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ABSTRACT
PHENOTYPIC AND GENOTYPIC DETERMINANTS
OF COLONIZATION AND PATHOGENESIS
IN GROUP B STREPTOCOCCUS
By
Robert Edward Parker

Group B Streptococcus (GBS) is a leading cause of sepsis and meningitis in neonates, an
important factor in premature and still births worldwide, and a threat to immunocompromised
and elderly adults. The prevention strategy for neonatal invasive disease targets maternal
colonization, the primary risk factor, through late-gestational screening and intrapartum
antibiotics. This approach has resulted in a significant decline in disease rates; however, this
decrease has stagnated in the 2000s, and maternal re-colonization following treatment is
common. For my doctoral work, | examined phenotypic and genotypic factors which facilitate
colonization, antibiotic tolerance, and persistence of GBS including biofilm production, quorum
sensing, and phenotypic heterogeneity. The assessment of biofilm formation across a diverse
set of isolates, including colonizing and invasive clinical human strains, found that weak biofilm
production correlated with genotype, pilus profile, and invasive disease. Furthermore,
asymptomatic colonization was associated with strong biofilm production suggesting a
colonization advantage for strong biofilm producers. The role of a putative quorum-sensing
auto-inducing peptide, RgfD, was investigated through the creation of a deletion mutant through
homologous recombination. In this work, rgfD was found to drive adherence to decidualized
human endometrial cells through the upregulation of the regulator of fibrinogen-binding two-
component system suggesting quorum-sensing in GBS is important for colonization. Lastly, the
importance of phenotypic diversification in a single strain of GBS was assessed through the
identification and characterization of a locked mutant small colony variant (SCV) derived from a
clinical isolate. This is the first demonstration of SCV formation in GBS. The mutant SCV

displayed increased penicillin tolerance and biofilm production, but reduced phagocytic uptake



by THP-1-derived macrophages. Furthermore, the SCV phenotype was inducible when treated
with antibiotics or exposed to acidic pH, which, alongside whole transcriptome analysis,
suggests variant-formation to be driven by stress response in GBS. The work contained herein
furthers the understanding of GBS colonization and identifies key phenotypic and genotypic
characteristics driving colonization and persistence that must be considered in the development

of future therapeutics.
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CHAPTER 1

GROUP B STREPTOCOCCAL DISEASE AND COLONIZATION



Introduction

Group B Streptococcus (GBS), or Streptococcus agalactiae

Originally described in the 1880s as the causative agent in bovine mastitis infections, this
non-motile, chain-forming, Gram-positive coccus was recognized in the 1960s as the pathogen
responsible for the majority of neonatal mortality in industrialized nations. GBS is present as a
commensal in up to 40% of healthy men and women in the gastrointestinal and/or urogenital
tracts (1, 2). Phylogenetically-located within the Streptococcaceae family of the order
Lactobacillales, GBS is so-named due to the B-hemolysis, or complete lysis of red blood cells,

observed when grown on blood agar plates (3).

Invasive Disease

GBS is a leading cause of stillbirth, meningitis, and sepsis in neonates, and an emerging
pathogen capable of causing invasive disease in susceptible adults. Increased efforts towards
prevention of GBS disease in the US throughout the 1990s have resulted in a reduction of
disease burden in neonates; however, this pathogen continues to plague both industrialized and
developing nations, and there remain significant gaps in understanding mechanisms of
pathogenesis (4, 5).

There are two types of GBS neonatal disease, early (EOD) and late (LOD) onset, which
differ not only temporally but likely in mechanism of infection. EOD accounts for ~80% of
neonatal infections and involves either breathing of infected amniotic fluid during birth or a
transmission event across intact membranes (6). Heavy colonization of the mother is the major

identified risk factor for the development of EOD (7).



LOD presents up to a few months after birth, occurs less frequently, and the risk factors and
transmission are not well understood (6). LOD can result in meningitis leading to neurological
defects and, possibly, death (8). Guidelines, established by the American College of
Obstetricians and Gynecologists and CDC in 1996, recommend testing for colonization in the
late 3" trimester followed by intrapartum antibiotic prophylaxis during labor if GBS is present (5).
These guidelines have resulted in a dramatic reduction in the cases of EOD; however, the
prevalence of LOD cases has remained constant (9). Additionally, the initial decline of EOD
rates has reached a plateau over the past decade due to a combination of suboptimal guideline
implementation and a lack of other treatment options (10).

GBS disease progression includes sepsis, meningitis, pneumonia, cellulitis, osteomyelitis,
and septic arthritis, and ~1200 infants in the United States are infected each year resulting in
fatalities in 2-4% of cases and neurological defects in up to 50% of survivors (11, 12).
Furthermore, colonization of the mother has been related to low birthweight, preterm birth, and
stillbirth, suggesting detrimental effects even in the case of asymptomatic colonization (13).
Economically, infection with GBS was found to be the most costly, and nearly 2 times higher
over the first two years, of common neonatal infections in one United Kingdom study (14). GBS
disease has also been increasingly recognized as a threat to non-pregnant adults over the past
few decades. Risk factors such as age, race, and underlying medical condition have been linked
to GBS-related skin infections, urinary tract infections, osteomyelitis, meningitis, and

endocarditis (4, 15, 16).



Asymptomatic Colonization, Transmission, and Pathogenesis

Asymptomatic Colonization

Colonization and persistence are essential elements of GBS carriage and disease.
Asymptomatic colonization is prevalent as studies have found up to 30% of healthy adults are
infected in the gastrointestinal or genitourinary tracts, although variation in the sensitivity of
detection methods likely underestimates carriage (1, 17, 18). There is no difference in
colonization rates between men and women, regardless of pregnancy status (18-21). The
majority of commensal infections are transitory with colonization status changing over time, but
chronic carriers have been identified (17, 22). Furthermore, most chronic carriers have been
found to be colonized by the same clone, even when tested at multiple body sites or over time,
and recolonization occurs in approximately 40% of cases following successful antibiotic

treatment indicating either an environmental, or, more likely, internal reservoir (18, 23, 24).

Transmission of Infection

The infection model for GBS pathogenesis suggests a vertical transmission event from
mother to child during, or in some cases before, childbirth leading to infection of the neonate
(25). Vertical transmission is known to occur in approximately 50% of births to colonized
mothers (6). Nosocomial transmission has also been documented, although these cases are
relatively rare (26, 27). Thus, maternal colonization is the key to the development of neonatal
disease. Not surprisingly, adult invasive disease is also considered to have stemmed from
previous asymptomatic infection (28). Sexual transmission can occur with risk of overall

carriage, and especially vaginal, increasing with the number of partners (19, 29, 30).



Colonization is the primary risk factor for disease, and the identification of infection

determinants driving chronic infection remains central to prevention efforts.

Pathogenesis

The pathogenesis of GBS can be broken down into three stages: host-cell attachment,
colonization, and invasion. While the first two stages are important for a commensal
relationship, invasion is essential to pathogenesis. Many novel proteins have been identified in
GBS that assist the bacterium in one or more of these stages. In vitro experiments identified an
adhesin, FbsA, which binds fibrinogen and aids in attachment and invasion of host cells (31).
Additionally, presence or absence of fbsB, which encodes a protein shown to aid in invasion, is
correlated with greater fibrinogen-binding ability (32—34). ScpB is a surface protein able to bind
fibrinogen which facilitates attachment to host cells and also disables the innate immune system
through cleavage of the complement factor, C5a (35). Two distinct pilus loci: PI-1 and PI-2 have
been identified in the GBS genome. PI-1 is ubiquitous across CCs, and there are two variants
of PI-2: PI-2a and PI-2b. These pili have been identified as playing a role in attachment to host
cells and in biofilm formation (36—38). Hyaluronate lyase (hyIB), well-studied due to
homologues in other species such as Streptococcus pyogenes, S. pneumoniae, Staphylococcus
aureus, and Clostridium perfringens, has been shown to degrade the extracellular matrices of
placental tissues (39, 40). GBS is also able to invade and persist, often through the induction of
endocytic uptake (41), in a number of eukaryotic cell types, including both epithelial and
endothelial (32, 42, 43). Furthermore, GBS is known to evade and persist within immune cells,
offering one explanation as to why the immune system alone cannot clear an infection (44—46).
The characteristic pore-forming p-hemolysin is important for invasion and persistence in
macrophages(47), while the presence, chemical composition, and allelic variation of the

protective capsule surrounding GBS cells is an important factor in immune evasion (48-50).



Interestingly, these virulence promoting factors vary in presence and sequence between
isolates, resulting in variable phenotypes and offering insight into the differences in pathogenic

potential of different GBS isolates.

Phenotypic and Genotypic Variability

Phenotypic Variability

While an understanding of the features important for colonization and invasiveness is
incomplete, attempts to characterize both invasive and colonizing isolates have resulted in the
discovery of phenotypic factors important to GBS pathogenesis. Some phenotypic determinants
with a role in pathogenesis in GBS include serotype, growth lag in certain media, pigment
production, and biofilm production (51-54). The question of what causes increased virulence of

a particular isolate demands the continued discovery and search for variation between strains.

Capsule Type

Serotyping, or capsule typing, was one of the first techniques to classify isolates. This
technique utilizes inherent antigenic variation of the polysaccharide capsule using mono- and
polyclonal antibodies to determine the capsule type of a given strain (55). Multiple molecular-
based capsule typing strategies have largely replaced serotyping, and provide equal or greater
specificity and increased resolution to detect capsule variants that could otherwise be missed
(56-59). To date, there are 10 reported capsule (CPS) types: la, Ib, and Il through IX (60).
Although each CPS type has been isolated from cases of invasive disease, CPS-Ill is

disproportionately responsible for invasive disease, both in neonates and adults (4, 6, 61, 62).



Biofilm Production

It was recently discovered that GBS can form biofilms, or aggregates of cells surrounded by
a protective self-produced matrix composed of polysaccharides, proteins, and/or DNA (54, 63—
66). Biofilms are known to promote environmental persistence and chronic infections (67-70).
The majority of bacterial infections are thought be biofilm related and GBS biofilm production
may offer an explanation for persistent colonization (64, 71-73). Studies which assayed biofilm
production in clinical isolates of GBS have shown significant variation in biofilm-forming ability
between strains (54, 63). Kaur, et al, showed that high biofilm production is correlated with
asymptomatically colonizing strains, whereas low biofilm production characterized invasive
strains. Furthermore, it was demonstrated that optimal biofilm production occurred in the
presence of glucose and at neutral pH (54). Acidic conditions were shown to enhance biofilm
production of invasive strains when the biofilm assay was modified to include additional washing
steps, growth in a shaking environment, and a different growth medium (63). However, many
guestions remain unanswered regarding biofilm production and GBS, and, given the importance
of bacterial biofilms to human disease, the second chapter of this dissertation further explores

the importance of biofilms to GBS colonization and pathogenesis.

Phase Variation

Natural selection demands phenotypic heterogeneity at the subspecies level. Generation of
phenotypic diversification in bacteria can be accomplished in many ways, both heritable and
transient including phage acquisition, horizontal gene transfer, transposable elements,
replication errors, epigenetic modifications, and phase variation (74—81). Phase variation, in
which individuals of a population exist in different, revertable phenotypes which may display

increased fitness under certain environmental conditions, offers a non-fixed pathway and



includes the development of variants (82—85). Small colony variants (SCVs) have been
identified for a number of bacterial species, including many pathogens (86). S. aureus is the
best characterized Gram positive species that readily forms SCVs, although elucidation of the
mechanism can be difficult due to frequent phenotypic reversion (87). SCVs isolated from
Staphylococcal infections have been demonstrated as drivers of persistence and pathogenesis
(88). Phase and non-phase variation have been documented within the streptococci, including
S. pneumoniae (89-91) , S. pyogenes (92), S. faecalis (93), and S. tigurinus(94); however,

Chapter 4 of this dissertation represents the first report of SCVs in GBS.

Genetic Variability

Phylogenetic Lineages

MLST, a molecular typing method used to identify sequence variation within seven
conserved genes, has been used to identify distinct sequence types and, subsequently, link
phylogenetic lineage and pathogenicity (95). This technigue has also shown the vast majority of
clinical isolates fall into four major clonal complexes (CCs): 1, 17, 19, and 23, named according
to the predominant sequence type (ST) within each CC. Of these, CCs-17 and -19 have been
associated with neonatal disease and CC-17, specifically, is more closely related to bovine-
derived than human-derived strains (96, 97). CCs -1 and -23, however, have been associated
with asymptomatic colonization in several prior studies (95, 98). Notably, although CPS Il
strains can belong to many lineages, the majority of CC-17 strains are CPS Ill indicating that
increased pathogenicity is likely due to genetic variability across the whole genome, not just
within the capsule operon , prompting further investigation into variable presence of sequence of

other virulence factors (97).



Pilus Islands

Described as extracellular non-flagellar, adhesin-tipped, flamentous appendages
constructed through the assembly of subunits, pili offer contact with the surrounding
environment and are important for phage adsorption, conjugation, surface attachment, biofilm
production, and DNA and protein translocation (99-103). Most examples come from Gram
negative (G-) bacteria in which pili are categorized into distinct varieties according to
mechanism of assembly, including type |, type 1V, and curli types (36). However, there are a
number of Gram positive pathogens for which pili have been identified and assigned important
pathogenesis-promoting functions, including several Streptococcus species (36, 38, 104). Two
different pilus islands were identified in the GBS genome encoding all the necessary genes for
pilus assembly, including the structural backbone and adhesin LPXTG-motif containing proteins
and assembly-oriented sortase enzymes which facilitate polymerization and cell wall attachment
of structural proteins (37, 105, 106). Pilus Island 1 (PI-1) is a ~16 Kb genomic feature found in
the majority of human isolates and containing 18 open reading frames (ORFs) (37, 107, 108).
PI-1 is present in the same locus in the majority of human strains, but is absent in bovine-
associated strains, suggesting the importance to human infection (37, 109). In accordance, PI-1
plays a role in immune evasion and is expressed in a pH-dependent manner, but, interestingly,
has no proven role in surface attachment (110, 111). There are 2 mutually-exclusive variants of
Pilus Island 2, PI-2a and PI-2b, both approximating 11kb in length (37). Despite overall
similarity in sequence length between these two variants, sequence variation is significant as
they contain unique backbones and ancillary proteins, as well as the addition of a signal
peptidase in Pl-2a and rogB regulator in PI-2b (37, 112). PI-2a is associated with adult invasive
disease, increased biofilm production, and virulence in mice, while PI-2b is associated with

neonatal invasive disease and found in both the hyperinvasive CC-17 and bovine lineages (72,



109, 113, 114). The importance of allelic variation in pilus genes on biofilm production across a

large set of strains is addressed in Chapter 2 of this dissertation.

Virulence Regulation

Two Component Regulatory Systems

The regulation of virulence is critical for pathogenesis as the control of gene expression
allows for adaptation and survival in diverse environments (115). The ability to recognize
extracellular stimuli and respond is controlled by signal transduction systems (STS) and, in
bacteria, one important STS is the two component system (TCS) In GBS, there are four
experimentally verified TCSs with a role in virulence, the controller of virulence (CovR/S), the
regulator of D-Alanyl-lipotechoic acid biosynthesis (DItR/S), the competence and 3-lactam-
resistance promoting system (CiaR/C), and the regulator of fibrinogen binding (RgfA/C).
CovR/S is the best understood of the TCSs and studies have found it to have a global
regulatory function in GBS. Through a deletion mutant, CovR/S was found to affect
transcription of >7% of all genes in a CC-23 strain and phenotypic changes included greater
adherence to epithelial cells and increased hemolytic activity (66). The DItR/S system was
found to regulate genes responsible for the d-alanine (d-ala) content of lipotechoic acids.
Disruption of this pathway resulted in a decreased resistance to colistin, a peptide antibiotic
primarily effective against Gram-negatives, with susceptibility likely due to the increased
electronegativity of a cell wall, as has been shown in Bacillus subtilis (66, 116). The importance
of the CiaR/S system to GBS pathogenicity was discovered in an in-vitro screen of random
transposon insertion mutants showing increased susceptibility to antimicrobial peptides (117).
Further characterization showed a role for this TCS in intracellular survival and virulence in a

mouse model, possibly through regulation of genes involved in proteolysis (117). The regulator

10



of fibrinogen binding (Rgf) system has an important role in host cell binding, and it has been
shown to affect expression of membrane-bound proteins and affect fibrinogen binding through

regulation of FbsB (33, 118).

Quorum Sensing in Gram Positives and the Streptococceae

The role of quorum sensing in pathogenesis is well documented (119). In gram positive
bacteria, this phenomenon is largely driven by small peptides that are secreted into the
extracellular milieu where they react with cell wall receptors and change the transcriptome
through a STS. Streptococcus species are known to use quorum sensing to control
competence, biofilm formation, and invasion in a host (120-122). The competence stimulating
peptide in S. pneumoniae, for example, is encoded within the com operon along with the
histidine kinase and response regulator, comD and comE, respectively (123). This same
peptide in Streptococcus mutans has been demonstrated to function in the formation of a biofilm
(68). Another quorum sensing pathway in the streptococci is mediated through autoinducer-2.
This secreted peptide activates the LuxPQ STS resulting in phenotypic changes, such as biofilm
formation in S. gordonii (124). The only verified cell to cell communication system in GBS
involves a small hairpin protein (shp) which activates the regulator rovS driving virulence in a
mouse model. Interestingly, expression and activation of the shp was specific to media and
environment (125). As disease progression involves differential expression in response to
changing host environments, examination of any additional putative auto-inducing peptides

capable of environmentally-mediated regulation in GBS is merited.
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rgfD and Quorum Sensing

The rgf two-component system in GBS has been demonstrated to affect scpB, fbsA, and
fbsB transcription, and deletion of the response regulator and histidine kinase resulted in an
altered fibrinogen-binding phenotype, as mentioned above (33). The genes have been
suggested to be polycistronically transcribed as part of a putative four gene operon, rgfBDAC,
with rgfA and rgfC coding for the response regulator and sensor kinase, respectively. Along
with the TCS, the transcript codes for a putative quorum sensing peptide, RgfD, and its putative
processor, RgfB (33, 118). Consequently, it is hypothesized but untested that the rgfA/C
system facilitates GBS colonization via quorum sensing. agr, the rgf homologue present in
Staphylococcus species, is important for virulence in an animal model through the regulation of
secreted virulence factors and surface proteins in response to extracellular stimuli and density
(126, 127). The importance of rgfD, the gene coding for the putative autoinducing peptide in the

regulation of the rgf operon is addressed in Chapter 3 of this dissertation.

Conclusions

Successful treatment and cure of GBS disease in both neonatal and adult populations
requires a holistic approach targeting multiple pathogenic determinants, both host and microbe.
The current recommended treatment regimen of intrapartum antibiotic prophylaxis has greatly
reduced the disease burden, yet this decline has reached a plateau over the past decade (12)
and has contributed to increasing frequencies of antibiotic resistance in GBS and other bacteria
(e.g., E. coli)(128, 129). Biofilms are known to confer greater antibiotic tolerance to inhabitants
and are important to persistent colonization for many microbial pathogens. The epidemiological
associations with biofilm production explored in the second chapter of this dissertation suggest

biofilms may offer a good target for the clearance of chronic GBS infections. Vertical
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transmission of GBS is common (6)and adhesin-mediated attachment to host cells is vital to the
establishment and spread of infections (8, 34) . In Chapter 3, a putative quorum sensing AlP in
GBS that modulates expression of a regulatory circuit important for fibrinogen binding is
examined. This work offers the potential of an extracellular target to prevent initial attachment
events and the spread of GBS to new infection sites. Lastly, phenotypic heterogeneity and the
development of SCVs is examined in Chapter 4. The work contained within identifies a role for
stress in the generation of SCVs and offers an explanation for persistent colonization.
Furthermore, this chapter strengthens the argument for alternative treatments to antibiotic use
while also identifying a complication to therapeutic development which was not previously
known. Altogether, the work in this dissertation utilizes the study of bacterial physiology to
provide guidance towards the development of new detection methods and therapeutics, which
must account for biofilm production, temporal expression of potential targets, and a persister cell

population, for the further reduction of disease burden in both adult and neonatal populations.
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CHAPTER 2

ASSOCIATION BETWEEN GENOTYPIC DIVERSITY AND BIOFILM PRODUCTION IN

GROUP B STREPTOCOCCUS
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ABSTRACT

Background: Group B Streptococcus (GBS) is a leading cause of sepsis and meningitis
and an important factor in premature and still births. Biofilm production has been suggested to
be important for GBS pathogenesis alongside many other elements, including phylogenetic
lineage and virulence factors, such as pili and capsule type. A complete understanding of the
confluence of these components, however, is lacking. To identify associations between biofilm
phenotype, pilus profile and lineage, 293 strains from asymptomatic carriers, invasive disease
cases, and bovine mastitis cases, were assessed for biofilm production using an in-vitro assay.

Results: Multilocus sequence type (ST) profile, pilus island profile, and isolate source
were associated with biofilm production. Strains from invasive disease cases and/or belonging
to the ST-17 and ST-19 lineages were significantly more likely to form weak biofilms, whereas
strains producing strong biofilms were recovered more frequently from individuals with
asymptomatic colonization.

Conclusions: These data suggest that biofilm production is a lineage-specific trait in
GBS and may promote colonization of strains representing lineages other than STs 17 and 19.
The findings herein also demonstrate that biofilms must be considered in the treatment of

pregnant women, particularly for women with heavy GBS colonization.
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Introduction

Group B Streptococcus (GBS), or Streptococcus agalactiae, is a leading cause of
neonatal sepsis and meningitis worldwide (1, 2). Originally identified as the etiological agent in
bovine mastitis, GBS is present as a commensal in the gastrointestinal and urogenital tracts in
15-30% of healthy adults (3). Human cases of invasive GBS infections were reported in the
early 1900’s, and GBS was identified as the primary cause of neonatal infections, with up to a
50% mortality rate and devastating long term effects for survivors (4, 5). GBS is also
responsible for soft tissue infections in elderly and immunocompromised individuals (6). In most
neonatal infections, the pathogen is vertically transmitted before or during birth, however, in
adults there are implications of transmission due to exposure to either infected humans or other
animals (7-9). Understanding the interplay of factors driving transmission of and persistent
infection with GBS is essential to the development of treatments leading to the prevention of
disease.
Colonization and persistence are critical for the development of GBS-mediated disease in
humans. Guidelines established in 1996 in the United States recommended screening for
maternal colonization during the late third trimester followed by intrapartum antibiotic
prophylaxis during labor (4). The institution of these guidelines has resulted in a dramatic
decrease in the incidence of neonatal early onset disease (EOD), or cases within the first week
of life. Studies have shown, however, that re-colonization of the mother occurs in up to 65% of
cases following antibiotic treatment, which may explain why having a previous baby with
invasive GBS disease is a risk factor for neonatal disease, and no changes have been reported
in the incidence of late-onset disease (LOD), or infections occurring after the first week of life
(10-12). Application of multilocus sequence typing (MLST) targeting seven reference genes, for
instance, has identified specific sequence types (STs) and clonal complexes (CCs) to be
associated with maternal colonization as well as neonatal disease. CCs 1 and 23 have

previously been linked to asymptomatic colonization, while CCs-17 and -19 were found to
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predominate among neonates, though differences in CC distributions have been noted across
populations (13-16). Moreover, heavy colonization of the mother was suggested to be a risk
factor for neonatal infections and preterm birth (17), though few studies have linked the density
of maternal GBS colonization to specific bacterial factors.

Several factors have been found to be important for GBS colonization, the first step in
pathogenesis. Proteins shown to facilitate binding to host cell surface components include the
laminin-binding protein (Lmb), fibrinogen binding proteins (FbsA, FbsB, and ScpB), serine-
repeat rich proteins (Srr-1 and Srr-2), and pili (18-24). Similarly, the chemical composition and
antigenic variation of the polysaccharide capsule has been linked to virulence while survivability
in different environments and biofilm formation were also suggested to be important, particularly
in the case of persistent colonization (25-29). A biofilm is defined as an aggregation of cells in a
distinctly sessile state surrounded by a self-produced matrix composed of polysaccharide as
well as protein and DNA (30). For some bacterial pathogens, biofilm production is an important
virulence determinant that has been linked to colonization and disease progression (30, 31).
Biofilms offer protection in harsh environments that can include antimicrobials, extreme pH, and
immune cells, thereby promoting the maintenance of a bacterial population that can contribute
to chronic infection and heavy colonization (32-35). The specific environmental conditions
found within biofilms can also exert a selective pressure that can enhance pathogenicity via the
rise of phenotypic and genotypic variants (35, 36). Additional information on GBS biofilms was
published in a recent review by Rosini and Margarit (37). Previous studies have shown that pili
play an important role in biofilm formation in GBS, and each GBS genome encodes one or two
distinct pilus islands (PI), PI-1 and PI-2 (20, 38, 39). PI-1 has been observed in high frequency
among human strains combined with one of two genetically distinct PI-2 variants, Pl-2a and PI-
2b (40, 41), yet the effect of Pl sequence diversity on biofilm production has not been
addressed. Because the role of biofilms in GBS-mediated disease is not known, and this

phenotype has been observed to vary between strains, we sought to characterize biofilm
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production across strains to identify biofilm determinants including isolation source, phylogenetic
lineage, and variability in both presence and sequence of pilus loci (25, 26). Furthermore, we
sought to determine whether allelic variation within genes encoding the Pls impacts biofilm
formation, as well as attachment to host cells, particularly among genotypes associated with
neonatal disease. Because GBS pili have been posited as potential vaccination targets due to
their importance in biofilms and adherence to and invasion of host cells, further understanding
of allelic diversity and pilus-associated phenotypes could guide the development of new

prevention strategies (40).
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Results

Source and genotype are predictive of biofilm phenotypes

Assaying biofilm production in 293 strains, including 242 human and 51 bovine strains
resulted in a range of absorbance values from 0.1 to 12.3 (Figure 2.1). Using the median
absorbance value of 1.8 to classify the biofilm phenotype, 148 (50.5%) strains were categorized
as strong biofilm producers and 145 (49.5%) were designated weak biofilm producers. In all,
there was considerable variation by source with human-derived strains having decreased levels
of biofilm production relative to the bovine-derived strains. A total of 138 (57.0%) of the 242
human-derived strains formed a weak biofilm compared to only six (11.8%) of the 51 bovine-
derived strains. Indeed, the bovine strains were significantly more likely to form strong biofilms
relative to the human strains overall (Odds ratio (OR): 10.0; 95% confidence interval (Cl): 4.09,
24.21; p < 0.0001). The average ODsgs5 for human strains was 1.7 (range: 0.1 to 5.0), while the
average ODsgs for bovine strains was 6.3 (range: 0.6 to 12.3). Among human-derived strains,
an association was also observed by source, as maternal colonizing strains were more likely to
be strong biofilm producers compared to neonatal invasive strains (OR: 1.8; 95% CI: 1.02, 3.06;
p = 0.04). A total of 45 of the 98 (45.9%) maternal colonizing strains had a strong biofilm
phenotype relative to only 32.5% (n=39) of the 120 invasive strains from newborns with sepsis
or meningitis.

To examine phenotypic variation by genotypes, biofilm production levels were compared
between STs and CCs (Figure 2.2). Interestingly, the majority (87.3%) of the weak biofilm
producers belonged to CC-17 and CC-19; 75.7% (n=53) and 79.6% (n=70) of the strains
belonging to these two lineages, respectively, were classified as weak. Although both lineages
were overrepresented in the analysis, it is notable that no other lineages had weak biofilm

producers outnumbering the strong producers. Among all 158 CC-17 and CC-19 strains
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combined, 77.8% (n=123) formed weak biofilms compared to only 15.6% of the 135 strains
belonging to all other CCs (X*= 113.0, p < 0.0001). By contrast, the lineages that were
exclusively comprised of bovine strains (e.g., CCs 61 and 67) were most frequently classified as
strong biofilm producers. Only three strains among all 32 strains representing CC-61 and CC-
67 had weak levels of biofilm production. It is important to note that some CCs such as CC-23
and CC-1, which mostly contained human-derived strains, also contained a subset of three and
four bovine-derived strains, respectively. After excluding these bovine strains from the analysis,
however, both CCs 23 and 1 were still overrepresented with strong biofilm producing strains.
Similarly, although there was only one representative of each, the bovine-derived strains
representing CC-17 and CC-19 formed strong biofilms unlike the remainder of the strains within
these two lineages. Also, when the 51 bovine strains were compared to 75 human strains
comprising the lineages previously associated with asymptomatic carriage (e.g., CCs 1, 7, 12,
and 23), there was no significant difference in biofilm phenotype frequencies.

In addition, we examined associations between disease presentation and biofilm
phenotype for 70 (62.5%) and 42 (37.5%) isolates recovered from neonates with EOD and LOD,
respectively. These isolates represented CCs 1 (n=5), 12 (n=2), 17 (n=53), 19 (n=40), and 23
(n=8) as well as singletons (n=4). When all 112 isolates were examined together, there was no
association between biofilm phenotype and disease onset; however, when stratified by CC,
weak biofilm-formers belonging to CCs 17 and 19 were significantly more likely to cause EOD.
Among the EOD cases, strong biofilm producers belonging to lineages other than CCs 17 and
19 were 28.7 times more likely to cause EOD (ClI: 6.75, 121.69; p < 0.0001) than strains of CCs
17 and 19. A similar comparison could not be examined for LOD cases as all were caused by

CC-17 strains in this study.
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Biofilm production in GBS is influenced by Pl occupancy and variation in Pl genes

Biofilm production varied across strains with different PI profiles. Strains containing a PI-
2 variant alone were significantly more likely to produce strong biofilms compared to strains with
a PI-2 variant as well as PI-1 (OR: 10.4; 95% CI: 4.91, 22.00; p < 0.0001). Weak biofilm
production was more common in strains with both PI-1 and either PI-2 variant as 54.9% of the
142 PI-1/PI-2a-positive strains and 70.3% of the 81 PI-1/2b-positive strains formed weak
biofilms. Significantly more PI-1/2b strains, however, formed weak biofilms compared to the PI-
1/2a strains (OR: 1.9; 95% CI: 1.09, 3.48; p < 0.02). Although an equal percentage of strains
with exclusively Pl-2a (n=22; 84.6%) or PI-2b (n=39; 88.6%) were capable of forming strong
biofilms (p = 0.63), differences were noted in the absorbance values (Figure 2.3). Specifically,
strains with PI-2a alone had a mean absorbance value of 2.6 + 1.0 compared to strains with Pl-
2b alone (6.5 * 3.2; Mann-Wilcox test, p < 0.0001). Strains with PI-2a alone also had a
significantly higher mean absorbance value than strains with both PI-1 and PI-2a (1.9 = 1.5;
Mann-Wilcox test, p < 0.0001), which also was true for strains containing both PI-1 and PI-2b
(1.5 £ 0.6) relative to those with PI-2b alone (Mann-Wilcox test, p < 0.0001). Because all strains
with PI-2b alone were recovered from bovines, a comparison could not be made between PI-2b-
and PI-2a-positive strains from humans.

To examine the association between genetic variation in Pl genes and biofilm formation,
we stratified biofilm strength by alleles detected in ghs59, the ancillary pilus protein in PI-2a, and
san1519, the PI-2b adhesin. Variable biofilm production levels were observed among strains
with different alleles of both genes. For ghs59, six alleles were identified and five of these six
alleles (alleles 2-6) were significantly more common in strong biofilm producers (OR: 20.6; 95%
Cl: 9.27, 45.62; p = 0.0001). Only the gbs59 allele 1, which predominated in 89 of the 168 PI-
2a-positive strains, was more frequently detected in strains that formed weak biofilms (Table 1).

The majority (n=87; 97.8%) of strains containing gbs59 allele 1 belonged to CC-19, and more of
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these strains were recovered from neonates (n=45; 52%) than pregnant women (n=39; 44.8%);
one strain originated from a bovine. Indeed, the neonatal CC-19 strains containing the ghs59
allele 1 were significantly less likely to form strong biofilms relative to the maternal CC-19
strains with other alleles (p < 0.02). Similar findings were observed for PI-2b, which were
predominantly represented by CC-17. Strains with san1519 allele 2 were significantly more
likely to form weak biofilms relative to strains with san1519 alleles 1 and 3 (OR: 17.3; 95% CI:
6.99, 42.81; p < 0.0001). No difference in frequency was observed for CC-17 strains with
sanl1519 allele 2 between neonates and pregnant women (Fisher’s exact p < 1.0). Among the
32 bovine strains with san1519 allele 3 from the bovine specific lineages, CCs 61 and 67, most

(n=29; 90.6%) formed strong biofilms.

Multivariate analysis identifies source and genotype as important predictors of enhanced

biofilm production

To further identify predictive features of strong biofilm production in GBS, we conducted
a multivariate analysis including the following variables: pilus profile, source, and genotype.
Among all GBS strains examined, only bovine source was moderately associated with strong
biofilm production (OR: 3.6; 95% CI: 0.92, 13.80; p = 0.07). A positive association was
observed for the presence of PI-2a, but it was also not statistically significant (OR: 2.7; 95% CI:
0.75, 9.90; p = 0.13) when adjusted for strain source and genotype. After excluding bovine
strains from the analysis (Table 2), the presence of Pl-2a remained associated with strong
biofilm production; however, the association was still insignificant. Importantly, strains
representing both CCs 17 and 19 were significantly less likely to form strong biofilms after
controlling for source (invasive versus colonizing) and presence of Pl-2a relative to other PI
combinations. Unlike the univariate analysis, strains belonging to CCs 1 and 23 were not more

likely to produce strong biofilms in the multivariate analysis.
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The CC-17 lineage displays decreased association with Telomerase-immortalized Human

Endothelial Cells (T-HESCs)

Variation in the ability to associate with decidualized T-HESC was observed among the
32 strains chosen to represent CCs 1, 17, and 23 with different biofilm phenotypes. The 16 CC-
17 strains evaluated had T-HESC attachment levels between 0.003% and 0.199% with an
average of 0.062 £ 0.048%. The eight CC-1 strains had slightly greater association levels to T-
HESC (0.015% to 1.145%) than the CC-17 strains, whereas association levels for the eight CC-
23 strains were highly variable (range: 0.004% to 21.68%). Interestingly, association with T-
HESCs by CC-17 strains was significantly decreased when compared to both CCs 1 and 23
combined with averages of 0.057% and 0.245%, respectively (Mann-Wilcox test, p-value <
0.0005) (Figure 2.4a). After stratifying association levels by biofilm production, no difference
was observed within or between lineages. When source was considered, however, CC-17
strains from invasive disease cases associated with T-HESCs at higher levels than CC-17
maternal colonizing strains, with averages of 0.077% and 0.037%, respectively. (Mann-Wilcox

test, p-value <0.03) (Figure 2.4b).
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Discussion

Because colonization of the host, or mother in the case of neonatal infection, is currently
the primary predictor of GBS transmission and subsequent disease development (3, 42), we
examined biofilm production in strains recovered from patients with invasive disease, individuals
with asymptomatic colonization, and bovines with mastitis. Through this study we have
demonstrated that biofilm production varies considerably across this diverse set of GBS strains.
The phenotypic variation observed is in accordance with previous studies reporting absorbance
values ranging from < 0.1 to >12 for GBS and other pathogens (25, 26, 43-45). The
absorbance value of 1.8 was used to distinguish between weak and strong biofilm production.
This value is more conservative and higher than the ODsgs5 values of 0.5 and 0.65 used in two
prior studies with a similar biofilm assay, but it is lower than the value of 3.0 used in another
study with a modified assay (25, 26, 46). In our study, the distribution of absorbance values
was not bimodal and hence, the 1.8 cut-off value was used to optimize sensitivity and specificity
for the classification of weak versus strong biofilm producers. It is important to note, however,
that any cut-off value carries a degree of subjectivity. In addition, differences between studies
may be due to the media or type of plates used for the assays as both can alter the strength of a
developing biofilm. In our study, we used THB plus 1% glucose and tissue-culture treated
polystyrene plates compared to TSB or untreated polystyrene plates in other studies (26, 46).
Because all strains were examined in similar conditions, our results are internally comparable,
though external comparisons cannot be reliably made to data generated in other studies. Itis
important to note that we also assessed biofilm production in a subset of strains in other
conditions including THB without glucose and in differing pHs as well as in the T-HESC infection
media. The same trends were observed between isolates in these conditions, though the

absorbance values were lower overall (data not shown).
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Among all 293 strains examined, those strains originally recovered from bovines were
capable of forming the strongest biofilms relative to the strains isolated from humans. Because
there was no difference in biofilm phenotypes between strains representing the colonizing
human lineages and the bovine lineages, these data suggest that strong biofilm production is
more important for colonization in humans and bovines when compared to neonatal disease. It
is therefore possible that unique genes or allelic variation within specific genes present in the
bovine and human colonizing lineages, but lacking in invasive human strains, are important for
biofilm phenotypes (47). For example, we found that the human-derived strains possessing
both PI-1 and either PI-2 variant had reduced biofilm production compared to those strains
without PI-1. These data suggest an inhibitory effect of PI-1, an operon encoding a specific
pilus type that is absent in bovine-derived strains belonging to the bovine-specific lineages (41).
Although a previous study found no effect on biofilm production in a PI-1 knockout (46), only
one serotype la GBS strain was examined. Hence, it is possible that strains with varying
genetic backgrounds, such as those belonging to CC-17 or CC-19 may behave differently when
PI-1 is deleted. Similar to findings from a prior study (46), allelic variation within the genes
comprising each Pl may contribute to variation in the level of biofilm production observed. We
found that specific alleles of ghs59 and san1519 were linked to strong biofilm formation while
sanl1519 allele 2, found exclusively in CC-17 strains, was associated with weak biofilm
production. Since san1519 allele 3 was restricted to the bovine strains (41), then this may also
explain the association with strong biofilms. Despite these associations, future studies should
focus on assessing the role of sequence variation on pili functionality and biofilms as other
factors unique to specific lineages are also likely to be important. Nonetheless, given the
proposed development of pilus-based vaccines for the treatment of GBS-mediated disease,
these data highlight the importance of considering sequence variation in future vaccine
development efforts similar to pilus-based vaccines targeting fimbriae in Escherichia coli and

Salmonella enterica.
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Another possible explanation for the increased biofilm production of the bovine-derived
lineages is the presence of the lactose metabolism operon, Lac.2. This operon has been
detected in the majority of bovine genomes, and upregulation of genes within the operon as well
as genes important for glucose metabolism, have been documented following growth in milk
(47, 48). A prior study of Streptococcus mutans demonstrated enhanced biofilm production in
the presence of lactose, a key component of milk (49). Although it is possible that the ability to
metabolize lactose and form strong biofilms is important for GBS survival in the bovine
mammary gland to counteract the regular flow of milk, our in vitro biofilm assays were
conducted without the addition of lactose. These data therefore suggest that other genes or
gene combinations are more important for biofilm production in vitro. A prior study conducted
by Ebrahimi et al. (50) also showed biofilm production to be a common feature of bovine strains
in vitro. Consequently, it is clear that future studies should focus on mutagenesis of genes
unigque to bovine strains to determine their impact on biofilm formation and disease development
in vivo.

In contrast to the consistently strong levels of biofilm production observed for the bovine
strains, biofilm levels were highly variable between human-derived strains. Despite this
variation, we found that strains of CC 17 and 19, the two CCs most commonly associated with
invasive neonatal disease (14, 15), had significantly decreased levels of biofilm production
compared to other CCs even after adjusting for PI profile and source. Likewise, we identified
increased biofilm production in all but one of the bovine-derived strains representing lineages
that were previously associated with asymptomatic carriage in humans (14). Although the latter
associations were less clear in the multivariate model, these findings indicate a correlation
between weak biofilm production and increased pathogenicity. Furthermore, strains from
neonates with invasive disease were more likely to form weak biofilms compared to colonizing
strains recovered from pregnant women, which is a similar trend as was reported previously

(26). When disease onset was taken into account, weak biofilm production was associated with
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EOD exclusively for strains belonging to CCs 17 and 19, while neonates with EOD caused by
strains belonging to lineages other than CC-17 and CC-19 were significantly more likely to
produce strong biofilms. These data suggest different roles for biofilm formation in colonization
and disease among the lineages. Because maternal transmission is frequently implicated in
cases of EOD, strong biofilm production in the less virulent lineages may result in the
transmission of greater bacterial densities. More studies, however, are needed to assess the
role that biofilms play in both EOD and transmission. The association between weak biofilm
production and invasive disease across all isolates is in accordance with results in
Streptococcus pneumoniae, which demonstrated decreased pathogenicity in biofilm-associated
cells explained by an altered transcriptome favoring colonization over invasiveness (51). While
our assay assessed optimal biofilm production in vitro, the plasticity of this trait due to
environmental conditions encountered during colonization and pathogenesis was not explored.
It remains possible that the biofilm production reported here may not reflect the ability of specific
isolates to form biofilms in every environment. The elucidation of conditions that may trigger
attachment and biofilm production is critical to determine the role of GBS biofilms in disease and
colonization.

Decreased biofilm production within CC-17 and -19 strains is interesting given the
protection conferred to biofilm-associated bacteria and the prior finding that these two lineages
persisted better in women despite antibiotic treatment (11). It is therefore possible that weak
biofilm producers belonging to CCs 17 and 19 utilize different environmental cues to induce
biofilm formation, or have distinct persistence strategies that do not rely on biofilms. In support
of the former, a prior study found that exposure to acidic pH was an important factor for biofilm
production by a subset of isolates belonging to ST-17 (25). Because we observed no difference
in T-HESC association levels between strong and weak biofilm producers overall, it is likely that
biofilms are less important for host cell association. Biofilms take longer to form and cannot be

reliably examined in these tissue culture assays, yet we expect that strong biofilm producers will
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have higher attachment levels and bacterial densities over time and hence, have a colonization
advantage. We also expect these densities to vary across environments, genotypes, and
individual isolates as was shown in our prior study between two CC-17 strains (52). Indeed, it is
possible that invasion of host cells is critical for strains that are not capable of forming strong
biofilms, which may be more apparent in vivo. Although invasion frequencies were not
calculated in this study, we expect them to be low given our prior findings (52) and importantly,
differences would still be detectable using cell association frequencies that includes both the
attached and invaded bacterial populations. These data are also in line with the epidemiological
associations observed between CC-17 strains and invasive disease (14, 15) and our
observation that invasive CC-17 strains had higher association levels compared to the
colonizing CC-17 strains.

Together, these data highlight the phenotypic variability among GBS strains and support
the hypothesis that strategies other than biofilm production are important for initial host cell
attachment and persistence in some strains. ldentifying alternative strategies requires further
study, though variation in the ability to evade or survive within immune cells, invade the
epithelia, and tolerate antibiotics, are all likely to be important. For those GBS strains that are
capable of forming strong biofilms and also have enhanced association with host cells, it is
possible that similar adherence mechanisms are used for each process. These mechanisms
are likely to vary across genotypes and could be attributable to variation in different
combinations of undefined or well-known surface proteins such as Lmb, Fbs, ScpB, Srr, and pili
(18-24). Indeed, strains from colonizing lineages have been shown to contain greater genetic
diversity than invasive lineages like CC-17, which is well represented in our data, as variability
in both biofilm production and host cell attachment was higher in colonizing lineages (53-55).
The observed differences in association levels between invasive and colonizing CC-17 strains,
however, also suggest that variation between CC-17 strains exists. Additional studies are

therefore needed to define the specific mechanisms of host cell attachment as well as biofilm
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production in diverse GBS strain populations; such studies will facilitate the identification of
unique therapeutic or vaccine targets. Furthermore, because biofilms confer protection from
antibiotics and immune system effectors, and contribute to the development of chronic
infections in multiple bacterial pathogens, these findings posit biofilm production in GBS as
clinically important for colonization in lineages other than CCs 17 and 19. Despite the generally
weak biofilm production observed in disease-associated lineages, GBS colonization is an
important risk factor for neonatal infections as well as opportunistic infections in susceptible
individuals regardless of bacterial genotype. Hence, eradicating or thwarting biofilm production
should be considered in the development of novel treatment and prevention strategies for GBS-
mediated diseases.

Quantifying biofilm production among 293 GBS strains from diverse sources
demonstrated variation in the ability to form strong biofilms among strains belonging to different
genotypes and from distinct sources. Those strains originating from bovines were capable of
forming strong biofilms relative to strains from humans, though invasive versus colonizing
human-derived strains belonging to CCs 17 and 19 were more likely to produce weak biofilms.
Specific Pl profiles and allelic variation within Pl genes were also important for strong biofilm
production, but no difference was observed in the ability of strong and weak biofilm producers to
associate with T-HESCs. In all, these findings suggest that biofilm production is important for a
subset of GBS strains and should be considered in the treatment of GBS-positive pregnant

women to limit transmission to newborns.
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Materials and Methods

Bacterial Strains

A total of 293 GBS strains representing 73 STs and eight CCs were characterized in this
study. A complete list of the strains evaluated can be found in Supplemental Table 1. Most
strains were recovered from the blood or cerebral spinal fluid of neonates (invasive strains;
n=120) or vaginal/rectal swabs of pregnant women (colonizing strains; n=88). Approval to
characterize the de-identified human strains was provided by the institutional review board of
Michigan State University. For comparison, 51 strains from quarter milk samples previously
recovered from bovines with clinical or subclinical mastitis were characterized (56) and a
reference set of 35 human-derived strains of varying STs and serotypes was included to
compare biofilm production across phylogenetically distinct lineages. Reference strains
included genome and control strains (n=14) as well as ten strains each from adults with invasive
disease and non-pregnant women. Except where otherwise indicated, GBS cultures were
grown overnight in Todd-Hewitt (TH) broth at 37°C with 5% CO,. Strains were previously
characterized for the PI type and allelic variation within the PI-2a backbone protein gene

(gbs59) and the PI-2b adhesin gene (san1519) (41).

Biofilm Assays

Overnight cultures inoculated from freezer stocks were grown in TH broth, and then
diluted 1:20 in fresh TH supplemented with 1% glucose (THG). A total of 100 pl of the diluted
culture was added to a 96-well plate with four technical replicates per strain. Cells were grown
under static conditions at 37°C with 5% CO, for 20 hrs. Following incubation, unattached
bacteria were removed by washing twice with PBS (200ul), and attached bacteria were stained
with 100 pl crystal violet for 10 minutes. Unbound crystal violet was removed by washing three

times with PBS, and bound crystal violet was solubilized with 200 ul of 95% ethanol. Biofilm
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production was quantified through absorbance readings (ODsgs) using a plate reader (Beckman
Coulter, Inc.) and measurements were calculated as the sample value minus the media (blank)
control. All assays were repeated at least three times with at least three technical replicates.
All ODsgs values above 1.8, the median value of all strains tested, represented strains that
produce a strong biofilm. To determine this cutoff value, absorbance values were log-
transformed and found to pass the D’Agostino and Pearson test of normality (57). Chi-square
(x?) and the Fisher’'s Exact test for sample sizes less than five were used to examine
associations with biofilm production (weak versus strong) using SAS (version 9.3); a P-value <
0.05 was considered significant. Odds ratios (OR) and 95% confidence intervals (95% CI) were
calculated to describe the univariate relationships. Multivariate analyses were conducted using
logistic regression to identify predictors of strong biofilm production among the human-derived

strains.

Association with Telomerase-Immortalized Human Endometrial Cells (T-HESC)

T-HESCs were decidualized as previously described (58) by growing the cells to ~50%
confluence and treating with 0.5mM 8-bromo-cAMP (Sigma-Aldrich; St. Louis, MO) for three to
six days. Decidualization was confirmed by examining the expression of prolactin and insulin-
like growth factor (IGF) binding protein 1. Assays were not performed until the cells reached
100% confluency; no part of the bottom of the well was exposed to avoid attachment of bacteria
to the plastic plates. GBS strains were selected for testing based on phylogenetic lineage (CC)
and biofilm phenotype with equal representation of weak and strong biofilm producers for each
CC tested. An equal number of strains from cases of invasive disease and asymptomatic
colonization were also evaluated when possible.

Bacterial strains were grown overnight in TH broth, washed once with PBS and
resuspended in T-HESC infection medium, as previously described, except infecting inoculums

were taken directly from overnight growth (52). Host cells were washed three times with PBS
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prior to adding GBS at a multiplicity of infection (MOI) of one bacterial cell per host cell. After a
two-hour incubation at 37°C with 5% CO,, 100 uL of supernatant was removed and serial
diluted to determine final bacterial growth. Wells were then washed three times with PBS to
remove non-adherent bacteria. To determine the number of associated bacteria, host cells were
lysed with 0.1% Triton X-100 (Sigma) for 30 min at 37°C. Lysates were gently vortexed to
further disrupt the host cells and liberate intracellular bacteria. After serial dilution, lysates were
plated on THA, incubated overnight at 37°C, and CFUs were counted. All data were expressed
as a percentage (number of associated divided by the total number of bacteria) after the two
hour infection period. Individual assays were run in triplicate and each strain was tested at least

three times.
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APPENDIX

Table 2.1. Frequency of strong biofilm production among strains with distinct pilus island (PI) alleles and PI-1.

Total
o number of o

Pilus island strains Strong biofilm PI-1
allele (a) presence

(%), n Clonal complexes represented (n) (%)
Pl-2a, al 89 21.4 (n=19) 19 (n=87), 1 (n=1), 12 (n=1) 98.9
Pl-2a, a2 16 87.5 (n=14) 23 (n=8), 1 (n=7), S (n=1) 93.8
Pl-2a, a3 5 100.0 (n=5) 12 (n=3), 1 (n=1), 7 (n=1) 60.0
Pl-2a, a4 6 83.3 (n=5) S (n=5), 1 (n=1) 66.7
Pl-2a, a5 21 90.5 (n=19) 23 (n=17), S (n=2), 19 (n=1), 7 (n=1) 14.3
Pl-2a, a6 31 77.4 (n=24) 1 (n=17), 12 (n=9), 23 (n=4), S (n=1) 93.6
Pl-2b, a1 11 72.7 (n=8) 1 (n=8), 7 (n=2), S (n=1) 100.0
PI-2b, a2 69 21.7 (n=16) 17 (n=69) 100.0
P1-2b, a3 45 86.7 (n=39) 61 (n=20), 67 (n=12), S (n=11), 1 (n=1), 17 2.2

(n=1)
S = Singleton
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Table 2.2. Multivariate analysis of characteristics associated with strong biofilm

production in human-derived strains.

Adjusted OR*

Characteristics (95% Cl) p-valuet
Pilus Island (PI)
Other Pl combinations 1.0 -
Pl-2a presence 4.0 (0.85,19.02) 0.08
Clonal complexes (CCs)
Other CCs 1.0 --
CC-1 0.7 (0.18, 3.02) 0.66
CC-23 1.0 (0.19, 5.46) 0.99
CC-17 0.2 (0.03, 1.01) 0.05
CC-19 0.04 (0.01, 0.14) <0.0001
Strain source
Asymptomatic -
colon?/zatl?on L0
Invasive disease 1.2 (0.57, 2.33) 0.68

*OR, odds ratio; 95% CI, 95% confidence interval.

TWalds Chi-square test.
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Figure 2.1. Source, frequency, and strength of biofilm production among 293 group B
streptococcal strains by biofilm absorbance (ODsgs). Bar height represents the percentage
of isolates within each absorbance category listed on the x-axis. Strong biofilm producers were

classified as having an ODsgs5 Of 1.8 or greater.
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Figure 2.2. Variation in biofilm production among group B Streptococcus strains
representing distinct phylogenetic lineages. The Neighbor-joining phylogeny grouped the
73 sequence types (STs) into eight clonal complexes (CCs), which are represented with
different colors. Bovine strains are indicated in red and the frequency (%) of strains forming a
strong (dark grey) versus weak (light grey) biofilm is shown within each CC as individual pie

charts.
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Figure 2.2. (cont'd)
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Figure 2.3. Biofilm absorbance among group B Streptococcal strains with different pilus
island (PI) profiles. Center line of boxes is average absorbance, boxes represent the middle

two quartiles, and whisker bars represent highest and lowest quartiles.
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Figure 2.4. Variation in bacterial association with decidualized T-HESCs. Percent
association among A) 32 strains representing distinct phylogenetic lineages or clonal complexes
(CCs); and B) 16 strains belonging solely to CC-17 by source. Individual data points represent
the average of three experiments with the largest horizontal lines and error bars representing

the mean of data points and standard deviations, respectively.
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ABSTRACT

Background: Streptococcus agalactiae (GBS) is a normal inhabitant in the microbiome,
present in up to 40% of healthy adults; however, this opportunistic pathogen is able to breach
restrictive host barriers and persist in harsh and changing conditions during pathogenesis. This
study sought to identify a role for quorum sensing, a form of cell to cell communication, in the
regulation of the fibrinogen-binding (rgf) two-component system and the ability to bind to
immobilized fibrinogen and host epithelial cells, in vitro, through the creation of a deletion
mutant lacking the ability to produce the putative autoinducing peptide, RgfD.

Results: Sequence variation in the rgf operon was detected between 40 clinically-
isolated strains and within the rgfD gene of 21 strains; A non-synonymous SNP resulting in a
truncated translation was detected in the seven strains in the ST-17 lineage. Expression of
genes within the rgf operon, assessed using qPCR, were significantly decreased in the mutant
throughout exponential growth with the biggest difference (-3.3-fold) occurring at higher cell
densities. In contrast to previous findings, expression differences between the rgfB and rgfC
genes suggest non-polycistronic transcription. Attachment to fibrinogen was 1.6-fold higher and
association with decidualized endometrial cells was decreased 1.3-fold. rgfC expression, when
exposed to endometrial cells, was reduced 22-fold in the mutant providing additional evidence
that this putative quorum sensing molecule is important for GBS colonization in the human host.

Conclusions: These data demonstrate a role for the putative quorum-sensing peptide,
RgfD, in GBS pathogenesis through regulation of rgfA/C, and offer a novel target for the
development of future therapeutics aimed at preventing or treating GBS colonization, vertical

transmission to neonates, and disease.
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Introduction

Streptococcus agalactiae, or Group B Streptococcus (GBS), is a medically relevant
pathogen and leading cause of meningitis and sepsis in neonates. GBS is present as a
commensal in up to 40% of healthy men and women in the gastrointestinal and/or urogenital
tracts but is an opportunistic pathogen presenting a danger to newborns, pregnant women, the
chronically ill, and the elderly (1-5). Although there has been a reduction in neonatal disease
cases in the past 30 years, GBS remains a health problem in both industrialized and developing
nations, and there remain significant gaps in understanding the molecular mechanisms of
pathogenesis (4).

The identification of features that drive one strain of GBS to become invasive while another
remains benign is incomplete. Several studies utilizing multilocus sequence typing (MLST), a
method targeting seven reference genes, have shown that most isolates belong to one of four
clonal complexes (CCs): 1, 17, 19, and 23, with CC-17 identified associated with increased
virulence (6, 7). This suggests the CC-17 lineage likely contains unique features which impact
disease development and progression (8, 9).

While GBS is well adapted to survival in the host, crossing restrictive barriers still presents a
challenge to this opportunist, and progression to disease for GBS requires complex regulation of
an array of virulence factors, and, in the development of invasive disease, the crossing of
restrictive tissues such as the placental and blood-brain barrier (10, 11). The ability to respond
to environment cues through transcriptome remodeling allows for adaptation and survival (12).
This ability to recognize extracellular stimuli and respond is controlled by signal transduction
systems (STS), and the most common STS found in bacteria are two-component systems
(TCS) (13). Atypical TCS is composed of a membrane-bound sensor kinase, which reacts to
an extracellular stimulus by phosphorylating, and thus activating, a specific response regulator

which acts as a transcription factor driving downstream behavioral changes (14).
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The number of TCS coded in a bacterial chromosome has been shown to positively
correlate to genome size at a rate of ~2.3 TCSs per 1 MB for genomes up to 5MB (15), and
GBS has a disproportionately high number of TCSs with 17-20 predicted for a 2.2MB genome
(16-18). Several of these TCSs have been further studied and have demonstrated roles in
pathogenesis, including the controller of virulence (CovR/S)(19), the regulator of D-Alanyl-
lipotechoic acid biosynthesis (DItR/S)(20, 21), the competence and 3-lactam-resistance
promoting system (CiaR/C)(22), and the regulator of fibrinogen binding (RgfA/C)(23-25).

The rgf system promotes binding of host cell components through regulation of cell surface
proteins, including fibronectin binding protein, scpB, and fibrinogen binding proteins, fbsA, and
fbsB (23). This TCS is present in the genome of every CC-17 isolate, but is variably present in
other CCs (23). Furthermore, CC-17 is the only lineage in which the combination of rgf and
fbsB are found (23). Thus, rgf has a role in host cell attachment, but the regulation of this
operon is currently unknown. Interestingly, the histidine kinase and response regulator are part
of a four gene operon, rgfBDAC, which was identified as polycistronically transcribed (24).
Along with the TCS, the transcript codes for a putative quorum sensing peptide, RgfD, and its
putative processor, RgfB, but the function of these proteins has yet to be proven (23, 24). We
hypothesized that the rgfA/C system may facilitate GBS colonization and/or pathogenesis via
regulation by quorum sensing. The rgf operon is homologous to the accessory gene regulatory
system, (agr) which is found in many Staphylococci species and is important for virulence
through the regulation of secreted virulence factors and surface proteins (26). The agr operon
is autocatalytic and transcription and AgrD signaling is sufficient for sensor kinase activationg
(27). Upon phosphorylation of the response regulator, AgrA, by the sensor kinase, AgrC, an
alternative promoter is activated; This promoter drives expression of the intracellular effector, a
regulatory RNA called RNAIII (27). RNAIII, encoded in the reverse orientation directly upstream
of the agr operon, is responsible for downstream transcriptome alterations (28). However,

regulation of this operon is complex and includes many other identified factors, of which AgrD is
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only one (26, 27, 29, 30). Regardless, it is one of the best characterized quorum-sensing
circuits in Gram-positive pathogens (26, 31). The genes encoding agrA, and agrC, show 55%
and 45% homology to rgfA and rgfC, respectively (24). The agr operon is a mutable locus, in
vivo, and strains have been isolated from patients with mutations conferring a non-hemolytic,
non-invasive phenotype (26, 32). Interestingly, analysis of the genome of NEM316, a serotype
Il GBS strain isolated from a fatal case of neonatal septicemia, uncovered a large deletion
encompassing rgfD and part of rgfC (16). The effect of this deletion in this strain is not
currently known. A further study found that deletion of rgfA resulted in increased virulence in a
murine model, possibly through increased sialic acid production (25). However, the importance
of rgfD, the putative auto-inducing peptide, on the regulation of the rgf operon has not been
assessed. The work described below investigated the role of rgfD in biofilm production, host
cell adherence, expression of the rgf operon across growth stages and when exposed to

decidualized endothelial cells, and the whole transcriptome during log phase growth.
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Results

rgf operon and rgfD sequence variation between strains of GBS

As a truncated variation of the rgf operon, in which complete rgfD and rgfA genes are
absent, has been previously identified (23) , we perfomed a multiple sequence alignment of the
rgf operon between the genomes of 40 clinical strains previously characterized for biofilm
production in Chapter 2 and used these data to build a topological phylogenetic tree (Figure
3.1). The strains were representative of five STs and two singletons, including STs: 1 (n=6), 12
(n=2), 17 (n=7), 19 (n=10), and 23 (n=13), and S (n=2). There were 19 strains found to contain
a complete rgf operon and 21 with the truncated allele. While ST-17 strains lacked variation in
the operon and clustered together, other STs displayed high variability. Particularly, ST-19 and
-23 strains were found to harbor either the complete or truncated rgf operon. Because allelic
variation in the agr system has been related to biofilm production in S. aureus (33), we
assessed the importance of rgf allelic variation on biofilm phenotypes. Of the 40 strains, 16
(40%) were strong biofilm producers and 24 (60%) were weak. No relationship was observed
using a Chi-Squared test between biofilm phenotype and complete or truncated rgf operon:
Among those with a complete rgf operon, 42.1% were strong and 57.9% were weak while the
percentage of strong and weak biofilm producers was 38.1% and 61.9% for those with a
truncated rgf operon, respectively.

In the agr system of S. aureus, for instance, allelic variation in the autoinducing peptide
(AIP) has been shown to be important for competitive inhibition of the operon both within and
between Staphylococccus species (34). Our comparison of rgfD sequences and the
phylogenetic analysis of 21 strains with a complete rgf operon (Figure 3.2) found the ST-17s to
group together, but not with other STs as a result of a non-synonymous T54A single nucleotide

polymorphism (SNP). This SNP results in a truncated coding sequence due to a stop codon
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after 17 amino acids. Sequence similarity in ST-17 was in agreement with earlier findings
indicating less genomic variability within the ST-17 lineage relative to others (35). However, a
single ST-17 isolate, GB97, did harbor a second synonymous SNP (G40T), indicating sequence
variation within this ST. There was also a distinct branch including two strains representing ST-
12 and ST-19 containing two unique SNPs, G21A and G102A. The G21A SNP is non-
synonymous and results in an amino acid change of methionine to isoleucine, while the G102A

SNP is synonymous.

rgf operon is upregulated in a density-dependent manner and is not polycistronically

transcribed

Because quorum-sensing controlled systems are characterized by density-dependent
expression as the concentration of extracellular inducer increases, the expression of rgfB was
assessed over time in three separate CC-17 strains. All three strains contained complete rgf
operons, with a similar level of upregulation at increasing cell densities for each (Figure 3.3). At
ODsgs = 0.68 £ 0.07, rgfB expression was upregulated by 6.1 + 1.7 fold and as density increased
to ODsgs= 0.87 £ 0.05, rgfB transcription increased by 12.5 + 7.6 fold. Each of these points were
calculated relative to ODsgs = 0.2. While transcription levels of rgfB and rgfA were similar at
early- and mid-log phase, significant expression differences in early stationary phase were
identified between rgfB and rgfA with relative transcription levels of 2.5 + 1.3 and 0.5 £ 0.3,
respectively, in contradiction to previous findings of polycistronic transcription (24).

As the rgf operon was expressed in a density-dependent manner, expression was then
compared between the ArgfD mutant and WT through the expression of the sensor kinase
(rgfC), the putative transporter (rgfB), and a gene (fbsB) known to be activated by the rgf operon
(23). At early-log and mid-log phase growth, expression of rgfC was significantly decreased in

the mutant; however there was no difference in rgfB or fosB (Figure 3.4). At ODsgs=0.4, the WT
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and mutant had significantly different relative transcript quantities of 0.12 + 0.03 and 0.05 £
0.04, respectively (T-Test P-value <0.05). Similarly, expression at ODsgs=0.6 in the WT was
significantly higher than in the mutant with relative transcript quantities of 0.10 + 0.03 compared
to 0.03 = 0.01 (T-test P-value <0.01). Upon entry into stationary phase at OD = ~0.8,
expression again became variable, although it was consistent within biological replicates of the

same experiment.

rgfD decreases fibrinogen binding and increases host cell association

Because the rgf operon was previously shown to affect binding of immobilized human
fibrinogen in-vitro(23), the ArgfD mutant was evaluated for its ability to bind fibrinogen. Notably,
ArgfD was found to bind fibrinogen 1.7 + 0.2 fold better than the WT (0.54% + 0.13% compared
to 0.33% + 0.14%) (Figure 3.5). Next, the mutant and wild-type were tested to ascertain
whether increased attachment to fibrinogen in the mutant resulted in increased association with
decidualized T-HESCs. Interestingly, the mutant was decreased 1.3-fold in association with
host cells compared to the wild type with 0.23% * 0.14% and 0.29% =+ 0.21% (ratio T-test P-
value <0.03) (Figure 3.6). As the association assay was performed in different conditions than
the earlier expression analysis, we tested rgfC expression in the mutant and wild-type to confirm
whether the differential regulation was the same under these conditions. Following 2 hours of
exposure to decidualized T-HESCs, there was a 22.8-fold reduction in rgfC expression in the
mutant compared to the WT with relative transcription values of 0.0019 + 0014 and 0.043 £

0.019 (Figure 3.7).
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Effect of rgfD deletion on the transcriptome

To further assess the role of rgfD in GBS, we performed a whole transcriptome comparison
between the WT and ArgfD mutant at mid-log phase using RNA sequencing. We found nine
significantly upregulated and 28 significantly downregulated genes (Tables 3.1 and 3.2). As
expected, rgfA and rgfC were both downregulated by 4.6-fold; however, the biggest decrease
was observed in genes located directly upstream of the rgf operon. Gene 1751, encoding a
phage transcriptional repressor was downregulated by 29.8-fold, which was the largest
difference observed. Remaining genes had predicted functions of transport, signal transduction,
carbohydrate and amino acid metabolism, and nucleic acid binding, as well as several which
were hypothetical proteins. As with the gPCR data, no difference was observed in rgfB
transcription levels. A conjugal transfer protein was the most highly upregulated with 2.6-fold
increased expression while the remaining upregulated genes were involved in metabolism,

transport, membrane proteins, or transcription/ regulation.
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Discussion

Based on sequence, operon structure, and functional similarity, we hypothesized that the rgf
system was highly similar to the agr system of S. aureus through the confirmation of rgfD as
coding for an AIP which stimulates expression and phosphorylation of the two-component
system encoded by rgfA and rgfC. Towards this end, a non-polar deletion mutant lacking rgfD,
ArgfD, was constructed and used to identify a role in rgf-mediated phenotypes.

Variation has been previously identified in the agr loci both within the AIP and across the
whole operon (36, 37), and sequence alterations within the AIP, agrD, alter the activation of the
sensor kinase, agrC, offering strain-specificity to the quorum sensing message (37). We
identified sequence variation in the putative AIP of ST-17 strains in, rgfD, in the form of 2 SNPS.
Interestingly, one of these SNPs is hon-synonymous and results in a stop codon and, thus,
truncation of the protein. While we did not further assess the importance of this truncation, it is
notable that the AgrD peptide is post-translationally modified and reduced to a single 8 amino
acid peptide (38). Thus, the truncated rgfD coding transcript may be sufficient produce a
functional AIP, though further work is required to assess this. Interestingly, given the posited
function of rgfB in peptide processing and transport, post-translational modification is common
for secreted peptides, such as bacteriocins, in lactic acid bacteria (14, 39). Indeed, the agr
system has been implicated in the production of epidermin (40), thus, due to the number of
conserved hypothetical proteins in close genomic proximity which were downregulated in our
transcriptome data, there may yet be a role for the rgf system in the production and secretion of
yet unknown bacteriocins in GBS. Additionally, it is notable that those genes located directly
upstream of the rgf operon may code for intracellular effectors such as is activated in S. aureus
by agr expression (27). Future efforts should focus on the characterization of these genes and

the identification of promoter regions.
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In accordance with a comparative genomics study in which they found significant variation in
the rgf operon across 251 genomes (41), we discovered many strains with the deletion of rgfD
and truncation of rgfA that has been reported previously in the hyper-invasive NEM 316 (16).
Although this allele was present in many other CCs, there were no examples in CC-17 strains
offering further confirming the truncation event to have occurred outside of this hyperinvasive
genotype, or to be horizontally acquired. Although we did not evaluate the effect of this
truncation on the pathogenic-potential of a specific GBS strain, future work should focus on
generating a mutant with the truncated rgf operon in a CC-17 strain.

In our ArgfD mutant, we discovered an increase in fibrinogen-binding ability. Given the
proven role for rgfA and C in fibrinogen-binding (23), this finding offers support to the notion that
rgfD has a role in activation of this two-component system and fits with the finding in S. aureus
that agr inhibits expression of fibronectin-binding proteins (42). Furthermore, reduced biofilm
has been related to deletion of the agr operon in S. aureus, and we observed no difference in
biofilm production in our mutant (43). We did, however, discovered a decrease in association
with decidualized T-HESCs that correlated with decreased transcription of rgfC in the mutant.
This is particularly interesting because the ability to attach to host cells has been shown to be
variable in GBS (44), and it is plausible, given the large variation between strains in expression
of rgf in high density cultures, that this operon may be at least partially responsible. Itis
notable that non-replicating stationary cells were used to assess fibrinogen-binding while
growing log phase cells were used in association assays as the contradictory results between
these assays serve to highlight the importance of metabolic state on rgf expression and
function.

In contrast with previous findings, we discovered there is non-polycistronic transcription
within the rgf operon with both gPCR and RNA seq with difference seen between rgfB and rgfC
expression levels (24). This finding suggests that regulation is more complicated and cannot be

solely attributed to rgfD. This is in agreement with the complicated agr regulation in S. aureus
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for which there are several factors besides AgrD affecting agr expression (29, 30).

Furthermore, the existence of multiple regulators may explain our inability to complement our
mutation using an extra-chromosomal expression plasmid under control of the constitutive rofA
promoter. As our complementation attempts focused solely on rgfD, future efforts may be
successful using an expression plasmid with a native rgf promoter or expressing the whole rgf
operon. Regardless, we were able to confirm Northern Blot results indicating density-dependent
rgf expression(24) with gPCR of three separate CC-17 strains, although there was high
variability in fold change observed at the final time point. This variabiity is likely due to entry into
stationary phase, at which point the transcriptome is widely altered. Furthermore, quorum
guenching is known to occur following entry into stationary phase in several bacterial species
(45, 46), presumably to conserve energy, and this is consistent with the differences noted in
high density rgf expression in GBS.

As disease progression involves differential expression in response to changing host
environments, quorum sensing offers a potential explanation for variable pathogenic potential
observed between GBS lineages. This work identified a role for the putative quorum-sensing
AIP, rgfD, as a regulator of the sensor kinase, rgfC, as well as in host-cell association and
fibrinogen-binding. Thus, rgfD remains a good candidate as coding for an AIP in GBS. Future
studies should focus on the complementation of our mutation as well as assessing the
importance of sequence variation, including the truncation of rgfD in ST-17 strains and the effect

of the rgfD deletion and rgfA truncation observed in many non-CC-17 strains.
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Materials and Methods

Bacterial Strain and Growth Conditions

GB00451, a serotype lll, ST-17 strain isolated from the blood of a case of heonatal
invasive disease was used in this study. GBS was cultured in Todd-Hewitt broth (THB) or agar
(THA) or Trypticase soy agar plus 5% sheep's blood (Becton Dickinson) at 37°C with 5% CO..
Growth curves were done in THB under the above conditions with samples taken for

determination of ODsg5 at indicated times.

Sequence Analysis

41 rgf operon sequences were extracted from the NCBI database and analyzed by
DNAStar software (DNA Star). Multiple alignments were performed using the ClustalW
algorithm in the MEGAlIign program (DNA Star). Phylogenetic trees were generated using

MEGAG6 (DNAStar).

RNA Extraction, cDNA synthesis, and Quantitative Real-Time PCR

RNA was extracted and cDNA was synthesized, and transcripts quantified as previously
described (44). Briefly, for collection, samples were added to 2 volumes RNA Protect (Qiagen),
pelleted and stored at -80C until extraction. RNA was then extracted using an RNEasy Kit
following the “Enzymatic Lysis and Proteinase K Digestion” protocol. DNA was removed with
the Turbo DNase kit (Ambion) according to manufacturer’s directions. Resulting purified RNA
was quantified and 1ug was used for reverse-transcription with the iScript Reverse Transcription
Kit (BioRad). iQ SYBR Supermix (Biorad) was used for Quantitative RT-PCR (qRT-PCR) in
154l reactions with 10 uM (each) gene-specific primers. Specific products were amplified and

guantified using a CFX384 Touch Real-Time PCR detection system (Bio-Rad) under the
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following conditions: 1 cycle of 3 min at 95°C and 39 cycles of 95°C for 10 s and 60°C for 30 s.
Relative transcript quantities were calculated using the comparative threshold cycle (Ct) method

(27%°T) (47) with gyrA as the internal control gene.

rgfD Mutagenesis and Complementation

Mutagenesis was performed as previously described using a double-homologous
recombination strategy with the pG+host5 thermosensitive plasmid(48) for the deletion of rgfD
as previously described (49). Flanking regions were amplified by PCR both upstream, using
primers rgfD_dell (ccgcggatccccacttttactcatgggtgactt) and rgfd_del2
(cccatccactaaacttaaacagcattccaaactttgtaaggagtc), and downstream, using primers rgfD_del3
(tgtttaagtttagtggatgggttttattcaacaggcacgtttag) and rgfD_del4 (gggggtaccaaaacttcttcaatccttctgct).
Complementary DNA sequences in the primers are in italics and BamHI and Hindlll restrictions
sites are underlined. An assembly PCR resulting in a single product was performed using equal
amounts of the flanking products with the primers rgfD_dell and rgfD_del4. Restriction digests
using the resulting product and the plasmid pG+Host5 were performed followed by ligation and
electroporation into Max Efficiency DH5a E. coli electrocompetent cells (ThermoFisher) with a
Micropulser (Biorad). The resulting plasmid, confirmed by PCR amplification with primers
PGhost 4630 and PGhost 5117 and sequencing of the resulting product, was then
electroporated into GBS strain GB00451 and grown at 28°C with erythromycin (2 pg/ml) as the
selection agent. Chromosomal integration of pG+host:ArgfD was selected for by growth on
agar at 40°C in the presence of antibiotic. Excision and loss of the plasmid was stimulated by
growth at 28°C without antibiotic pressure in broth for 6 generations at which point cultures were
diluted and plated. Single colonies were tested for erythromycin susceptibility to ensure plasmid
loss and PCR using primers rgfD_del5 (tcatactcgtcgtgctctgg) and rgfD_del6
(caactctatgtgaccttaatgacg) to identify those with successful gene deletion. The resulting mutant

was identified as GB_00451ArgfD.
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Complementation of rgfD was attempted with the pLZ12 plasmid with the rofA promoter
sequence (50). rgfD was amplified with Plz:rgfD_F:

(CGCGGATCCAGGAGGACAGCTATGCGAAGTTTGGAATGCATGAG) and Plz:rgfD_R:

(AAAACTGCAGTTCTCTCTAAACGTGCCTGTTG), digested with PSTI and BamHI enzymes,
and ligated into the plz12 plasmid. Restriction sites are shown in bold, ribosomal binding site is
underlined, and start codon is in italics. The constructed plasmid was transformed into DH5a
MAX Efficiency Chemically competent cells (Invitrogen) and transformants identified as
chloramphenicol resistant. The plasmid was then electroporated as described above into
GB_00451ArgfD competent cells, and transformants were selected for growth in Todd Hewitt

agar plus chloramphenicol at 3ug/mL.

Association Assay

T-HESCs were decidualized as previously described (51). Briefly, cells were grown to
approximately 50% confluence and treated with 0.5 mM 8-bromo-cyclic amp (cAMP) (Sigma) for
3 to 6 days. Decidualization was confirmed by examining the expression of prolactin and insulin-
like growth factor (IGF)-binding protein 1, which are upregulated following decidualization.
Assays were performed when cells reached 100% confluence. Bacterial strains were grown in
THB overnight, washed once with phosphate-buffered saline (PBS), and resuspended in
infection medium (HESC medium with 2% charcoal-treated FBS, no ITS+, and no antibiotics).
Prior to infection, host cells were washed three times with PBS. They were then infected with
GBS strains in the infection medium at a multiplicity of infection (MOI) of one bacterial cell per
host cell. After 2 h of incubation at 37°C with 5% CO,, wells were sampled, serially diluted, and
plated to determine final growth. Then wells were washed three times with PBS to remove non-
adherent bacteria, and host cells were lysed with 0.1% Triton X-100 (Sigma) for 30 min at 37°C.

Lysates were subjected to gentle vortex mixing to further disrupt the host cells and liberate
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intracellular bacteria. After serial dilution, lysates were then plated on THA and incubated
overnight at 37°C, and CFU were counted. All data were expressed as percentages of the total
number of bacteria per well after the 2-h infection. Assays were run in triplicate at least three

times.

Fibrinogen Binding Assay

Binding to fibrinogen was assessed as previously described (52). Briefly, wells of a flat
bottomed 96 well plate were incubated for 18h at 4°C with 29.4nM human fibrinogen (Sigma).
Overnight cultures were washed and diluted in phosphate buffered saline. 100uL, containing
5x10*to 5x10° CFUs, was added to each well. Plates were incubated for 90 minutes at 37°C
and 5% CO,. Wells were then washed with PBS 3x to remove unbound cells and the serine
protease mixture (Sigma) was added and plates were incubated an additional 15 minutes before
samples were taken, diluted, and plated on THB agar. Percent was calculated as the number of
bound CFUs divided by the inoculum CFUs. Statistical significance was determined using a

two-tailed Student’s T-test assuming unequal variance between averages of 3 experiments.

RNA Preparation for RNAseq

Bacterial RNA was isolated from cultures grown as described above. Samples were
taken during log phase growth (OD595 = 0.4) and following 1 hour of macrophage exposure.
Samples were extracted and DNA was removed as previously described (44), using RNAprotect
Bacteria Reagent (Qiagen) and an RNeasy minikit (Qiagen). Briefly, samples were subjected to
enzymatic and mechanical lysis and extracted following the RNeasy protocol. Following
extraction, samples were treated with a Turbo DNA-free kit (Ambion) and checked for DNA
contamination by PCR without prior reverse transcription (RT). For macrophage exposed
samples, RNA was precipitated following Turbo DNase treatment and bacterial RNA was

separated from mammalian following the standard protocol of a MICROBEnRrich Kit (Ambion).
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Following microbial RNA enrichment, samples were quantitated with a Qubit fluorometer (Qubit)
uising standard manufacturer protocols and subjected to rRNA removal with a Ribo-Zero rRNA
removal for Gram-Positive bacteria (Epicentre). Samples were again quantitated with a
fluorometer and analyzed using the Agilent RNA Pico 6000 kit and Agilent bioananalyzer
(Agilent) to ensure high quality and purity. Following this, 100ng was added to a 1.5mL
Eppendorf tube, dried, and resuspended into 5uL RNase-free H,O for library preparation,
sequencing, and analysis. RNA library was prepared and sequenced by the MSU Research
Technology Support Facility using a modified standard protocol which skipped the oligo-dT bead
step with a TruSeq Stranded mRNA library sample preparation kit (Illumina). Paired-end reads
were performed by an lllumina HiSeq 2500 Rapid Run flow cell (Illumina) with Rapid SBS
reagents and bases were called using lllumina Real Time Analysis v1.18.64 and converted to

FastQ files by lllumina Bcl2fastq v.1.8.4.

Whole Transcriptome Analysis

Trimmomatic (version 0.3) was used to remove lllumina adapters from the paired end
raw sequence reads and for quality control: reads with average quality score less than 28 were
dropped, and reads were clipped if average quality score in a window of 20 falls below 30.
Tophat2 (version 2.0.11) was used to map the filtered reads to the GBSCOH1 bacterial
reference genome as outlined in the gene feature files (.gff) from NCBI. Cufflinks (version 2.2)
was used to identify differentially expressed genes from the reads mapped to reference
transcriptomes, which gives the log, fold change in gene-expression. We then computed the p-
values and the g-values (false discovery rates) for the log, fold change data and identified
genes with FDR < 0.5 as the differentially expressed genes. P-values are calculated as the
cumulative distribution function of the normally distributed z-scores for the log, fold expression

change for each gene. Scripts for data analyses are available upon request.
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APPENDIX

Table 3.1. Upregulated genes in the mutant relative to the WT identified in whole
transcriptome comparisons. Gene ID is the gene identifier number in the COH1 reference

genome and product is from genome information on Genbank (Accession# GCA_000689235.1).

Gene ID Product Fold Change qgval
1784 Conjugal Transfer Protein 2.60 0.01
1801 Cell Wall Surface Anchor 2.52 0.02
575 Amidase 2.22 0.10
1841 Hypothetical 2.06 0.21

34 Sugar ABC transporter 2.06 0.21
603 Endopeptidase 2.03 0.25
1955 Hypothetical - BRO family (DNA transcription or replication) 2.00 0.29
447 BioY family protein (biotin transport) 1.98 0.29
740 Transcription factor 1.90 0.40
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Table 3.2. Downregulated genes in the mutant relative to the WT identified in whole
transcriptome comparisons. Gene ID is the gene identifier number in the COH1 reference

genome and product is from genome information on Genbank (Accession# GCA_000689235.1).

‘ Gene ID Product Fold Change ¢ value ‘
1751 Phage Transcriptional Repressor -29.8 <0.01
1397 Glyoxalase Family Protein -10.6 <0.01
1752 Transport ATP-binding Protein -10.1 <0.01
1749 Putative Membrane Protein -10.0 <0.01
1750 ABC transporter, ATP-binding -8.3 <0.01
1754 Sensor Histidine Kinase (RgfA) -4.6 <0.01
1753 Response Regulator (RgfC) -4.6 <0.01
1694 PTS System, Nacgalactosamine-specific 1|1B component -4.2 <0.01
1747 Putative Membrane Protein -3.6 <0.01
1942 Hypothetical -3.6 <0.01
1940 Phage Encoded Transcriptional Regulator (ArpU family) -3.3 <0.01
1154 Hypothetical -3.3 0.01
1656 Putative Transaldolase (Carbohydrate Metabolism) -3.2 0.01
1726 LacB (Carbohydrate Metabolism) -3.2 0.01
186 Putative Holin-like Protein (LrgA Family) -3.2 0.01
1889 Hypothetical -3.2 0.01
254 Nucleic Acid Binding -2.7 0.07
577 Hypothetical -2.7 0.08
564 Hypothetical -2.6 0.08
1956 DNA Binding -2.5 0.12
1547 Hypothetical -2.5 0.15

87 Hypothetical -2.5 0.15

35 Transport -2.3 0.29
1844 Transferase -2.3 0.29
1926 Amino Acid Metabolsim -2.3 0.30
1944 Hypothetical -2.3 0.33
1044 Hypothetical -2.2 0.37
1179 Membrane Component -2.2 0.39
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Figure 3.1. Phylogenetic tree of rgf operon alleles and CC relationships. A multiple

sequence alignment using the ClustalW algorithm found high similarity between all strains with

complete operons and between strains with the truncation. The CC-17 contained identical

sequences and formed their own clade. Tree shows topology only, and numbers denoting

branches are strain identifiers. Bars represent CC frequency of each node and yellow color on

tree identifies those strains with a complete rgf operon while purple highlights those with a

truncation.
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Figure 3.2. rgfD sequence varies between strains. An alignment of rgfD sequences from the
21 sequenced strains shows the ST-17s to group together, and no correlation between biofilm
phenotype and rgfD sequence. Red and blue colors in the table represent weak and strong

biofilm phenotype while numbers represent strain IDs and ST.
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Figure 3.3. rgf operon is upregulated in a density-dependent manner in CC-17 strains.

rgf expression of 3 CC-17 strains was assessed using gPCR at different culture densities. Error
bars represent standard deviation between the strains at a given time point. Y-Axis is fold
change as determined by AACT method relative to the earliest data point, and X-axis represents

ODsg5 of the culture.
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Figure 3.4. rgfD is necessary for full rgfC expression. Relative transcript quantity of rgfB,
rgfC, and fbsB was compared between WT and mutant at early mid-log (ODsgs = 0.4) and late
mid-log (ODsgs = 0.6). Blue bars represent WT and red bars represent ArgfD. Error bars are
standard deviation of 4 biological replicates and single and double star represent p-value < 0.5

and < 0.1, respectively.
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Figure 3.5. rgfD deletion increases fibrinogen-binding ability. Fibrinogen attachment was
compared between the WT and ArgfD strains and found significantly higher attachment by the
mutant. Blue and red bars represent WT and ArgfD, respectively, and error bars
represent standard deviation between averages of 4 experiments. Y-axis is percent attachment

as determined by CFU bound divided by the initial inoculum. Star signifies student t-test p-value

<0.03.
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Figure 3.6. rgfD is necessary for optimal association with decidualized T-HESCs. The
percentage of T-HESC-associated WT and ArgfD CFUs was determined with an association
assay and WT showed significantly increased attachment. Bars represent average of 4
experiments, error bars represent standard deviation between 4 experiments, and star signifies

significant difference (P-value < 0.03).
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Figure 3.7. rgfCis upregulated by rgfD following exposure to decidualized T-HESCs.
Expression of rgfC was measured by gPCR from RNA extracted at the end of the infection
period of an association assay and found a 22.8-fold higher relative transcript quantity in the WT
compared to ArgfD. Error bars represent standard deviation between 3 experiments and star

represents significant difference with p-value < 0.02.
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CHAPTER 4.

IDENTIFICATION OF PHENOTYPIC DIVERSIFICATION AND CHARACTERIZATION

OF A STABLE IMMUNOEVASIVE SMALL COLONY VARIANT IN THE HYPERVIRULENT CC-

17 LINEAGE OF GROUP B STREPTOCOCCUS
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ABSTRACT

Background: Group B Streptococcus (GBS) is an important cause of neonatal sepsis
and meningitis largely caused by vertical transmission at or during birth. The implementation of
CDC-recommended guidelines for the prevention of neonatal disease successfully reduced
rates for early-onset (EOD) but not late-onset (LOD) disease cases. Microdiversity, and the
production of persister cells, offers one possible explanation for persistent colonization and
transmission despite the administration of intrapartum antibiotics. Small colony variants (SCVSs)
have been implicated in persistence and pathogenesis for several bacterial pathogens, but the
importance of phenotypic heterogeneity and SCVs has not been studied in GBS. In this study,
we identified SCV formation and isolated a mutant SCV that was unable to revert to WT
morphology in a GBS isolate belonging to the hyperinvasive, ST-17 lineage. We compared the
ability of the mutant SCV to tolerate antibiotics, form biofilms, attach to fibrinogen and
endometrial cells, and be phagocystosed by macrophages.

Results: Although revertable SCV induction was observed in both stressors, SCV
frequency was significantly higher when exposed to penicillin compared to acidic pH. A locked
mutant SCV was isolated and displayed ~2.5-fold increased biofilm production, two-fold
increased penicillin tolerance. A seven-fold decrease in phagocytosis by macrophages and a
four-fold decrease in in-vitro fibrinogen-binding relative to the wild type were also detected.

Conclusions: These data represent the first identification and characterization of SCVs
in GBS and suggest microdiversity is an important contributor to pathogenesis. Furthermore,
the presence of SCVs may patrtially explain why LOD rates have remained unchanged since

disease prevention guidelines were implemented.
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Introduction

Streptococcus agalactiae (GBS) is the primary etiological agent of neonatal invasive disease
in the industrialized world and an emerging pathogen in adults with compromised immune
systems (1-3). There are two types of GBS neonatal disease, early (EOD) and late (LOD)
onset. EOD occurs during the first week of life, accounts for ~80% of neonatal infections, and is
the result of vertical transmission at or directly preceding birth. LOD occurs after 1 week of life
up to 3 months of age and, though vertical and maternal transmission has been suggested to be
important, the delay in the development of disease is not understood (4, 5). The implementation
of guidelines for the prevention of neonatal infections have resulted in a significant decline in
EOD incidence, but not LOD incidence, over the past two decades in the USA (2, 6).
Furthermore, the decrease in EOD levels has stabilized from 2000 to the present (7, 8).
Asymptomatic colonization is common amongst healthy adults, but is also the primary risk factor
for the development of both types of disease, thus reduced density or elimination of GBS
colonization is the target of pre-birth intervention (9—11). Successful clearance of the infection,
however, is often transient and up to 60% of women who are treated with antibiotics are
subsequently re-colonized, suggesting a reservoir, either internal or environmental, is
contributing to persistent colonization (12, 13). Further understanding and identification of
bacterial factors influencing persistence is required to guide the development of diagnostic tests
and therapeutics towards the elimination of GBS neonatal disease.

More virulent strains of GBS have been found to represent specific phylogenetic lineages.
Multilocus sequence typing (MLST), targeting seven reference genes, found that two-thirds of
clinical isolates fell into four major clonal complexes (CCs): 1, 17, 19, and 23 (14). Of these,
CCs -17 and -19 isolates have been associated with neonatal disease (15-18). CC-17 strains
have been linked to LOD as well as persistence in women following antibiotic treatment during

childbirth, raising the possibility that some genotype-specific factors may contribute to both
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pathogenesis and persistent colonization (12, 18). A previous study showed that the average
duration of carriage of GBS to be 13.7 weeks in a healthy adult female in the absence of
treatment (19). Long-term, persistent colonization through antibiotic tolerance, immune evasion,
or other unknown mechanisms, may partially explain why LOD rates remain unchanged despite
the implementation of preventative guidelines (6). Although the mechanism of persistence is
not known, chronic carriage of GBS has been shown to increase the likelihood of transmission
to neonates in both a murine model and clinical studies (20-22).

Attempts to uncover the cause of enhanced virulence of the CC-17 lineage have identified
unique virulence factors and phenotypes that play a role in virulence and/or colonization
including proteins, regulatory elements, and biofilm production (14, 23-27). For example, we
identified an association between strong biofilm production and asymptomatic colonization in
Chapter 2 of this dissertation. Environmental selection is important for variation, and harsh
conditions have been demonstrated to affect phenotypic plasticity through the production of
variants in clonal populations of bacteria (28-30). Phase variation, a bacterial survival strategy
in which a proportion of the population exists in an altered state, has been noted for a number of
pathogens (31-33), particularly for those containing highly immunogenic features such as
flagella or pili. The mechanism of this variation is usually accomplished through alternative
regulatory pathways that can alter the transcriptome in ways that can affect substrate
attachment, growth rate, size, and immunogenicity (34). Small colony variants (SCVs) have
also been described to be important for persistence and pathogenesis in a number of bacterial
pathogens, including Staphylococcus aureus (35), Vibrio cholera (36), Pseudomonas
aeruginosa (37), Burkholderia cepacia (38), and Neisseria gonorrhoeae (39). SCVsin S.
aureus were documented in the early 1900s, and this pathogen remains one of the best-studied
cases of variant formation (35). In this bacterium, SCVs are present as a slow growing sub
population that have been isolated from disease cases and have been implicated as essential to

persistent and chronic infections (34). SCVs form characteristic small colonies, and many are
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auxotrophes with a mutation often in the hemin biosynthetic, hemB, or the menadione
biosynthetic, menD, genes (40, 41). hemB and menD are essential to the formation of hemin
and menaguinone synthesis, respectively, and mutations result in electron transport deficiencies
(35). Interestingly, these mutants form stronger biofilms (42), display increased attachment to
eukaryotic cell components(43), and persist intracellularly (44). Although variant formation has
been documented within the streptococci, including S. pneumonia (45, 46), S. pyogenes (47), S.
faecalis (48) ,and S tigurinus(49), no studies have been conducted in GBS. Hence, the goal of
the current study was to assess the ability of GBS to form SCVs in the presence of stressors

and to identify a role for SCVs in colonization and pathogenesis.
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Results

Stress-related SCV formation

Initially, SCVs were observed growing on Todd Hewitt agar (THA) plates following
growth assays in which GBS was subjected to stressors that mimicked those environments
typically encountered during pathogenesis. Following exposure to antibiotics and acidic pH, for
instance, a greater frequency of SCVs were observed in multiple GBS strains relative to the
same strains without these exposures. As SCVs have not been previously investigated in GBS,
a modified Luria-Delbruck fluctuation test (50) was used to assess the role of specific stressors,
namely penicillin and low pH (3.9) in the frequency of SCV development. In this assay, a single
culture of GB00654, which was previously isolated from a pregnant woman, was grown to log
phase before subculture to four distinct tubes. At this point, a sample was diluted and plated to
quantify the abundance of SCVs in the initial inoculum before adding stressors. Following 24
hours of exposure to 1ug penicillin, the percentage of SCVs was similar between repeated
measurements of the same culture (flask) and from the three separate tubes. The single
repeated frequency averaged 15.0% * 3.4% of SCV formation in the flask, while the three tube
measurements averaged at 17.2% + 6.2% (Figure 4.1). Similarly, a 24 hour exposure to acidic
media revealed the same trend except with lower values of 3.7% + 0.2% and 2.8% + 2.1%
SCVs for the flask and tubes, respectively. These data revealed no significant variation
between individually cultured tubes and the larger flask; however, a difference was noted
between antibiotic and acid stress. Specifically, a significantly higher frequency of SCVs was
seen following exposure to peniciilin compared to low pH with averages of 0.16% * 0.05% and

0.05% + 0.03%, respectively (P-value = 0.0006)
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Characterization of SCVs and isolation of a mutant SCV

Following exposure to penicillin, single SCV colony picks were resuspended in
phosphate buffered saline and spread on new THA agar plates to assess reversion. Although
most showed only WT morphology upon subculture, all subsequent colonies from one particular
colony resulted in a homogenous plate of SCVs. Passage of this SCV for 10 generations did not
result in reversion to WT colony morphology, thereby allowing further comparisons to be made
between the stable or “locked” mutant SCV and the isogenic WT. Following overnight growth in
broth, the SCV culture was dispersed throughout the tube with a smaller pellet on the bottom
while WT showed limited dispersal, aggregates, and a large pellet on the bottom (Figure 4.2,
panels A & B). SEM examination of cells from single colonies grown on agar revealed mutant
SCV cells to be lacking extacellular debris seen on the surface of WT cells (Figure 4.2, panels C
& D). Growth of the mutant SCV on a THA plate results in a small colony morphology, seen in
comparison with WT colonies on a single plate in Figure 4.2, panel E.

The mutant SCV also displayed a decreased growth rate compared to WT culture
(Figure 4.3), ultimately reaching stationary phase at a lower final ODsgs, suggesting either a
growth defect or a morphological difference affecting absorbance readings. When grown on
TSA + 5% sheep’s blood, the SCV was still capable of lysing the red blood cells via the -
hemolysin and grew to normal size, indicating some form of auxotrophy. Supplementation of
THB media with hemin or thymidine, however, was insufficient to restore the WT phenotype in
broth. Growth on Granada plates showed pigment production to be unaffected in SCVs.
Notably, differences in the minimum inhibitory concentration (MIC) was observed as the SCVs
had a MIC of 94 ng/pL for penicillin compared to 47 ng/pL for the WT. No difference in the MIC
was observed between the mutant SCV and the WT for ampicillin as both displayed an MIC of

32ng/pL. Although the mutant SCV had an increased MIC for penicillin, according to CLSI
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guidelines, both the mutant SCV and WT remained classified as susceptible to both penicillin

and ampicillin.

Variation in biofilm production and attachment to distinct host matrices

Since biofilm formation has been associated with the generation of SCVs in other
pathogens (34), we compared biofilm production in-vitro between the WT and SCV mutant.
Interestingly, the SCV mutant had enhanced biofilm production compared to the WT with
absorbance (Asgs) values of 0.44 + 0.05 and 0.17 + 0.11, respectively (Figure 4.4). SEM on
fully developed biofilms was also examined and found a less-developed biofilm by the SCV
relative to the WT with a distinct lack of fully developed channels (Figure 4.5).

Because SCVs are often characterized as dormant persister cells (34), we hypothesized
that the presence of membrane-bound adhesins may be decreased. To test this, we used an
in-vitro fibrinogen binding assay to compare the ability of the WT and mutant SCV to bind
fibrinogen. At 1.3% + 0.6% attachment, the SCV displayed a significant 4-fold reduction in
fibrinogen-binding ability compared to 5.1% + 1.2% by the WT (Figure 4.6) (two-tailed student’s
t-test p-value =0.018). As both fibrinogen-binding and biofilm production have been shown to
affect host-cell binding in S. aureus (51), we assessed the ability of the SCV to associate with
decidualized T-HESCs, a pathogenically-relevant cell that makes up the uterine lining. Given the
difference observed in fibrinogen-binding, we expected the SCV to show reduced ability to bind
to T-HESCs. No difference in assocation, however, was observed between the WT and SCV

mutant with 0.61% + 0.20% and 0.51% + 0.25%, respectively (Figure 4.7).
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Differences in the transcriptional profiles of the mutant SCV and WT by RNA sequencing

Transcriptomic analysis of the SCV mutant and WT grown to log-phase detected
differential expression in 35 genes at a g-value cutoff of 0.5 (Table 2a and 2b). Of these genes,
11 were upregulated and 24 were downregulated. Among the upregulated genes, the largest
fold change was observed for two adjacent genes: GBSCOH1_1581, a gene involved in
transport across the membrane, was upregulated 24.3 + 10 fold, and GBSCOH1_1580, coding
for a universal stress protein, was upregulated 11.5 £3.8 fold. The majority of the remaining
differentially expressed genes were involved in metabolism and nutrient transport, suggesting
significant metabolic changes are important to the SCV phenotype. Furthermore, three

hypothetical genes were identified.

Phagocytic uptake and intracellular survival of the mutant SCV

Enhanced phagocytic uptake and survival has been described for SCVs in S. aureus, so,
as GBS is known to survive in the phagocytic vacuole, we hypothesized that SCV uptake may
be increased as well. To test this hypothesis, phagocytic uptake was assessed using THP-1
derived macrophages. After 1 hour, phagocytic uptake was significantly reduced in the WT
(3.23% £ 1.51%) relative to the mutant SCV (0.46% £ 0.25%) (Figure 4.8) (P-value = 0.028).
Survival after 24 hours, normalized to phagocytosed cells at 1 hour, was identical between the

WT and mutant SCV.
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Discussion

Phenotypic heterogeneity in a bacterial population is an important mechanism of survival
and persistence, and, thus, pathogenesis (34). The identification of SCVs following exposure to
specific stressors and the isolation of a stable SCV mutant derived from a clinical isolate of the
hyperinvasive ST-17 lineage, is novel and has yet to be described for GBS. lIsolation of a stable
SCV allows the study of SCVs without the complication of phenotypic plasticity as the majority
of SCVs revert to WT morphology upon subculture and passage. As has been noted in S.
aureus, there exist multiple genetic pathways to obtain the SCV phenotype (35), thus, while the
data reported here is useful in determining a role for variants in colonization and pathogenesis it
may not be representative of all SCVs observed in GBS. Nonetheless, we have demonstrated
that the SCV phenotype could be important for GBS evasion of immune responses and
persistent colonization, and must be accounted for in the detection and treatment of GBS-
mediated disease.

The similar frequency of SCVs following exposure to acidic pH and penicillin indicates there
are stress-induced, heritable genetic alterations resulting in phenotypic diversification. While
these results are in contrast to those observed in S. aureus, in which SCVs are present in the
initial inoculum and selected for both in vivo and under stressful conditions (52), they are
consistent with results observed in Burkholderia psuedomallei, in which SCVs were only
isolated following antibiotic stress (38). Also similar to our finding that antibiotic and acid stress
induce SCV formation, S. pneumoniae variants have been shown to be selected for following
exposure to exogenous stresses such as peroxide and during biofilm-associated growth (46, 53,
54). These results suggest that specific environmental cues are important for the generation of
SCVs, but the possibility remains that growth characteristics and the transient nature of GBS
morphological variants following sub-culture may prevent detection of SCVs present in the

original inoculum. In agreement with the latter notion is the reversion of SCVs to WT
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morphology on blood agar, which also suggests that SCVs are auxotrophic. Several examples
of auxotrophy in SCVs have been described in other species, and this has largely been
associated with electron transport deficiencies and a metabolic shift towards fermentation (34).
Stable SCVs have been generated in S. aureus through interruption and/or deletion of genes
important to the synthesis of electron transport components (41, 55); the slowed growth of our
SCV mutant relative to the WT suggests electron transport may be important for variant
formation in GBS. This hypothesis is further supported by our transcriptomic data that identified
downregulation of a putative oxidoreductase, an enzyme often involved in electron transport.
Furthermore, in accordance with other findings of increased antibiotic tolerance in SCVs of other
species (34), the mutant SCV identified in this study had a higher MIC for penicillin relative to
the WT. Interestingly, ampicillin MIC was unchanged for the mutant SCV the same, implicating
a difference in cell membrane as ampicillin is a modified-penicillin better able to cross
membrane barriers. Furthermore, the inability of S. aureus SCVs to use oxygen as a terminal
electron acceptor results in a reduced membrane potential, which has been shown to promote
increased antibiotic tolerance and even resistance to gentamicin and other aminoglycosides
(56). Although we did not assess the membrane potential of the SCV mutant, this is of interest
given the finding that in gentamicin-resistant strains of GBS, the addition of penicillin promote
increased clearance, in vitro (57, 58). Whether SCV presence contributes to gentamicin-
resistance has yet to be determined; however, the increased penicillin tolerance of the SCV
mutant may indicate its importance in persistent GBS infections and the recolonization of
women that occurs following antibiotic treatment during childbirth (12).

In contrast to S. aureus, neither pigment production, nor hemolytic ability, was affected in
the mutant SCV (59). This is of particular interest because it suggests SCVs may be equally
virulent despite delayed growth and morphological alterations. Indeed, we observed no
difference in association to T-HESCs between the SCV relative to the WT. Unlike the T-

HESCs, decreased fibrinogen binding, an important measurement of pathogenicity in
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Streptococcus and Staphylococcus spp. (60, 61) of the SCV was noted. This suggests that
either association with T-HESCs is not related to the expression of membrane-anchored
fibrinogen-binding proteins, or that differences in the assays are affecting expression of these
factors. These findings further differentiated GBS SCVs from S. aureus, in which greater
adhesion to host cells and increased fibrinogen-binding is observed (61). Phagocytic uptake
was drastically reduced in the mutant SCV, while survival within a macrophage was unaffected.
These data are also in contrast to data generated using S. aureus where SCV formation was
suggested to be a strategy for intracellular survival, and increased phagocytic uptake was
observed (62). Furthermore and also in accordance with findings in other species (45, 63, 64),
biofilm production of the SCV mutant was enhanced relative to the WT, though it is possible that
different strain backgrounds will behave differently, thereby limiting generalizability. Taken
together, these data suggest that SCV formation in GBS promotes persistence via associating
with specific host cells, producing biofilms, and evading phagocytosis.

GBS is known to utilize a diverse set of tools to promote pathogenesis including specialized
adhesins, immunomodulatory proteins, secreted proteases, and two-component systems to
react to environmental stimuli. The addition of phenotypic diversification in the form of SCVs to
this list results in another layer of complexity to the diagnosis and treatment of GBS mediated

disease.
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Materials and Methods

Bacterial Strain and Growth Conditions

GB00654, a serotype lll, ST-17 strain isolated from a vaginal/rectal screen of a preghant
woman as described previously (12, 65) was the parent strain of the SCV. GBS was cultured in
Todd-Hewitt broth (THB) or agar (THA) or on sheep's blood agar plates (BD) at 37°C with 5%
CO,. Supplementation with thymidine (Sigma) and hemin (Sigma) was performed using
multiple concentrations, including 1, 2, and 5 pg/mL for hemin, and 1mM for thymidine. Growth
curves were done in THB media under the above conditions with samples taken for

determination of ODsgs at timed intervals.

Modified Luria-Delbruck Fluctuation Test

As described previously, a modified Luria Delbruck Fluctuation assay was used to
determine whether SCVs were induced or selected (50). Briefly, 100mL of fresh media was
inoculated 1:50 from overnight culture and allowed to grow to ODsgs = 0.4 (mid-log phase) at
which point cultures were split into 4 - 10mL tubes and 1 - 60mL flask and selection agents,
including penicillin and media adjusted to pH = 3.9 were added to specified concentrations to
each vessel. Cultures were then grown for 24 hours before they were diluted and plated. SCVs
were identified as those ~ 1/10 the size of WT colonies. Percentage of SCVs was determined

as number of SCVs divided by total colonies.

Biofilm Assays and Microscopy

Overnight cultures inoculated from freezer stocks were grown in TH broth, and then
diluted 1:20 in fresh TH supplemented with 1% glucose (THG). A total of 100 pl of the diluted
culture was added to a 96-well plate with four technical replicates per strain. Cells were grown

under static conditions at 37°C with 5% CO, for 20 hrs. Following incubation, unattached
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bacteria were removed by washing twice with PBS (200ul), and attached bacteria were stained
with 100 pl crystal violet for 10 minutes. Unbound crystal violet was removed by washing three
times with PBS, and bound crystal violet was solubilized with 200 pl of 95% ethanol. Biofilm
production was quantified through absorbance readings (ODsgs) using a plate reader (Beckman
Coulter, Inc.) and measurements were calculated as the sample value minus the media (blank)
control. All assays were repeated at least three times.

Microscopy of colonies was performed by the Center for Advance Microscopy at MSU as
previously described (66). Briefly, colonies were picked from THA plates following 24 hours of
growth and mixed into PBS. These bacterial suspensions were mixed with an equal quantity of
4% glutaraldehyde buffered with 0.1m sodium phosphate at pH 7.4 before transfer to a poly-I-
lysin (Sigma) covered coverslip where the solution was fixed and dried through a series of
ethanol washes. Samples were critical point dried in a Leica Microsystems Model EM CPD300
dryer (Leica Microsystems), mounted on aluminum stubs using an epoxy glue (System Three
Resins, Inc, Auburn, WA), and coated with iridium at an approximate thickness of 5.5 nm.
Mounted and coated samples were examined in a JEOL JSM 7500F scanning electron
microscope (JEOL Ltd, Tokyo, Japan).

Microscopy of biofilms was performed as previously described (67). Briefly, samples
were fixed with 2.0% paraformaldehyde (Electron Microscopy Sciences), 2.5% gluteraldehyde
(Electron Microscopy Sciences) in 0.05M sodium cacodylate (Electron Microscopy Sciences)
buffer for 24 hours. After primary fixation, samples were washed three times with 0.05M sodium
cacodylate buffer before sequential dehydration with increasing concentrations of ethanol. After
dehydration, samples were dried at the critical point using a Tousimis Critical Point Dryer
machine, mounted onto aluminum SEM sample stubs (Electron Microscopy Sciences), and
sputter-coated with 5 nm of gold-palladium. Afterward, samples were painted with a thin strip of

colloidal silver (Electron Microscopy Sciences) at the edge to facilitate charge dissipation.
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Biofilms were imaged with an FEI Quanta 250 field-emission gun scanning electron microscope.

Micrographs shown are representative of three biological replicates.

Association Assay

T-HESCs were decidualized as previously described (68). Briefly, cells were grown to
approximately 50% confluence and treated with 0.5 mM 8-bromo-cyclic amp (CAMP) (Sigma) for
3 to 6 days. Decidualization was confirmed by examining the expression of prolactin and insulin-
like growth factor (IGF)-binding protein 1, which are upregulated following decidualization.
Assays were performed when cells reached 100% confluence. Bacterial strains were grown in
THB overnight, washed once with phosphate-buffered saline (PBS), and resuspended in
infection medium (HESC medium with 2% charcoal-treated FBS, no ITS+, and no antibiotics).
Prior to infection, host cells were washed three times with PBS. They were then infected with
GBS strains in the infection medium at a multiplicity of infection (MOI) of one bacterial cell per
host cell. After 2 h of incubation at 37°C with 5% CO,, wells were sampled, serially diluted, and
plated to determine final growth. Then wells were washed three times with PBS to remove non-
adherent bacteria, and host cells were lysed with 0.1% Triton X-100 (Sigma) for 30 min at 37°C.
Lysates were subjected to gentle vortex mixing to further disrupt the host cells and liberate
intracellular bacteria. After serial dilution, lysates were then plated on THA and incubated
overnight at 37°C, and CFU were counted. All data were expressed as percentages of the total
number of bacteria per well after the 2-h infection. Assays were run in triplicate at least three

times.

Fibrinogen Binding Assay
Binding to fibrinogen was assessed as previously described (69). Briefly, wells of a flat
bottomed 96 well plate were incubated for 18h at 4°C with 29.4nM human fibrinogen (Sigma).

Overnight cultures were washed and diluted in phosphate buffered saline. 100uL, containing
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5x10*to 5x10° CFUs, was added to each well. Plates were incubated for 90 minutes at 37°C
and 5% CO,. Wells were then washed with PBS 3x to remove unbound cells and serine
protease mixture (Sigma) was added and plates were incubated an additional 15 minutes before
samples were taken, diluted, and plated on THB agar. Percent was calculated as the number of
bound bacteria divided by the inoculums. Statistical significance was determined using a two-

tailed Student’s T-test assuming unequal variance between averages of 3 experiments.

Phagocytic Uptake and Survival in Macrophages

THP-1 cells were added to wells in a 24 well tissue culture treated plate and
differentiated using Phorbol 12-Myristate 13-Acetate (PMA) as previously described(70). Briefly,
PMA was added RPMI supplemented with 2% Fetal Bovine Serum to a final concentration of
100nM. THP-1 cells were centrifuged, washed with PBS, and resuspended in RPMI plus PMA
to 1 x 10° cells per mL, and 1 mL per well was added and resulting plate was incubated for 24
hours at 37°C at 5% CO,. The next day, media was removed and adherent cells were washed
2x with PBS followed by the addition of 0.5mL RPMI lacking antibiotics and FBS to prepare for
addition of GBS. Infection and phagocytic uptake was performed as previously described (71).
Briefly, Infection inoculum was prepared from overnight GBS cultures, centrifuged, and
resuspended in RPMI and added to each well at a MOI of 10 bacterial cells/ macrophage.
Plates were incubated for 1 hour to allow phagocytosis, at which time bacteria-containing media
was removed and cells were washed 3x before the addition of RPMI supplemented with 2%
FBS and 100 pg/mL gentamicin and 5 pg/mL penicillin to kill extracellular bacteria. Phagocytic

uptake was assessed at 2 hours post bacterial inoculation as previously described.

Antibiotic Susceptibility Testing
MICs were determined using E-test strips (Biomerieux, USA), as previously described

(72). Strains were grown overnight in THB, diluted to 0.5 McFarland standard and spread onto
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Meuller-Hinton Agar supplemented with 5% sheep’s blood. E-Test strips were placed onto agar
and plates were incubated until growth was visible and MIC was determined. Strains were
considered susceptible for each antibiotic unless penicillin MIC was greater than 0.12 pg/mL
and ampicillin MIC was greater than 0.25 ug/mL, and S. pneumoniae strain ATCC 49619 was

used as a control in accordance with CLSI guidelines (73).

RNA lIsolation and Sequencing

Bacterial RNA was isolated from cultures grown as described above. Samples were
taken during log phase growth (OD595 = 0.4) and following 1 hour of macrophage exposure.
Samples were extracted and DNA was removed as previously described (74), using RNAprotect
Bacteria Reagent (Qiagen) and an RNeasy minikit (Qiagen). Briefly, samples were subjected to
enzymatic and mechanical lysis and extracted following the RNeasy protocol. Following
extraction, samples were treated with a Turbo DNA-free kit (Ambion) and checked for DNA
contamination by PCR without prior reverse transcription (RT). For macrophage exposed
samples, RNA was precipitated following Turbo DNase treatment and bacterial RNA was
separated from mammalian following the standard protocol of a MICROBEnrich Kit (Ambion).
Following microbial RNA enrichment, samples were quantitated with a Qubit fluorometer (Qubit)
uising standard manufacturer protocols and subjected to rRNA removal with a Ribo-Zero rRNA
removal for Gram-Positive bacteria (Epicentre). Samples were again quantitated with a
fluorometer and analyzed using the Agilent RNA Pico 6000 kit and Agilent bioananalyzer
(Agilent) to ensure high quality and purity. Following this, 100ng was added to a 1.5mL
Eppendorf tube, dried, and resuspended into 5uL RNase-free H,O for library preparation,
sequencing, and analysis. RNA library was prepared and sequenced by the MSU Research
Technology Support Facility using a modified standard protocol which skipped the oligo-dT bead
step with a TruSeq Stranded mRNA library sample preparation kit (Illumina). Paired-end reads

were done with an lllumina HiSeq 2500 Rapid Run flow cell (lllumina) with Rapid SBS reagents
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and bases were called using lllumina Real Time Analysis v1.18.64 and converted to FastQ files

by Illumina Bcl2fastq v.1.8.4.

Whole Transcriptome Analysis

Paired-end RNASeq data was generated using the Illlumina HiSeq platform.
Trimmomatic (version 0.3) was used to remove lllumina adapters from the raw sequence reads
and for quality control: reads with average quality score less than 28 were dropped, and reads
were clipped if average quality score in a window of 20 falls below 30. Tophat2 (version 2.0.11)
was used to map the filtered reads to the GBSCOH1 bacterial reference genome as outlined in
the gene feature files (.gff) from NCBI. Cufflinks (version 2.2) was used to identify differentially
expressed genes from the reads mapped to reference transcriptomes, which gives the log, fold
change in gene-expression. We then computed the p-values and the g-values (false discovery
rates) for the log, fold change data and identified genes with FDR < 0.5 as the differentially
expressed genes. P-values are calculated as the cumulative distribution function of the normally
distributed z-scores for the log, fold expression change for each gene. Scripts for data analyses

are available upon request.
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APPENDIX

Table 4.1. Upregulated genes in mutant SCV relative to the WT identified in whole
transcriptome comparisons. COH1 Gene ID refers to Genbank Accession #

GCA _000689235.1. Average fold change (Avg Fold Change) and standard deviation (StDev)
was calculated from 2 separate transcriptome comparisons between SCV and WT. Product is
the predicted gene product from GenBank, and function is designated by gene ontology (GO)

analysis.

COH1 Gene  Avg Fold

ID Change  StDev Function
1581 24.3 10.0 | major facilitator family transporter Transport
1580 11.5 3.8 | universal stress protein family Stress Response

anaerobic ribonucleoside-

1887 8.0 0.4 | triphosphate reductase Protein Synthesis

1873 6.7 1.3 | uridine phosphorylase Metabolism
adenosine deaminase (purine

523 6.7 1.3 | metabolism) Metabolism
D-isomer specific 2-hydroxyacid

1420 6.6 1.9 | dehydrogenase family protein Metabolism

1193 6.3 1.4 | 5-nucleotidase family protein Metabolism

1422 6.2 1.6 | phosphoserine aminotransferase Metabolism

1421 6.1 1.8 | acetyltransferase, GNAT family Metabolism
D-isomer specific 2-hydroxyacid

1419 5.1 0.9 | dehydrogenase family protein Metabolism

1521 5.0 0.5 | pyruvate, phosphate dikinase Metabolism
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Table 4.2. Downregulated genes in mutant SCV relative to the WT identified in whole

transcriptome comparisons. COH1 Gene ID refers to Genbank Accession #

GCA _000689235.1. Average fold change (Avg Fold Change) and standard deviation (StDev)

was calculated from 2 separate transcriptome comparisons between SCV and WT. Product is

the predicted gene product from GenBank, and function is designated by GO analysis.

COH1 Avg Fold
Gene ID Change StDev Poductr Function
cold shock protein, CSD family DNA binding
1900 -15.4 5.7 (transcription factors) transcription factor
890 -14.9 4.0 Hypothetical Hypothetical
1503 -14.2 0.4 glycerol uptake facilitator protein transport
891 -12.1 4.1 Hypothetical hypotheical
Aa ABC transporter (putative
645 -11.9 1.0 glutamine transport system) Transport
dihydroxyacetone kinase family
1501 -11.7 1.4 protein metabolism
662 -11.6 8.9 phage shock protein C, putative Stress response
112 -11.4 3.9 Carbonic anhydrase Transport
transmembrane
1848 -11.3 0.9 Hypothetical hypothetical
Aa ABC transporter (putative
643 -10.9 3.7 | glutamine transport system) Transport
ATP-dependent RNA helicase,
704 -10.4 1.7 DEAD/DEAH box family translation
dihydroxyacetone kinase family
1500 -10.3 0.0 (glycerolipid metabolism) metabolisn
Aa ABC transporter (putative
644 -10.1 3.6 glutamine transport system) Transport
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Table 4.2. (cont’d)

200 -9.9 3.0 oxidoreductase, putative Metabolism
Aa ABC transporter (putative
642 -9.3 0.6 glutamine transport system) Transport
1281 -8.7 0.5 Signal peptidase | Signaling
riboflavin biosynthese protein RibD
673 -8.3 0.0 (riboflavin metabolism) metabolism
: , Extracellular
30 75 20 peptidase, M23 /M37 family Peptidase
992 -7.4 1.2 guanosine monophosphate reductase | metabolism
1893 6.7 1.4 ArsC family subfamily metabolism
319 -5.9 1.5 | ribosomal subunit interface protein Metabolism
1840 5.8 1.4 PAP2 family protein transport
: . conserved
862 54 0.1 conserved hypothetical protein hypothetical
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Figure 4.1. Frequency of SCVs after antibiotic and acid stress. A CC-17 isolate was
exposed to penicillin or acidic pH overnight in a modified Luria-Delbruck fluctuation test. Dark
blue bars represent SCVs in a single vessel while light blue bars represent SCVs in 3 separate

vessels. Error bars represent standard deviation of 3 biological replicates.
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Figure 4.2. Dispersed growth, lack of extracellular debris, and reduced colony size of
mutant SCV. A comparison of overnight growth between WT and SCV is shown in panels A &
B, respectively. SEM microscopy comparing WT and SCV at single cell resolution is shown in
panels C & D. Panel E shows a THA plate with both WT and SCVs and green arrows indicating

examples of SCVs.
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Figure 4.3. Decreased growth rate of the mutant SCV relative to the WT. Dark and light
purple lines represent growth rate of WT and SCV, respectively, with the X and Y axes

displaying hours of growth and ODsgs. Error bars are indicative of the standard deviation

between 3 separate biological replicates.
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Figure 4.4. Enhanced biofilm production in the mutant SCV relative to the WT. Crystal
Violet absorbance values of the WT and SCV mutant are shown in dark and light purple,
respectively. Error bars represent the standard deviation of averages of 3 biological replicates.

Star denotes significance (P-value =0.037
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Figure 4.5. Biofilm of the mutant SCV lacks full development and contains fewer
channels. Micrographs of the WT and SCV mutant biofilms. Images are representative of at

least 3 replicates and were taken after 24 hours of biofilm growth on a cover slip.
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Figure 4.6. Adherence to fibrinogen in the mutant SCV relative to the WT. The SCV
mutant had reduced adherence to immobilized fibrinogen on a polystyrene plate. Dark and light

purple bars represent WT and SCV, respectively, and star denotes significance difference (P-

value = 0.018).
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Figure 4.7. Association with decidualized T-HESCs in the WT and SCV mutant. There
was no dtatistical difference between mutant SCV and WT in association with T-HESCs. The Y-
axis represents the percent associated with T-HESCs. The bars and error bars represent the

average and standard deviation of 3 experiments, respectively.
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Figure 4.8. Phagocytic uptake and survival of the mutant SCV relative to the WT in THP-1
cells. Atthe 1hrtime point, the bars represent the percent of cells that were phagocytosed
while the 24hr time point represents the percent survival of those that were phagocytosed at 1

hr. The star indicates statistical significance between the marked data points (P-value = 0.03).
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Streptococcus agalactiae remains a significant bacterial pathogen despite increased
education and vigilance. Although much progress has been made due to the implementation of
guidelines for the prevention of neonatal GBS disease, the rate of late onset disease remains
unchanged and that of early onset disease has stagnated after initial declines (1). Furthermore,
the only currently effective treatment for GBS infection is through the use of antibiotics, a limited
long-term strategy given the rise in resistance rates for most pathogens (2). The focus of this
dissertation has been the study of pathogenesis determinants with a focus on further reducing
the GBS disease burden. Towards this end, the first study explored biofilm formation in a bank
of diverse strains and identified associations between biofilms and epidemiological factors such
as source, genotype, and pilus profile. Furthermore, we directly assessed the relationship
between biofilm production and association with endometrial cells for representative subset of
strains. This study detected differences in biofilm production among lineages that varied in
pathogenic potential and demonstrated a strong biofilm phenotype for bovine isolates while
human isolates varied widely The second study uncovered a regulatory role for a putative auto-
inducing peptide (AIP) in a virulence-associated two component system, which was found
primarily in the genomes of hypervirulent lineages. A mutant lacking the gene encoding the AIP
showed decreased association with host cells, an increased ability to bind fibrinogen, and an
altered transcriptome during log phase growth. This study offers a glimpse into the complicated
regulation of virulence factors that can initiate colonizing bacteria to become invasive
pathogens. Finally, the third study identified stress-induced microdiversity in a hypervirulent
lineage of GBS. In this work, small colony variant (SCV) formation was found to be inducible
through both antibiotic and acid stress, with increased frequency of SCVs when exposed to
penicillin. Furthermore, characterization of a mutant SCV, which failed to revert to normal
colony morphology upon passage, had increased biofilm production, tolerance to antibiotics,
and decreased phagocytic uptake, indicating multiple roles in pathogenesis. Additionally,

candidate genes important for this phenotype were identified through the use of RNA
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sequencing via a whole transcriptome comparison between the WT and mutant SCV. This
chapter identifies microdiversity in a single GBS strain and suggests SCV formation to be
important for persistent colonization. Taken together, the findings presented in this dissertation
are relevant from multiple perspectives and could aid in the detection, treatment, and prevention

of GBS-mediated disease.

Future directions for the projects described herein include the identification and
characterization of genes important to biofilm production. Particularly, given the variation noted
in the predominant hyperinvasive lineage, the identification of biofilm determinants in specific
genotypes could enable the development of novel therapeutics targeted at the most virulent of
strains. With the identification of phenotypically-distinct strains presented here, genomic
comparisons between a large collection of strong and weak biofilm producers could also identify
novel candidates important for this trait. Additionally, biofilm production in GBS has been shown
to be variable in response to the environment, and the work presented here serves to narrow
down the selection of strains for comparison in other clinically-relevant conditions, such as in a
flow cell, in a multi-species biofilm, or in the presence of antibiotics. Furthermore, the
understanding of the importance of pili in GBS is an important direction and would best be
accomplished through expression or mutagenesis studies during biofilm formation in host tissue
association or invasion. The information gained through a study such as this should prove

valuable towards the development of therapeutic tools for the clearance of infections.

Quorum sensing in GBS is vastly understudied. The work here identified rgfD as
important for the regulation of the rgf two component system, though it is still not clear whether it
represents a signal transduction system driven by quorum sensing. Nevertheless, the work
described herein showed that the rgf system is likely regulated by more than one gene (rgfD),
and the identification of additional regulators, or environmental cues, may inform future attempts

to block cell to cell communication in GBS. Future work should involve the generation of a
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complemented mutants expressing the full rgf transcript extra-chromasomally, and an
assessment of the role of allelic variation in the rgf operon. For example, a characterization of
the rgfD truncation we identified in ST-17 strains on gene regulation, for example, would also be
worthwhile.

The identification of SCVs in GBS is the most intriguing prospect for future work. The
transcriptome profiling offers a glimpse into the genes that may be responsible for this
phenotype. Monitoring these genes in stressful conditions, or mutagenesis of those genes that
were found to be differentially expressed will undoubtedly enhance our understanding of
phenotypic heterogeneity in GBS, which may vary across lineages. In particular, a thorough
assessment of tools used to identify GBS with a focus on recognizing SCVs would ensure that
these variants are accounted for when preventative tests are administered and women are
classified as GBS positive or negative. Furthermore, it would be interesting to attempt isolation
of SCVs from human subjects, both from invasive disease cases and from those
asymptomatically colonized, as has been done for other pathogens. Lastly, to understand the
genetic mechanism of SCV formation, single molecule real time sequencing will provide the

resolution needed to identify sequence alterations that may be important for this phenotype.
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