms were grown in 96-well plates for 24h at 372C in 5% CO2. Culture
medium was aspirated from the wells to remove planktonic bacteria. Wells were
washed with isotonic phosphate buffer (0.15M, pH 7.2) twice. Biofilms were
scraped thoroughly from each well and well contents were aspirated and placed in
1 ml of isotonic phosphate buffer. Total CFU number was determined by serial
dilution method and plating on appropriate media. For studying the CSP-impact on
biofilm formation, CSP1 (NH2-EMRLSKFFRDFILQRKK-COOH) and CSP2 (NH2-
EMRISRIILDFLFLRKK-COOH) (CASLO Laboratory, Lyngby, Denmark) were added
to the biofilm growth medium at t=0. Biofilm mass quantification was performed at

t=24h corresponding to maximal biofilm growth as determined previously (6).

1.2.7. Transformation within and between strains of different

pherotypes

For the biofilm model, an equal number of isogenic comC1 and com(C2
bacteria, each strain carrying a different antibiotic resistance marker, was seeded
in 96-well plates and after 24h of biofilm growth, transformants within these mixed
strain biofilms were evaluated. For evaluating transformation in the liquid culture,

isogenic comC1 and com(2Z strains, each carrying a different antibiotic resistance
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marker, were individually cultured until ODgoonm= 0.3 was reached. Equal volumes
of both cultures were mixed, diluted 3 times and incubated until ODgoonm= 0.8. In
both biofilm and liquid culture, similar mixtures of two strains with the same
pherotypes but different antibiotic resistance markers were used as control. The

proportion of doubly resistant CFUs was indicative of transformation.

1.2.8. Confocal laser scanning microscopy

Biofilms were stained by using the Live/Dead BacLight kit (Invitrogen,
Carlbad, USA) and examined by confocal laser scanning microscopy. Images were
acquired on a Zeiss LSM510 META confocal microscope (Carl Zeiss, Jena, Germany)
using a PlanApochromat 63x/1.4 objective for cell viability assays and a C-
AproChromat 40x/1.2. SYTO 9 fluorescence was detected using the 488 nm laser
line of an Ar laser (45 mW nominal output) and a BP 505-550 filter. Propidium
iodine fluorescence was detected using a DPSS 561 nm laser (15 mW nominal
output) and a LP 575 filter. For imaging, the laser power was attenuated to 1 - 2%

of its maximum value. The pinhole aperture was set to 1 Airy unit.

1.2.9. Sequence analysis

To determine the level of identity between the operon comCDE of strains
R36A and TIGR4, an alignment of the amino acid sequences of the products of both
operons was performed using the software Geneious Pro 4.0.4 (Biomatters,
Auckland, New Zealand). The sequences with the following Genbank accession
numbers were used: NC_003094 and NC_003028. To compare the promoter region
of the operon comCDE of strains CSP1 [already described in (16)] and TIGR4
(CSP2), an alignment of nucleotide sequences was performed using the same

software.

1.2.10. Data analysis

One-way and two-way analysis of variance (ANOVA) were used to test
effects of CSP level and pherotype on biofilm development or transformation

efficiency, followed, when appropriate, by pairwise Tukey's post tests, using

68



GraphPad Prism version 4.0a for Macintosh (GraphPad Software, San Diego,
California USA). In the figures presented, error bars represent 95% Student’s t

confidence intervals for the sample mean.

1.3. Results

1.3.1. Pherotype influences in vitro biofilm growth

A total of 90 invasive pneumococcal isolates, representing 26 serotypes and 57
sequence types by multilocus sequence typing (2, 42) and screened for the comC
allele carried by each isolate (7), were tested for their capacity to form in vitro
biofilms in 96-well plates. Overall, isolates presenting the CSP2 pherotype showed
a lower capacity to form biofilms (Figure 1). Since these strains represent diverse
serotypes and genetic lineages this observation suggested that the pherotype
impact on biofilm formation was independent of the genetic background and other

strain characteristics.

In order to better understand the influence of the two major pherotypes on
biofilm growth, we constructed two strains where the pherotypes were switched
relative to the ones presented by the wild-type (R36A-CSP2 and TIGR4-CSP1) with
the objective of comparing their biofilm formation capacity with that of the isogenic
wild-type strains. To do so, we extracted the operon comCDE of the donor strain
(TIGR4 or R36A) and replaced it by recombination in the genome of the receptor
strain. We also compared the DNA sequence of the previously described promoter
region for operon comCDE in com(1 strains (16) with the nucleotide sequence of a
com(2 strain and found that both promoter regions are identical, suggesting a

similar regulation of expression of each of the pherotype variants.
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FIGURE 1 - Distribution of pherotype-characterized strains according to the ability to form in
vitro biofilms. A total of 90 strains with pherotype CSP1 (n=67) or CSP2(n=23) were screened for

their ability to form biofilms in 96-well plates. Each plotted value is an average of 9 replicates.

The identity of ComC, ComD and ComE of R36A and TIGR4 was determined by
performing an alignment of the amino acid sequences of each protein of both
strains. ComC includes 41 amino acids with an overall 81% identity between the
two variants. However, all of the 8 differences are concentrated in its mature form
(found in the extracellular medium), i.e. the 17 amino acid peptide that constitutes
the CSP. The 441 amino acids of each of the ComD variants share 97% identity and
ComE presents 250 amino acids that are 100% identical in the two strains. This
indicates that the differences observed between the mutants with the replaced
pherotype and their isogenic counterparts must be caused by the alterations in

ComC and ComD.

In liquid growth, the resulting strain R36A-CSP2 shows a similar generation
time in the exponential growth phase (70.5 minutes; 95% confidence interval 68.4-
72.6 minutes) than the wild-type strain R36A (69.3 minutes; 95% confidence
interval 66.8-71.7minutes). The same pattern was observed with TIGR4 (81.4
minutes; 95% confidence interval 78.4-84.3 minutes) and TIGR4-CSP1 (79.0

minutes; 95% confidence interval 75.7-82.2 minutes).

It had been previously shown that the addition of synthetic CSP to biofilms
resulted in increased biofilm mass (33). We decided to evaluate the capacity to

form biofilms of both pherotype variants and of the wild-type strains. Additionally,
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we added synthetic CSP1 and CSP2 to each strain to verify if each one responded
exclusively to its cognate CSP. The impact on biofilm formation was measured by
the determination of CFUs detached from the 96-well-plates after 24h of incubation
(Figure 2). Two-way ANOVA of the effects of the amount of cognate CSP and
pherotype on biofilm viable counts shows that both factors have significant effects
(p<10-4 in both cases) and there is also a significant interaction effect (p<10-4). The
later results from the amplification of the difference between pherotypes in the
presence of cognate CSP. The same analysis applied to the effects of non-cognate

CSP level and pherotype reveals that only the latter retains a significant effect.
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FIGURE 2 -R36A and R36A-CSP2 mutant biofilms respond to cognate CSP in a dose-dependent
manner. R36A and R36A-CSP2 were incubated with synthetic CSP1 (white bars) and CSP2 (grey
bars) during a biofilm growth experiment. Biofilm response to CSP was evaluated by determination
of CFUs detached from the 96-well-plates after 24h of incubation. Error bars represent 95%
confidence intervals for the mean of 3 independent experiments each with 3 technical replicates.
Both strains were responsive to their cognate CSP but not to their heterologous CSP. R36A-CSP1
forms more biofilm than R36A-CSP2 and this observation is repeated for the synthetic CSP dosages
used (10, 100 ng/ml).

The results show that R36A-CSP2 responds in a dose-dependent manner to
synthetic CSP2 and not to CSP1 as did the wild type and the reverse is true for
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TIGR4-CSP1. This non-promiscuous sensing of each peptide (CSP1 and CSP2) by
their cognate receptors was also noted previously (38) and can be used as a
functional assay to detect the pherotype of a given strain (39). These results also
show that isogenic CSP1 strains form better biofilms than their CSP2 counterparts

and that this effect is amplified for the several synthetic CSP dosages used.

The architecture of the biofilms formed by R36A and its isogenic mutant was
evaluated by confocal laser scanning microscopy (CLSM). As can be seen in Figure 3
the wild-type strain (CSP1) forms biofilms that are 35% thicker than R36A-CSP2
biofilms. Figure 3 also shows that R36A biofilms are more densely packed when
compared to R36A-CSP2. Taken together these data justify the differences

observed in terms of CFUs described above.

1.3.2. Pherotype influences pneumococcal transformation in

planktonic growth

We decided to test if the observed differences in the capacity of biofilm formation
for each pherotype would also be reflected in transformation efficiency in different
growth conditions since CSP is the key trigger of the competence activating
cascade. We started by testing transformation of R36A, R36A-CSP2, TIGR4 and
TIGR4-CSP1 in liquid culture. DNA from strain CP1500, which carries resistance
genes for both streptomycin and novobiocin (29), was used in the transformation
assay. Transformants were identified by the acquisition of the streptomycin
resistance phenotype (Figure 4). The strains carrying the com(1 allele yielded 50%
and 37% (for R36A and TIGR4, respectively) more transformants than their
isogenic com(2 strains (Student’s t test, p<10-4 for both R36A and TIGR4 genetic
backgrounds). A similar result was obtained previously (21) when transformation
in liquid culture from both comC1 and com(2 strains was compared. These strains
had their comC locus deleted and competence was induced by artificial CSP
addition. In that experiment, performed in a genetic background similar to R36A4,
the comC(C1 strain yielded 56% more transformants than the com(C2 strain, a

comparable result to ours.
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R36A R36A CSP2

FIGURE 3 - Confocal laser scanning microscopy (CLSM) images of R36A and R36A-CSP2
mutant biofilms. R36A and R36A-CSP2 were grown for 24 h at 372C and examined by CLSM. Live
cells are stained in green and dead cells in red. Images show that R36A forms biofilms that are

around 30% thicker and more densely packed than R36A-CSP2 biofilms.
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FIGURE 4 - Transformation experiment of R36A and R36A-CSP2 mutant in liquid culture. DNA
from strain CP1500 (29) was used for the transformation and transformants with streptomycin and
novobiocin resistance phenotypes were screened for both pherotypes and no differences were
noted. Results are a total of the observed transformants resistant to any of the two antibiotics,
subtracting transformants with double antibiotic resistance. R36A-CSP1 yields 1.4x more
transformants than R36A-CSP2. Error bars represent the 95% confidence interval for the mean of 9

replicate experiments.
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1.3.3. Intra-pherotype recombination prevails within biofilms

We then performed experiments to explore intra- and inter-pherotype
recombination in both biofilm and liquid culture without exogenously added DNA
(Figure 5). Analysis of variance indicates significant differences between the mean
proportion of doubly resistant bacteria (transformants) in biofilms (p<10-* for both
R36A and TIGR4 genetic backgrounds) and in liquid culture (p<10-4 for both R36A
and TIGR4 genetic backgrounds). Post-hoc analysis reveals that the proportion of
transformants is higher for a mixture of R36A (CSP1) carrying different resistance
markers when compared with an R36A-CSP2 pair of strains in both biofilm (p<10-
3) and liquid culture (p<10-2). The same is observed for TIGR4-CSP1 and TIGR4
(CSP2) comparison in biofilms (p<10-3), but statistical significance is not reached in
liquid culture. The higher transformation efficiency of CSP1 strains, already
detected in liquid culture, was also observed in biofilms (Figure 5, panel A). Mixed
cultures of CSP1 and CSP2 strains do present statistically different transformation
efficiencies when compared with transformation occurring between strains
producing the same CSP, in both biofilm and liquid culture and independently of
the genetic background (p<10-3 in all four cases). Since mixtures of CSP1 and CSP2
strains with reversed antibiotic resistance markers do not present statistically
different proportions of transformants, this effect cannot be attributed to a
different behavior of the two antibiotic resistance markers used (Figure 5, hatched
bars). However, the observed differences have opposite signs in biofilm and in
liquid culture. In the latter, inter-pherotype transformation is more efficient and
that can be interpreted as a consequence of a directional fratricide effect (9, 15). By
directional we mean that one of the pherotypes is preferentially lysed during
fratricide. CSP1 and CSP2 strains can reach the competent state at different times,
due to the non-responsiveness of the ComD1 and ComD2 receptors towards their
heterologous CSPs (38, 39). The first pherotype to achieve competence can then
induce the lysis of bacteria with the other pherotype. We do not exclude that some
lysis of bacteria with the same pherotype may occur, but we expect this to happen
with lower frequency, since competent cells activate the expression of a lysis
immunity protein ComM (19) and the majority of non-competent cells will carry

the opposite com( allele.
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FIGURE 5 - Comparison of intra-pherotype and inter-pherotype recombination in in vitro
biofilms and liquid cultures. Each bar represents the fraction of double resistant CFUs in the total
number of CFUs. Experiments were performed both in biofilm (panel A) and in liquid culture (panel
B) by mixing equal amounts of two strains, each with one antibiotic resistance marker (novobiocin
and streptomycin). In each experiment, the two leftmost bars represent mixtures of strains with the
same pherotype and on the right bars pherotypes were mixed to evaluate inter-pherotype
recombination. White bars represent mixtures of CSP1 strains, grey bars CSP2 strains and hatched
bars mixtures of CSP1 and CSP2 strains. In the left slanted hatched bars the CSP1 strain carried the
novobiocin resistance marker, while the CSP2 strain carried the streptomycin resistance marker. In
the right slanted hatched bars the resistance markers on the strains were reversed. Results show
that in biofilms intra-pherotype recombination is more frequent than inter-pherotype
recombination. The opposite relationship is observed in liquid culture. Error bars represent the
95% confidence intervals of the mean of 3 or 9 (biofilms and liquid culture, respectively)

independent experiments. Each independent biofilm experiment consisted of 3 technical replicates.

While in an homogeneous bacterial culture only the small fraction of non-
competent cells are susceptible to lysis, in mixtures of CSP1 and CSP2 strains in
liquid culture the entire population carrying the comC allele that “lost” the

competence race will be susceptible to lysis. Our data are compatible with this
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hypothesis, resulting in more bacterial lysis and higher amounts of free DNA for

subsequent recombination.

In contrast to planktonic growth, in biofilms intra-pherotype recombination is
more frequent than inter-pherotype recombination. The lower number of inter-
pherotype transformants in biofilms could be biased by a different representation
of each pherotype in the mixed strain biofilm. Different frequencies of each
pherotype in the final biofilm population could be due to different biofilm growth
rates or to a directional fratricide effect. Considering the separate biofilm growth of
each pherotype, we estimated a proportion of 68.5% and 70.9% of bacteria bearing
CSP1 (for R36A and TIGR4 genetic backgrounds, respectively) in the mixed biofilm
in the absence of directional fratricide or other interference in biofilm growth rate
due to the presence of bacteria with the CSP2 pherotype. To compare these values
with what was happening in our experiments, 48 colonies representing the
population constituting a biofilm with 24h of growth that had been seeded with
CSP1 and CSP2 strains, were randomly picked and pherotyped. We observed
proportions of colonies of the CSP1 pherotype of 72.9% (CI 95% 60.3-85.5%) and
62.5% (CI 95% 48.8-76.2%) (for R36A and TIGR4 genetic backgrounds,
respectively). These are not significantly different from the predicted values,
indicating that the difference in biofilm growth capacity of CSP1 and CSP2 strains
may be the sole cause of the frequency imbalance between the two pherotypes in

the final bacterial population forming the mixed biofilm.

Considering that transformation can occur randomly between any two bacteria,
with one acting as DNA donor and the other as acceptor independently of
pherotype, the measured proportion of doubly resistant bacteria would be maximal
if half of the total bacteria had a different antibiotic resistance marker. If one
marker is more frequent than the other, more transformation events will occur
between bacteria with the same marker resulting in fewer doubly resistant
transformants. Accordingly, we used the expected frequencies of each pherotype
and estimated that a reduction of 13.6% (95% CI 10.8-16.4%) for the R36A and
17.5% (95% CI 11.9-23.2%) for the TIGR4 genetic backgrounds, respectively, in the
proportion of doubly resistant transformants can be attributed solely to the

frequency imbalance of the pherotypes in the mixed biofilm. However, when we
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compared the proportion of doubly resistant transformants obtained in intra-
pherotype or inter-pherotype transformation in biofilms, we observed reductions
of 77 to 90%. This means that the lower inter-pherotype transformation efficiency
is not exclusively due to the pherotype frequency imbalance. In other words, there
is an effective reduction in the probability of inter-pherotype transformation

within biofilms.

We also tested if transformation was as likely to occur with CSP1 or CSP2
bacteria acting as DNA acceptors. For that purpose, 48 doubly resistant colonies
(transformants) obtained after 24h of growth of a biofilm seeded with CSP1 and
CSP2 strains, were randomly picked and pherotyped. We observed that these
transformants were enriched in the CSP1 pherotype: 91% (95% CI 83.8-99.5%) of
CSP1 bacteria for mixed biofilms of strains with the R36A genetic background and
83.3% (95% CI 72.8-93.9%) for mixed biofilms of strains with the TIGR4 genetic
background. The proportions of CSP1 bacteria among transformants are
significantly higher than those found among all bacteria in the biofilm (Fisher exact
test, p<0.05 for both R36A and TIGR4 genetic backgrounds). These data are
consistent with the higher transformation efficiency of isogenic CSP1 strains when
compared with CSP2 strains and are compatible with limited localized directional

fratricide, as documented in a larger scale in the case of planktonic growth.

Globally, these results suggest that, within biofilms, the inter-pherotype
fratricide phenomenon is less frequent, eventually due to a more restricted spatial
organization of bacteria with different pherotypes. Spatial restrictions may impact
on DNA diffusion within the biofilm and, since it is also believed that physical
contact between competent and non-competent cells may be required to induce
lysis (19), hamper the capacity of the highly competent CSP1 bacteria inducing lysis

of their CSP2 counterparts.

1.4. Discussion

Evolution of a new pherotype requires matched mutations in both the comC and

comD sequences that encode the CSP and its cognate receptor, respectively. Only

77



then bacteria of the new pherotype will be able to sense the altered CSP produced
by themselves and by other bacteria with the same pherotype, but not from

bacteria with the original pherotype.

These changes can potentially alter the efficiency of the competence activation
pathway. An important end point of this activation is the induced lysis of a fraction
of the pneumococcal population, a phenomenon known as fratricide (15). This
targeted lysis is essential for the release of DNA to the environment, where it can
participate in transformation events. Additionally, as it has been recently proposed
in S. pneumoniae (6) and in close related species (34, 47), released DNA can be

incorporated into the biofilm extracellular matrix, enhancing biofilm development.

Comparison of isogenic CSP1 and CSP2 strains resulted in three observations
supporting the existence of differences in competence of the two pherotypes and of
their impact on biofilm growth: 1) transformation of CSP2 strains with exogenously
provided DNA in liquid medium is less efficient than that of CSP1 strains, 2) biofilm
growth of CSP2 strains is hampered relatively to CSP1 strains, 3) addition of
synthetic cognate CSP amplifies the differences in biofilm growth between

pherotypes.

Biofilms may be the preferred lifestyle of bacteria during asymptomatic
colonization of the nasopharynx (4, 23). If this is so, then the higher capacity of
CSP1 strains to develop biofilms can lead to higher transmissibility or longer
duration of colonization. Both effects can help explain the higher prevalence of the

CSP1 pherotype in pneumococcal populations (7).

Besides biofilm development, different pherotypes also influenced
transformation frequency within biofilms. This effect could have a larger impact on
the biology of pneumococcal colonization. Unlike when causing infections, multiple
pneumococcal strains simultaneously colonizing one individual may be the norm
(5, 40). Co-colonization offers the opportunity for gene exchange that can occur
through several mechanisms such as conjugation, transduction or, particularly in
the case of pneumococci, through competence mediated transformation. The later
is considered the major mechanism of generating genetic diversity in this species,

driving the evolution of Streptococcus pneumoniae (12, 13).
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In a recent population genetic study, we suggested that a predominance of
intra-pherotype recombination is driving genetic differentiation between
pneumococcal strains with different pherotypes (7). The results presented here
clarify the apparent conflict between a higher inter-pherotype transformation
efficiency due to fratricide suggested previously (19) and the results of the
population study. The data reported in this paper supports the population study
indicating that genetic exchange between strains with different pherotypes was
less frequent than intra-pherotype gene exchange within biofilms that are likely to

be associated with colonization where most genetic exchange is expected to occur.

By showing that pherotypes differ both in their biofilm formation and
transformation efficiency, with a clear advantage of CSP1 strains, we provide a
powerful example of the possibly broad impact of limited genetic differences (in
this case restricted to the comCDE operon) on the bacterial phenotype that may be
reflected in host-pathogen interactions and on the population biology of a given
species. Taken together, these results provide new insights towards elucidating the

biological significance of pherotypes in S. pneumoniae.
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Chapter 5

Final Remarks and Future Perspectives

For over a century, Streptococcus pneumoniae strains have been
categorized by serology, with distinct serotypes identified on the basis of ninety-
four immunologically and chemically distinct polysaccharide capsules [1, 2].
More recently, molecular typing, such as pulse-field gel electrophoresis of
endonuclease digestion fragments and multilocus sequence typing has refined
the observation of the diversity in the pneumococcal population showing that
even within serotypes different clones exist [3, 4]. Moreover, during the last
decade, it has been shown that pneumococcal diversity is, in fact, high as

determined by its large genome plasticity [5-7].

In this thesis we decided to explore the mechanisms that generate
pneumococcal genetic diversity and explored the impact that biological variants
implicated in the major process of gene exchange could have on biofilms, which

are the structures where bacteria spend most of their lifetimes [8].

Biofilms are in themselves strategies of microbial survival providing a
protective environment and acting as a reservoir for dissemination between
hosts. Considering this fact and adding the physical proximity of bacteria within
biofilms, it is probable that genetic exchange will occur preferentially within
these bacterial structures. Thus biofilms may play a central role in pneumococcal

biology.

For the last decade, eDNA has been increasingly recognized as a critical
element of the biofilm structure, providing structural stability and protection
against antimicrobial agents [9-12]. One strategy for eDNA to become available
for incorporation into the biofilm structure is through prophage host-mediated
lysis. The large majority of pneumococcal clinical isolates carry prophages [13,
14], which upon induction will shift to the lytic mode resulting in host lysis and
consequent eDNA release. An in vitro system was used to understand the effect

of lysogeny and its spontaneous-mediated host lysis in pneumococcal biofilm
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formation. Our data provides evidence that prophage carriage has a positive
impact on biofilm formation and that, although spontaneous phage induction
results in the death of their bacterial hosts, the bacterial population as a whole
can benefit from these events. It had already been shown that the mobilization of
the host autolytic enzyme guaranteed an optimized lysis with the release of a
higher proportion of phage progeny relative to sole dependence the on phage
encoded lysin [15]. Interestingly, we found that host lysis in biofilms is also
accomplished by the combined action of both these lytic activities, despite cell
behavior in this structured lifestyle being often distinct from that of planktonic
cells. Thus, an optimized lytic process underlies a very favorable phage-bacteria
cooperative relationship. Moreover this work provides evidence for the link
between the DNA released through phage mediated-lysis and the observed

enhancement in pneumococcal biofilm formation.

Another factor that is known to be able to enhance streptococcal biofilm
growth is genetic competence [16-20]. We decided to explore the effect of
competence, through the contribution of the two major pherotypes, firstly on the
pneumococcus ppulation genetics and afterwards on the ability of this bacterium

to form biofilms.

We started by designing and performing a molecular epidemiology study
with pneumococcal invasive isolates [21]. The first result documented the
dominance of CSP1 over CSP2 within the population: more than 70% of analyzed
strains presented the CSP1 pherotype. It was also shown that pherotypes are not
randomly distributed among the population, as several associations were
detected. For example, serotypes 1 and 14 were found to be strongly associated
with CSP1 whereas serotypes 3, 6A and 9N showed a clear association with
CSP2. Five PFGE clusters were associated with a particular pherotype and the
ability of the sequence type and clonal complex defined by MLST to predict the
pherotype was remarkably high. We also detected an association with some
antibiotics, as isolates resistant to penicillin and other p-lactams were associated
with CSP1. Moreover, we found that phage transduction may be indirectly
arbitrated by the pherotype via the restriction/modification systems, such that

the spread of large genetic elements that rely on this mechanism of horizontal
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gene transfer (e.g. the locus encoding the capsular polysaccharide biosynthesis
machinery and some of the genetic determinants of resistance to tetracycline,
chloramphenicol or erythromycin), could be limited by the pherotype. Statistical
analysis of genetic differentiation within the pneumococcal population also
showed that strains phylogenetically close have an increased likelihood of
sharing the same pherotype. As a whole these data suggest that the presence of
the two pherotypes and its failure to communicate with each other was having a

detectable impact in the genetic diversity of the pneumococcal population [21].

We then moved forward to explore if strains with different pherotypes
could vary in their capacity for biofilm formation and if these putative
differences could influence the interpherotype recombination efficiency. The
study design was a comparison of the behavior between R36A and TIGR4, two
pneumococcal laboratory reference strains that produce respectively, CSP1 and
CSP2, and their isogenic mutants that differed only on the fact that their CSP
alleles were switched (R36A-CSP2 and TIGR4-CSP1). We observed that biofilms
of strains presenting CSP1 had increased biofilm mass and are more densely
packed as shown by CLSM. Moreover, the addition of synthetic cognate CSP
amplifies the observed differences in biofilm growth between pherotypes. Since
CSP is a key trigger of the competence-activating cascade, we then checked if
transformation efficiency was also being affected by the different pherotypes.
Our data showed that CSP2 strains, with exogenously provided DNA transforms
less efficiently than the CSP1 strains both in liquid medium and within biofilms.
So the differences in biofilm formation and transformation efficiency caused by
pherotypes, with a clear advantage of CSP1 strains, are an example of the
possibly broad impact of limited genetic differences, in this case restricted to a

single gene (com(), on the S. pneumoniae phenotype.

The data reported in this thesis work indicates that genetic exchanges
between strains with different pherotypes are less frequent that intra-pherotype
gene exchanges. These observations where obtained with bacteria living within
biofilms, which are structures likely to be associated with colonization where
most genetic exchange is expected to occur. So, we propose that the higher

prevalence of the CSP1 pherotype observed in the pneumococcal population, can
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eventually be supported by the higher capacity of these strains to develop
biofilms, which could lead to a higher transmissibility and longer duration of

colonization.

Throughout the studies performed, the variants observed lead to binary
genotypes: a) to present the CSP1 or CSP2 pherotype and b) to carry or not to
carry a prophage. In both cases there is one genotype that favors biofilm
formation: a) to present CSP1 and b) to carry a prophage. We detected that the
biofilm-favoring genotype is the most prevalent among the clinical invasive
isolates studied, which could be an indicative that the ability to form biofilms is
important for the success of pneumococcal strains in causing invasive disease. To
test this hypothesis it would be necessary to perform a comparative study
between invasive and colonization strains to determine if there are differences in

the dominance of the biofilm-favoring genotype.

Another remark that results from the collected data is that both studied
processes that enhance biofilm formation, the CSP signalling and the
spontaneous prophage release, have in common the involvement of lysis of a
fraction of the bacterial cells inside the biofim. We showed that LytA was
implicated in the enhancement of biofilm through prophage-mediated lysis and
it had previously been documented that LytA resulting from the competence
activaction (via CSP signaling) was important for biofilm development. In both
processes, the bacterial major autolysin, LytA, plays a relevant role and eDNA is
implicated. The recruitment of LytA yielding eDNA through cell lysis of a fraction
of the population may be a property that is being favored within clinical isolates.
Two proposals can then be established: a) the same level of partial population
lysis found in clinical isolates is also prevalent among colonization strains: if so,
this property may be important for the complete pneumococcal lifestyle or b)
levels of population lysis found among colonization strains are smaller, which

could indicate that limited lysis is specifically promoting the invasion process.

Another important contribution of the present work is that combining the
obtained results a set of interesting questions can be raised. Those questions can

be separated into two major paths:
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1. from biofilms towards pneumococcal population and clinically important
issues;

2. from biofilms towards the cellular and molecular aspects.

In the first path, the most obvious question to be raised concerns the
comparison of the frequency of CSP1 and CSP2 obtained in our study among a
population of isolates causing human infections with a population of colonization
strains. As an association between the pherotype and the serotype was observed
in our study and because the frequency of serotypes is different among
colonization and clinical isolates, we expect to observe differences in the
frequency of CSP1/CSP2 in colonization versus the frequency observed among
isolates causing infections. Nevertheless, it persists among the scientific
community the uncertainty that when a strain with a given serotype and a given
genetic typing profile is detected both in colonization and in invasion this
happens due to molecular differences that are not associated with the serotype
and with the genetic typing method or, on the other hand, this dual ability to
colonize and invade is common among the pneumococci with a more

accentuated preference of strains for one of the processes.

An additional aspect that could also be explored relates to the prophage
distribution within the pneumococcal population. Prophages have a high
prevalence in isolates associated with infection [13, 14]. In this thesis work, we
showed that a bacterial community benefits from the spontaneous prophage
induction in a fraction of its members since it promotes biofilm renewal and may
improve biofilm architecture increasing the overall competitive fitness of the
bacterial population. It would now be interesting to test if the prevalence of
prophages varies between colonization and invasion strains and to see if the

advantage on biofilm formation favours any of these stages.

Another aspect that could be exploited is to study the impact of CSPs and
spontaneous prophage-mediated lysis in continuous biofilms. The well-
established in vitro system used within this thesis work is ideal to study
adhesion and early biofilm development of bacteria. So it would now be

interesting to observe if the same conclusions obtained with this study are
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conserved in a more dynamic system where biofilms are allowed to grow for a
broaden time scale. If results are similar to those obtained in the in vitro system
used or if the effect of biofilm enhancement is amplified in the dynamic system it
supports the idea that CSP and prophage carriage are important throughout
biofilm full development. On the other hand, if significant less biofilm
enhancement effect is observed with the dynamic system, it may indicate that
the biofilm enhancement caused by both CSP and prophage-mediated lysis is

more important during the initial steps of biofilm formation.

Moving beyond the in vitro systems, it would be important to know if the
effects of both CSP and prophage carriage on biofilm formation are extensible to
in vivo animal models. If such a study corroborates the differences observed
between the two pherotypes as well as the impact resulting from prophage
carriage, it would be a more direct evidence for the implication of these
parameters on pneumococcal lifestyle. By doing so, these results could provide a
mechanism to explain the distribution asymmetries of pherotypes and prophage
carriage (among invasive isolates or possibly between invasive and colonization

isolates and within the latter) in the pneumococcal population.

The frequencies of intra- and interpherotype that were measured during this
thesis work could be explored to estimate the evolutionary dynamics of the
pneumococcal population. These frequencies could globally explain the
differences in genetic diversity within each pherotype. Ultimately, these studies
could justify the coexistence of the two major pherotypes within the

pneumococcal population.

In the second path, towards the cellular and molecular aspects of
pneumococcal biofilms, several aspects deserve further elucidation. To begin
with, it is presently unknown what are the dynamics of competence activation
within biofilms. In particular, it would be enriching to find out what fraction of
cells enter the competent state and if these cells form a spacially organized
pattern within the structure of the biofilm. This information could allow a deeper

understanding of the impact of DNA release on biofilm development as well as
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provides new hypothesis to explain intra- and interpherotype transformation

frequencies.

The understanding of prophage-mediated lysis on pneumococcal biofilms
could also be enhanced by a spatial model of biofilm architecture. Prophage lysis
could be preferentially induced in cells under stress, namely by nutrient
deprivation. If so, besides DNA release, the lytic event could generate a structural

renovation of the biofilm in critical regions.

Finally, the molecular determinant of the phenotype differences found
between CSP1 and CSP2 could be further explored through binding and
structural biochemistry assays of the receptor ComD for both pherotypes and
their cognate signal peptides. ComC includes 41 aminoacids with 81% identity.
Nevertheless, in its mature form (found in the extracellular medium), the peptide
presents 17 aminoacids with 53% of identity. The 441 aminoacids of ComD
share a 97% identity and ComE presents 250 aminoacids with 100% identity.
This indicates that the differences observed between the mutants with the
replaced pherotype and their isogenic counterparts must be caused by ComC
and/or ComD. Sequence modifications can yield differences in affinity and/or
kinetics of the ComC/ComD binding. These differences would impact on the
remaining downstream signaling competence cascade, resulting in the observed

phenotypic differences in biofilm development and transformation efficiency.

Throughout this thesis work, we found that within the pneumococcal
population, two distinct subpopulations can be segregated based on their
pherotype. We also found that one of the pherotypes, CSP2, is less efficient at
transforming and at forming biofilms. This information could eventually be used
to favor this subpopulation and, by doing so, decreasing the transmission of
antibiotic resistance genes and other genes capable of improving the bacterial
pathogenic potential. Aiming for the total eradication of S. pneumoniae would
rather result in the vacancy of its ecological niche that would be probably
occupied by other species potentially capable of causing disease in the human

host. So favoring the existence of the individuals that respond less promptly to
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new environmental challenges is probably a safer way of controlling the co-

habitation of humans and the pneumococcus.

In 2007, Fraser and colleagues [22] observed that S. pneumoniae is highly
recombinogenic, behaving like a sexual population, capable of merging
genetically distant subpopulation clusters through recombination. Nevertheless,
the pneumococcal genetic structure is not as homogeneously shuffled as it would
be expectable [23]. The data obtained during this thesis on the dominance of
intra-pherotype genetic exchanges in biofilms, contributes with a putative
mechanism to explain the apparent disagreement existing between the high
levels of recombination detected in S. pneumoniae and the limited impact of that
recombination events on the genetic population structure. Interestingly, the
interpherotype recombination barrier is itself codified within the molecular

system that promotes recombination.

One question that remains is to know if these effects have been selected or if they

were historical incidents in evolution that are maintained by chance alone.

At the origin of this story could be a random mutation on ComC or ComD gene
that originated a compensatory mutation on ComD or ComC, respectively, in
order to yield a functional signaling pair. This pair would have a different
signaling efficiency. The impact of this difference, which has been studied
throughout this thesis, could elicit fitness effects that would promote the
selection of one of the variants. As a result, it would be expected that with time

one of the variants would extinguish.

However, the fact that both sup-populations have limited genetic exchange can
facilitate the subsistence within the population of both variants, by decreasing
the probability of pherotype conversion, even though one is potentially
advantageous over the other. Time will confirm us if what we observe presently

is pherotype co-existence or a path to the extinction of one of the pherotypes.

This thesis works unveils a paradigm of a small molecular difference with a
significant impact on the pneumococcal population biology. A few aminoacid
exchanges modify the interaction between two proteins. This modification

impacts on the efficiency of a signaling cascade, a sub-cellular phenomena, which
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in turn affects the communication and the global behavior of a population of
independent organisms colonizing the same human host. As the referred
signaling cascade modulates the process of recombination, the few aminoacid
exchanges influence the genetic flow between different pneumococcal strains co-
colonizing the same host. As these strains are transmitted from host to host, the
impact of the few aminoacid exchanges is propagated throughout the whole
pneumococcal population colonizing and infecting the whole human population.
It is the communication and interdependence between these different
hierarchical organizational levels (molecular, cellular, subpopulation and
population levels) that make biological systems highly complex, but at the same

time more passionate and challenging objects of scientific inquiry.
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