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Abstract
Examination of Strain-Dependent Differences in S. sanguinis Virulence and Growth
By: Shannon Baker, B.S.
A dissertation submitted in partial fulfilment of the requirements for the degree of Doctor

of Philosophy at Virginia Commonwealth University

Clemson University, 2013

Major Director: Todd Kitten, PH.D.

Professor, Philips Institute, School of Dentistry

Streptococcus sanguinis, an abundant and benign inhabitant of the oral cavity, is an
important etiologic agent of infective endocarditis, particularly in people with pre-
disposing cardiac valvular damage. Although commonly isolated from patients with IE,
little is known about the factors that make any particular S. sanguinis isolate more
virulent than another or, indeed, whether significant differences in virulence exist among
isolates. To investigate the virulence of multiple isolates, a variation of the Bar-seq
(barcode sequencing) method was employed. A conserved chromosomal site was
identified for subsequent insertion of a barcode identifier, unique for each strain.
Barcode insertion did not affect growth in vitro or in a rabbit model of endocarditis.
Pooling of these strains and inoculation into rabbits demonstrated that all strains were
capable of causing disease; however, virulence varied widely among strains. Genomic
comparisons of the more virulent strains versus less virulent strains failed to
conclusively identify any single gene responsible for virulence. Given this result, we
continued our examination of the manganese transport system SsaACB, which is
present in every strain of S. sanguinis examined. Although its contribution to virulence
has not been confirmed in any strain other than SK36, it has been shown to be required
for virulence in multiple species of streptococci, making it a candidate for emerging
targeted therapies. In S. sanguinis strain SK36, previous studies have confirmed that
loss of the manganese transport protein SsaB is tantamount to loss of virulence.
Moreover, ssaB-deficient mutants are deficient for serum growth—a phenotype we have
previously found to be associated with virulence. Our in vitro studies of manganese
transporter-deficient strain SK36 supported this, but also revealed the emergence of
suppressor mutants. In each suppressor mutant that was isolated, mutations were
identified that mapped to a common gene, SSA _0696. Deletion of SSA_0696 resulted



in restored in vitro growth in the ssaACB-deficient background, unearthing a novel
mechanism for bacterial growth under manganese limitation. Fortunately, the
suppressor mutant phenotype was not maintained in vivo; however, the combined
results of these experiments suggest the efficacy of future therapeutics may require
consideration of virulence at the species level and the incorporation of multiple targets.



CHAPTER 1
Introduction

The Human Oral Microbiome

The term “microbiome”, established by Nobel laureate Joshua Lederberg, refers
to a community of microbial residents and is usually associated with a particular
anatomical location. Of the microbiomes, the oral cavity is estimated to be the second
most complex (1), and is comprised of viruses, protozoa, fungi, archaea and bacteria.
Interestingly, the composition of oral fauna has co-evolved with humans. Major
milestones in human history such as the advent of agriculture and increased industrial
output have ushered in bacterial species better suited to diets high in sugar and acid (2,
3), whereas societal awareness of oral hygiene has more recently led to positive
selection for antibiotic-resistant organisms (3). Within the mouth, the bacterial
population is incredibly heterogeneous, with an estimated 1000 species present (2),
although many have remained uncultivated by current methods (4). Many of these
organisms reside on the teeth and back of the tongue, or dorsum. At these sites
accumulation can be up to 10! organisms per gram weight (5); however, this density
depends on factors including host response, oral hygiene, and food consumption (6).

Although characterized by its diversity, there is a definitive disparity in species
diversity and presence between a healthy oral cavity and a dysbiotic one. A dysbiotic
profile is characterized by comparatively low species diversity and increased prevalence
of species such as Porphyromonas gingivalis, Treponema denticola, and Prevotella
intermedia (7). Indeed, the diseased state is most readily identifiable as the environment

typically undergoes large changes. For example, the shift from Gram-positive to Gram-



negative organisms is a trademark of periodontitis, inflammation of the gums and
supporting structures, and a lower pH is indicative of Streptococcus mutans and
Lactobacillus species. Indicators of good oral health include Streptococcus sanguinis,
Streptococcus gordonii, Streptococcus intermedius, and Streptococcus oralis (7). In the
case of S. sanguinis it has been argued that the health benefit is associated with its
antagonistic role against Streptococcus mutans (8-10), a causative agent of dental

caries (11).

The Streptococci

Of all the organisms present within the oral cavity, the genus Streptococcus is
considered to be best represented (12, 13), especially at early stages of colonization
(14). Generally considered to be pioneers (15) and commensals (14) of the oral cavity,
these bacteria are Gram-positive, microaerobic, catalase-negative, non-motile and
coccoid in form. Early attempts to differentiate the species were based on their
hemolytic ability (16). Species that had been thought to partially hydrolyze red blood
cells are considered alpha-hemolytic and have a characteristic green halo on blood agar
plates; beta-hemolytic species fully lyse red blood cells resulting in a zone of clearance
on the plate, whereas gamma-hemolytic species are unable to lyse red blood cells at all.
Subsequent studies in Streptococcus gordonii however, have dispelled the colorimetric
changes in “alpha-hemolytic” streptococci as being attributable to hemolytic activity;
instead, hydrogen peroxide has been shown to account for the green color that is
observed (17). The Lancefield classification (18), a later attempt to further parse the
species, groups based on antigenic differences in cell wall components including

carbohydrates, pili-associated proteins and capsule. Subsequent isolation and



identification of numerous new species has made reliance on these classifications less
common and current methods have begun to focus on DNA sequencing for reliable

identification.

Sequencing of 16S rRNA genes is one such method for species identification;
however, many species such as Streptococcus mitis, Streptococcus oralis and
Streptococcus pneumoniae are almost identical by this method (19). Therefore, as may
be inferred, a robust system of classification of these organisms has remained difficult
and has only recently begun to improve. Combining multiple technologies and analyses
including: multi locus sequence analysis (MLSA) (20), average amino acid identity (21),
codon usage (21), tRNA intergenic lengths (22), and DNA hybridization (23), to name a
few, has expanded the known number of streptococcal species from approximately 40

(24) to 99 (21) in a little over a decade.

Infective Endocarditis

Due to the proximity of S. sanguinis and other organisms to the oral mucosa,
dissemination into the bloodstream is inevitable. This transient bacteremia is the result
of traumatic injury to the oral mucosa, caused by oral surgery, eating, and daily oral
hygienic practices (25-31). Typically this is not a cause for concern as this bacteremia is
usually promptly eliminated by the immune system, hence its transient nature. However,
in certain groups, including those with pre-existing heart damage (32), congenital or
induced, those with prosthetic heart valves (33), and even neutropenic patients (34),
events that may result in bacteremia require prophylactic measures. In these

populations, bacterial invasion of the bloodstream can cause disease.



In those with pre-existing cardiac damage or prostheses, bacterial inoculation
into the bloodstream can cause the disease infective endocarditis (IE). Characterized as
an inflammation of the endocardium due to infection, consequences can be quite
severe, with a mortality rate exceeding 30% (35, 36), and can include events such as
embolism or stroke (37-39). Despite earlier diagnoses and improved treatment options
the mortality rate has not changed over the past 20 years and exceeds that of many
common cancers (40). Each year in the US approximately 15,000 new cases of IE are
reported (41) and the incidence of disease is increasing (40). A higher incidence of
disease is associated with males (42) and the elderly (41), likely due to advances in
medicine and increased longevity (43).

Infective endocarditis can be subdivided into separate groups based on cause or
area affected: native-valve endocarditis (NVE), prosthetic-valve endocarditis,
nosocomial or community acquired endocarditis (44), and intravenous drug use-
mediated endocarditis. Further classification, subacute versus acute, distinguishes
between a slow or aggressive progression of disease respectively. Of these
classifications, subacute NVE is most common (45).

NVE presentation relies on a series of basic steps, the first of which is typically a
requirement of pre-existing valvular damage. Although rare, NVE cases where no pre-
existing damage was present have occurred (46). The second step necessitates
bacteremia, followed by bacterial adherence to the damaged site, initially referred to as
the sterile vegetation or nonbacterial thrombotic endocarditis lesion (47). Initially, the
sterile vegetation is comprised of platelets and thrombin, but after bacterial attachment,

inflammatory immune cells and activated fibrinogen bind to the bacteria. This stabilizes



the vegetation and provides the bacteria with a protected space in which to proliferate
(48). Dissemination of these emboli can result in secondary disease manifestations (49,
50) and fatality (51).

Most NVE cases are associated with the mitral or aortic valves, and are classified
as left-sided. Infections are almost exclusively monomicrobial (52), with staphylococci
being the most common etiologic agent at 44% (49); however, the streptococci
constitute approximately one-third of the remaining cases reported (49) and have been
argued to be the most common etiological agent in persons of Asiatic descent and in
pediatric patients (53). Of the streptococci, S. sanguinis is most often identified as the
causative agent (54). Initial symptoms, such as malaise, low-grade fever, fatigue, or
development of a heart murmur may induce a health care professional to diagnose IE.
Peripheral signs can include petechiae, Osler’s nodes (painful, erythematous
subcutaneous nodules on the tips of the hands and feet) and Janeway lesions (lesions
on the palms and soles of the feet) (43, 55).

Diagnosis of IE is based on a combination of subjective symptom descriptions,
objective organism identification and diagnostic testing known as the Duke criteria. A
positive, blood-based diagnostic result can be met in three ways: typical infective
endocarditis organisms are isolated (1) from two separate locations, (2) from the same
site on two occasions and separated by at least twelve hours, (3) from three separate
blood draws from the same location within one hour. Additional imaging by
echocardiography may be ordered to assess valvular dysfunction, vegetation location or
damage after a positive blood result. Established in 1994 at Duke University (56), the

criteria have since been revised to account for additional species and negative blood



cultures (57). With the revisions and emerging technologies, the sensitivity and
specificity of these criteria in correctly diagnosing IE is now greater than 90% (35).

Treatment of IE is challenging and is typically antimicrobial in nature (41, 58, 59);
however, surgery may be incorporated to help remove infected material and shorten the
timeline of treatment. In a mature streptococcal vegetation, over 90% of the bacteria are
metabolically inactive or non-growing (60). In combination with the protected, biofilm-like
nature of the infected vegetation, this encourages the use of bactericidal regimens as
they are more effective than bacteriostatic ones (61, 62). Drug resistance is of concern,
and most recommendations for treatment of NVE suggest 2-6 weeks of antibiotic
therapy and greater than 6 weeks for treatment of prosthetic valve IE (63). Regarding
antibiotic-sensitive streptococcal IE, the cure rate following recommended regimens is
greater than 95% (63).

No vaccines or other prophylactic measures are currently clinically available for
prevention of IE. However, several groups have found some success with vaccines in
animal models of endocarditis (64-66), and others have begun exploring alternative
therapeutic approaches (67, 68). The American Heart Association recommends that
high-risk patients practice good oral hygiene and make health care professionals aware
of their increased risk of contracting IE. Antibiotic prophylaxis is encouraged and should
be administered prior to or within two hours after undergoing procedures that may

exacerbate their risk of contracting IE (69).

Streptococcus sanguinis
Of particular interest to the work described herein is the oral commensal S.

sanguinis. Sequenced in 2006, S. sanguinis has a circular chromosome that is both



larger and has a higher G+C content than many other streptococci (70). It is an
adaptable organism, having numerous pathways for fermentation and energy
production, amino acid production, lipid biosynthesis and cell wall biosynthesis (70).
Interestingly, some studies suggest approximately 12% of the genome may be a result
of horizontal gene transfer (70). Of note, the eut locus appears to have been obtained in
this manner. Related to the utilization of ethanolomine as a carbon and energy source,
this locus is present in few other streptococci; however, when present, it is more
common to oral pathogens (70). Further supporting the genetic plasticity of the species,
a recent study identified 35 instances of up to 9 different phage ranging in size from 7.5

to 51.6 kb in the genomes of 19 examined S. sanguinis strains (71).

In the oral cavity, S. sanguinis is a pioneer species whose colonization is
correlated with the arrival of the first tooth, typically by 9 months of age (72). Although
predominantly associated with the tooth surface (73), it is also present on the oral
mucosa (74) and in saliva (75). After eruption of the tooth it binds to salivary proteins,
IgA and a-amylase, and glycoproteins that coat the tooth surface (72, 76). As S.
sanguinis proliferates, it secretes H,O; as a byproduct of its metabolism. This serves as
a deterrent to the colonization of several other species, including the cariogenic S.
mutans (10, 77, 78). In fact, studies have shown that when S. sanguinis colonization
precedes S. mutans, it can delay the deleterious effects of S. mutans (79) by 6 months
(72). In spite of its defensive capability, numerous species are able to colonize the tooth

surface and S. sanguinis itself, establishing the oral biofilm.



Virulence

Surface-exposed proteins that mediate bacterial attachment to the sterile
vegetation have been suggested as the first virulence factors for IE pathogenesis. In
fact, they are thought to account, at least in part, for the prevalence of bacterial induced
IE (80). This has been attributed to the ability of these proteins, namely SrpA in S.
sanguinis, to bind exposed sialylated proteins on platelets that have accumulated at the
sterile vegetation site. Of note, it is this same interaction (binding sialylated proteins on
the tooth surface) that contributes to successful colonization of S. sanguinis in the oral
cavity (81). Interestingly however, unlike the surface proteins of other streptococci and
notable IE pathogens like Staphylococcus aureus, individual adhesins in S. sanguinis
were demonstrated to only moderately affect virulence in a rabbit model of IE (82). This
has been attributed to differences in structure (83) and perhaps, functional redundancy,
as S. sanguinis is predicted to have more of these proteins than other related species
(82).

The next step in the progression of IE relies on the ability of S. sanguinis to
evade the immune system and proliferate. To this end, S. sanguinis stimulates platelet
aggregation (84-88). In effect, this provides the bacteria with a platelet cloak of
invisibility, as they no longer resemble a foreign invader, but rather the host itself.
Beyond immune evasion, platelet aggregation has been implicated in clinically severe
cases of IE, as resulting infectious vegetations tend to be larger and the risk for
associated comorbidities increases (89).

After colonization, the most well characterized virulence factors are related to the

manganese requirement of S. sanguinis. Unlike many other pathogens, S. sanguinis is



a manganese-centric, as opposed to iron-centric, organism (90). Therefore, the
deleterious effects of disruptions of manganese homeostasis reflect this manganese
preference. Several proteins relating to manganese have been particularly well
characterized, including the manganese transport protein SsaB, the manganese-
dependent enzyme SodA, and the manganese dependent aerobic ribonucleotide
reductase system, comprised of NrdHEKF and Nrdl.

In a screen of 52 predicted lipoproteins, SsaB was found to be singularly
important for virulence (91). The substrate binding protein in an ATP-binding cassette
(ABC) transport system, SsaB and orthologous proteins belong to the Lipoprotein
Receptor Antigen | (Lral) family of metal transporters (92, 93). They have universally
been demonstrated to transport manganese (94-96) and play a role in streptococcal
virulence (96-101). Early hypotheses speculated that the virulence defect associated
with loss of manganese was due to impaired function of the manganese-dependent
enzyme superoxide dismutase.

As with SsaB, SodA is known to have a role in virulence in a number of
streptococcal species (102-104). SodA is an important enzyme in oxidative stress
defense that converts superoxide to hydrogen peroxide and oxygen. When this activity
is impaired or absent, superoxide accumulates and can damage iron-containing
proteins, resulting in the release of free iron. This further propagates oxidative stress, as
newly available Fe?* reacts with hydrogen peroxide, present as a byproduct of aerobic
growth, to produce the highly reactive hydroxyl radical (105). Beyond this intrinsic
benefit, superoxide dismutase activity has also been linked to resistance to phagocytic

killing (103, 104). For S. sanguinis, the link between manganese and superoxide
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dismutase activity was validated in a study wherein deletion of ssaB resulted in a
mutant that was both manganese deficient and impaired for superoxide dismutase
activity (90). Neither the ssaB mutant nor a sodA mutant was more sensitive to
phagocytic killing by polymorphonuclear leukocytes (90). Interestingly, virulence was
more attenuated in the ssaB mutant than the sodA mutant. This suggested an
alternative role for manganese in the cell, possibly via interaction with an alternate
virulence factor.

Concurrent with these studies, the same group identified a manganese-requiring
aerobic ribonucleotide reductase (106, 107). These enzymes convert ribonucleotides to
deoxyribonucleotides, required for DNA replication and repair, and are essential in most
organisms (108). In their study, they demonstrated that mutants deficient in this enzyme
were not recovered in a rabbit mode of endocarditis (106). Although they did not directly
address whether ribonucleotide reductase activity is impaired in an ssaB mutant, it is
quite plausible that the reduced virulence of this mutant may be explained, in part, by

deficiencies of this enzyme and others.

Model of Infective Endocarditis

With regards to in vivo examination of pathogen virulence and endocarditis
pathogenesis there have been two models, rat and rabbit, that have been routinely used
(60, 109). Both models approximate native valve endocarditis effectively, as they
require cardiac damage for disease manifestation (109, 110). Of additional note, in the
rabbit model, symptoms and extracardiac pathologies mirror those of humans (111,
112). In the context of the work that will be discussed within this text, the rabbit model

was exclusively used. Previous studies demonstrated that the rabbit model is more
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permissive for infection (113) and has a lower incidence of a bottleneck effect than the
rat model (114-117). Additionally, introduction of cardiac damage is technically easier in
the rabbit model.

One shortcoming of the model is the rate of progression of disease. Our model is
limited to three days of strain incubation after inoculation, for reasons discussed in
further detail later. This is not characteristic of streptococcal-mediated NVE, which is
usually chronic and subacute. Incubations that last much longer than this amount of
time are typically fatal (118); therefore, this model is only intended to mimic early IE.

Although variations of the model exist, our method calls for retention of the
catheter within the carotid artery for the duration of the experiment, no sonication of
cells before inoculation and an inoculum level of approximately 10 CFU/ml. The former
is a lab preference as we have empirically determined that resulting vegetations and
bacterial output are more robust and reliable. The lack of sonication is taken as a
precaution against undesired removal of outer surface proteins, such as adhesins, that
may be important in bacterial colonization of the sterile vegetation or other unidentified
processes (82, 113). The specified inoculum was previously defined as ensuring

infection without being immediately fatal (118).

Research Objective

S. sanguinis is a bacterium with a dual nature. In the mouth, it is considered to be
benign or even beneficial, whereas in the bloodstream it in an opportunistic pathogen
and etiologic agent of the disease infective endocarditis. Until now, studies have
focused on characterizing a single virulence determinant, SsaB, within a single strain,

SK36. While this has been useful, the goal of this work was to expand our knowledge of
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S. sanguinis virulence by examining additional strains and by investigating the
mechanism by which these bacteria could potentially circumvent therapies designed to
target the manganese acquisition protein, SsaB. In Chapter 3, a collection of S.
sanguinis isolates was analyzed using bioinformatic and phenotypic methods and
virulence was assessed in a well-established rabbit model of endocarditis. In Chapter 4,
| investigated suppressor mutants that arose from strains that were deficient in
manganese acquisition due to deletion of the ssaB gene. The mechanism by which
these strains circumvented the need for SsaB and the implications of our findings were
addressed. Together, these studies have reshaped our understanding of endocarditis

virulence in S. sanguinis.
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CHAPTER 2
General Material and Methods

Bacterial Strains and Growth Conditions

Bacterial strains used are listed in tables as described within each chapter. For growth
studies, strains were inoculated from frozen single-use aliquots at a thousand-fold
dilution into brain heart infusion (BHI) broth (BD) and grown utilizing the Anoxomat™
Mark Il jar-filling system (AIG, Inc.) at 37°C and 6% O, (6% O, 7% H,, 7% CO,, and
80% N,) for 18 h. The next day, cultures were diluted and plated onto BHI
supplemented with 1.5% (w/v) agar and incubated at 37°C for 24 h in 0% O (0.2% O,
9.9% Hy, 9.9% CO,, and 80% N;) with additional O, removal by palladium catalyst.
These same cultures were also used to inoculate pooled rabbit serum (Gibco) at a 10°-
fold dilution that was then incubated at 37°C at 12% O, (12% O, 4.3% H,, 4.3% CO,,
and 80% N,). After 24 h, 1 ml of the serum cultures was removed, sonicated by an
ultrasonic homogenizer (BioLogics, Inc.) for 1.5 min at 50% power, diluted, plated onto
BHI agar and incubated at 0% O, (0.2% O, 9.9% H,, 9.9% CO,, and 80% N) for 1 d.

Bacterial enumeration was determined by counting colonies from plated cultures.

DNA Manipulation

Chromosomal DNA was isolated from all strains as previously described (116). PCR
was routinely performed in a MyCycler (Bio-Rad) or an MJ Research PCT-200 thermal
cycler (Bio-Rad). PCR amplification was performed using Q5 2x High Fidelity Master

Mix (NEB). PCR reaction mixtures typically included primers at a final concentration of
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0.5 uM, and 10 ng of S. sanguinis SK36 chromosomal DNA or PCR amplicon as

template. Plasmid DNA as PCR template was used at 0.1 ng pl'l. Integrated DNA
Technologies synthesized most of the primers used. Purification of DNA from agarose
was performed using the QIAquick Gel Extraction Kit (Qiagen). PCR purifications were
performed using the MinElute PCR Purification kit (Qiagen). When required for selective

growth, erythromycin (Em), chloramphenicol (Cm), spectinomycin (Sc), kanamycin (Kn)

and tetracycline (Tet) were used at 10, 5, 200, 500, and 5 ug ml'l, respectively.

Many strains referenced within this work were created using overlap extension PCR
(119). In brief, knockout mutants were generated by amplifying left and right flanking
sequences, adjoining the gene to be deleted, that contained sequences specific to the
strain in which the fragment would be transformed. Typically, an antibiotic cassette was
amplified that contained extra bases at either end that could be used to create an
overlap with the left and right flanking sequences. In some instances, variations of this
fragment included additional unique barcode sequences, used for later strain
identification. In all cases, after purification, these fragments were combined in an

additional PCR reaction and gel purified before utilization in our transformation protocol.

Transformation

Transformation was used in mutant generation as described previously (113). In brief,
50 ul of overnight cultures were diluted in 10 ml of Todd-Hewitt broth containing horse
serum. These cultures were incubated at 37°C until an ODggg of 0.05-0.08 was reached.
At this time, 330 pl of the diluted culture was added to a 0.7 ml microcentrifuge tube

containing the appropriate DNA and 2 ul of competence stimulating peptide (CSP). If
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the DNA construct contained a selectable marker, the culture was incubated for 1.5-2 h.
Constructs with no selectable marker were incubated for approximately 5 h. Cultures
were then sonicated, serially diluted and plated onto BHI agar + antibiotics as
appropriate. Plates were incubated overnight and colony counts were determined the
following day by counting visible colonies. PCR screening of DNA from resulting

colonies followed by sequencing (Eurofins) was used to verify mutant identity.

Rabbit Model of IE

Specific-pathogen-free New Zealand White rabbits (2—4 kg; RSI Biotechnology) were
utilized in the previously described endocarditis model (90, 106) to assess virulence.
Prior to surgery, the rabbits were sedated and anesthetized. Insertion of a 19-gauge
catheter, to reach the aortic valve by way of the right carotid artery, was used to induce
minor damage to the endocardium. Each catheter was trimmed and sutured in place. All
incisions were closed with staples. The following afternoon, all strains to be inoculated
into animals were cultured in BHI for overnight growth in 6% O,. For all studies, except
where otherwise identified, sample preparation, inoculation and quantification of
bacteria from harvested tissue were performed as described previously (90). In brief,
cells were subcultured in BHI for 3 h before adjustment to an ODgg of 0.8. Samples
were washed twice to remove excess BHI and then 0.5 ml of culture, either single strain
or equal parts of a strain mix, was inoculated into the right peripheral ear vein.
Approximately 20 h after inoculation, rabbits were sacrificed via intravenous injection of
Euthasol. Catheter placement was verified upon necropsy. Harvested cardiac
vegetations were placed into PBS, homogenized and plated onto BHI agar containing

the appropriate antibiotics.
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ICP-OES

For each strain, 10 ml of BHI containing appropriate antibiotics was inoculated at a
1:1000 dilution and incubated overnight at 37°C and 6% O,. Two additional 50-ml
conical tubes containing 38 ml BHI (unless otherwise indicated) were also incubated
under the same conditions for each strain. The next day, 3 ml of the overnight culture
was used to inoculate each 38-ml BHI tube. These subcultures were placed back in the
incubator at 12% O, for 3 h. Cells were then harvested by centrifugation at 3740 x g for
10 min at 4°C. The supernatant was discarded and 5 ml cold, Chelex-treated (BioRad)
PBS was added and the sample was resuspended. Centrifugation and resuspension of
cells in 5ml Chelex-treated PBS was repeated as before. The two 5-ml tubes were
combined into a single 15-ml metal free conical tube (VWR). At this point, 1 ml was
removed for protein determination using the Pierce BCA Protein Assay Kit
(ThermoFisher). The remaining sample was centrifuged as before and the supernatant
discarded. The pellet was resuspended by adding 4.5 ml Chelex-treated de-ionized
water, followed by 1.5 ml of concentrated (67-70%) trace metal grade nitric acid. The
mixture was then placed into modified PTFE (TFM) digestion vessels in a Multiwvave Go
Microwave Digestion System (Anton Paar) and digested at 20 bar using a modification
of the Organic B template. The temperature of the first hold step was increased to
120°C and the second hold was increased to 180°C for 20 min. After cooling, each
sample was transferred to a new 15-ml metal-free conical tube. Each vessel was rinsed
with 1 ml Chelex-treated water that was then added to the sample in the 15-ml metal-
free tube. Samples were diluted 1:3 in Chelex-treated water, yielding a final acid

concentration of 5%. Samples were analyzed on an Agilent 5110 ICP-VDV OES using a
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CMS-5 metal standard (Inorganic Ventures, Inc.) for reference and a Pb internal
standard (MSPB-10PPM; Inorganic Ventures). Final values were determined by

normalizing the sample concentrations to the protein amounts obtained by BCA assay.

Statistical Analyses

All statistical tests were performed using InStat (GraphPad Software, Inc.). Significance
was determined by paired t-test or ANOVA (paired or unpaired) as indicated in the
figure legends. For ANOVA, a post-hoc test was employed when differences among

groups were indicated as significant. P-values < 0.05 were considered significant.
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CHAPTER 3

Genomic, phenotypic, and virulence analysis of Streptococcus sanguinis oral and

infective endocarditis isolates

Rationale

Many strains of S. sanguinis have been isolated from patients confirmed to have
IE; however, investigations into what makes these strains better able to cause disease,
relative to counterpart strains in the oral cavity, have not been conducted. The goal of
this project was to analyze a collection of strains comprised of blood and oral isolates of
S. sanguinis, using both bioinformatic and microbiological-based techniques, to
determine if blood isolates had identifiable and testable genetic elements that contribute

to their virulence.

Introduction
A wide range of S. sanguinis isolates are currently used and identified in the

literature. With the oral cavity, references to SK150 (an oral isolate) are common for
studies examining composition and interactions of species within the biofilm (8, 126,
127). In contrast, strains SK36 and the type strain ATCC 10556 (also known as SK1 or
NCTC 7863), an oral and blood isolate respectively, dominate virulence studies and
have been used to expand our knowledge of processes including adherence (128, 129),
immune evasion (130-132), manganese uptake (91), oxidative stress resistance (90),
and synthesis of deoxyribonucleotides (106, 107).

These studies have been crucial components in understanding the physiology of

S. sanguinis. However, a species cannot be fully understood through examination of
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one or two strains. In fact, recent work in S. pneumoniae has demonstrated that
interpretations of results can be biased and oversimplified when too few strains are
examined (133-135). Fortunately for those who study S. sanguinis, a number of isolates
are available for study along with complementary information such as strain origin,
multi-locus sequence analysis (MLSA), and draft or complete genome sequences
(NCBI) (70). Therefore, assimilation and further characterization of these strains into the
research pipeline is not only feasible, but is also desirable, if the species as a whole is
to be understood.

For this study, a mixed collection of 20 oral and blood S. sanguinis isolates
underwent vigorous bioinformatic and phenotypic analyses to identify factors that might
contribute to the ability of an individual strain, or perhaps, certain groups of strains (ex:
oral vs. blood), to cause IE. Bioinformatic analyses identified several candidate genes
that upon further investigation failed to correspond to virulence. Later investigations
using a pooled inoculum approach known as Bar-seq established the incredible range
(~4 orders of magnitude) in virulence, but failed to identify a relationship between
increased virulence and strain and origin. Additional phenotypic assays also did not
provide insight into virulence, but did further uncover the heterogeneity of the species.
Of note, an unintended byproduct of these studies was the identification of several

egregious errors in GenBank.
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Specific Materials and Methods

Sequence Information
The complete genome sequence of S. sanguinis strain SK36 and the latest RefSeq
draft assemblies for the nineteen remaining S. sanguinis isolates were downloaded from

NCBI’s ftp site on December 13, 2017.

Bioinformatic Analyses

Sequence Processing

Nucleotide, protein, and corresponding protein function files required for PGAP input
were created from available RefSeq assembly files, downloaded from NCBI. Files were
formatted using custom Python scripts and UNIX commands. Nucleotide files were
generated from Assembly cds_from_genomic.fna files, protein files were generated
from Assembly_protein.faa files and function files were created from the
Assembly_feature_table.txt files. Minor alterations were made to draft assembly files to
meet requirements of the PGAP program for exact translation from nucleotide to protein

sequences.

Pan and Core-Genome Analysis

The GF method of PGAP version 1.12 (120) with default settings was utilized for pan
and core genomes analysis, variant detection in coding sequences, and for generation
of single-nucleotide polymorphism (SNP) and pan-based neighbor-joining trees. Pan
and SNP-based neighbor-joining trees were visualized using UGENE (121) version
v1.16.1.

Phage Analysis
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The PHASTER program (122) was used to identify phage-like elements within SK36
and the RefSeq scaffold genomic.fna files of the other strains.

Bacteriocin Analysis

Bacteriocin analysis was performed using BAGEL4 (123) with RefSeq assembly
accessions used as input for all strains except SK1, which was not accepted by the
program. Instead, FASTA files for SK1 scaffolds 1, 2, 3, and 4 were used as input.
Selection of a Conserved Chromosomal Insertion Site

UGENE was used for identification of convergent genes. MEGA 6 and BLASTN were
used for alignment and identification of conservation among strains, respectively.

ARNOLD was used to identify putative terminator sequences.

Strain Construction

All mutant strains were generated using overlap-extension PCR (119) with the primers
listed in Table 3.1. In all cases, left and right flanking PCR products were generated that
contained sequences specific to the strain into which the fragment would be
transformed adjoined to sequences complementary to the DNA to be inserted so as to
generate the overlap necessary for the overlap extension step. For the knockout
mutants, these flanking sequences were on either side of the gene(s) to be deleted. For
SK405-Spc"and subsequent barcoded mutants, the flanking sequences were located in
a conserved region between two convergent genes identified using MEGA 6 and
BLASTN. For creation of the barcoded mutants, one primer was modified to include
both an additional conserved sequence and unique 10-bp barcode. All fragments were

gel purified before proceeding to the overlap extension step. The final PCR reaction
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employed 10 ng of each fragment as template. The resulting product was gel purified

before incorporation into the transformation mixture.

Table 3.1 Primers used in strain construction

# Primer Name

1 spcUP
2 spcDO
3 MIY1l
4 MIY5-R
5 MYJ6-F
6 MYJ2-R

7 Tet-F2

8 Tet-R2

9 0262-F1

10 0262T-R1
11 0260T-F3
12 0260-R3

13 Kan-F2
14 Kan-R2
15 0262-F1
16 0262-R1S
17 0260-F3
18 0260-R3

19 spcUP-short
20 spcDO-long
21 MIY1

22 MJY5-R

23 MY J6-F

24 MYJ2-R

25 TetProm
26 Tet R1

Sequence (5' -->3')

CCGCTCTAGAACTAGTGGATCC

CAATTTTTTTATAATTTTTTTAATCTG

CCAGACGATCACTTCATCC
GGATCCACTAGTTCTAGAGCGGGAATAGAGGTTTTTAAAGAATATTGACAAC
CAGATTAAAAAAATTATAAAAAAATTGCTAGATAAACTTCTGTTCTAC
TGTATAGCATTTCATTTCAAG

ATGAAAATTATTAATATTGGAGT
TCACTAAGTTATTTTATTGAACAT
GCACGATGATAAGCTCCTG
CCAATATTAATAATTTTCATCTCATACACCTCTATAGT
CAATAAAATAACTTAGTGATAATAAAAGGTTAGGAAGACA
CGTTTTCTCAATATTATCAATCCA

ATGGCTAAAATGAGAATATCACC
CTAAAACAATTCATCCAGTA
GCACGATGATAAGCTCCTG
TCTCATTTTAGCCATCTCATACACCTCTATAGT
GATGAATTGTTTTAGTAATAAAAGGTTAGGAAGACA
CGTTTTCTCAATATTATCAATCCA

CCGCTCTAGAACTAGTGGATCC
GAAGTTTATCTAGCAATTTTTTITATAATTTTTTTAATCTG
CCAGACGATCACTTCATCC
GGATCCACTAGTTCTAGAGCGGGAATAGAGGTTTTTAAAGAATATTGACAAC
CAGATTAAAAAAATTATAAAAAAATTGCTAGATAAACTTCTGTTCTAC
TGTATAGCATTTCATTTCAAG

CTAGGTTGATTTTCGTTCGT
GAGTTAAAAA AGACACTAAGTTA ATTGAACATATATC

27 SK405_lipo_Lflank_L1 ACGCTGCTGGATTTTGATAC
28 SK405_lipo_Lflank_R1 TATTCACGAACGAAAATCAACCTAGTTGCAGTCTCCTTATGGAAC
29 SK405_lipo_Rflank_L1 AAATAACTTAGTGTCTAAAAAATTTTTAACTCTGTCAAG

30 SK405_lipo_Rflank_R1 GAAAAAAACGGGACATAC

31 kan F2p

32 Kan-R2Med
33 SK405-F1
34 SK405-R1
35 SK405-F3
36 SK405-R3

37 Spec_Bseq_L1
38 Spec_Bseq_R1

39 Lflank_36Bseq_L1

GATAAACCCAGCGAACCATTTGA
AGGTACTAAAACAATTCATCCAGT
TGGCCAGTTCGATAGCTTCA
GCTCAACTGTCACTTTAATACTTCA
ACACACGCATTAAAACTGAACT
CTCCTTATCGGGACATCGCT

CCGCTCTAGAACTAGTGG
CGGCGGCCTTATAA AATCT

ATTAAACACTCTATGAGTAAAC

Purpose

Generate SK36 Sc' by overlap
extension PCR

aad9 with native promoter

aad9 with native promoter

left fragment

left fragment

right fragment

right fragment

Generate SK36 AssaACB Tc' by
overlap extension PCR

tetM

tetM

left fragment

left fragment

right fragment

right fragment

Generate SK36 AssaACB Km' by
overlap extension PCR

apha-3

apha-3

left fragment

left fragment

right fragment

right fragment

Generate SK405 Sc' by overlap
extension PCR

aad9 with native promoter

aad9 with native promoter

left fragment

left fragment

right fragment

right fragment

Generate SK405 Alipo by overlap
extension PCR

tetM with native promoter

tetM with native promoter
SK405Alipo

SK405Alipo

SK405Alipo

SK405Alipo

Generate SK405 Atel by overlap
extension PCR

apha3 with native promoter
apha3 with native promoter
SK405Atel

SK405Atel

SK405Atel

SK405Atel

Generate BC strains by overlap
extension PCR

aad9 with native promoter

aad9 with native promoter

BC strains: SK36, SK49, VMC66,
SK115, SK160, SK330, SK340,
SK405, SK408, SK678, SK1056,
SK1057, SK1058, SK1059
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Lflank_36Bseq_R1

Rflank_36Bseq_L1

Rflank_36Bseq_R1

Lflank_49Bseq_R1
Rflank_49Bseq_L1
Lflank_66Bseq_R1

Rflank_72Bseq_R1

Lflank_115Bseq_R1

Rflank_115Bseq_L1
Lflank_150Bseq_L1

Lflank_150Bseq_R1
Rflank_150Bseq_R1
Lflank_160Bseq_R1

Lflank_330Bseq_R1
Rflank_330Bseq_R1
Lflank_340Bseq_R1

Rflank_340Bseq_L1
Rflank_340Bseq_R1
Lflank_353Bseq_L1

Lflank_353Bseq_R1

Lflank_355Bseq_R1
Rflank_355Bseq_L1
Lflank_405Bseq_R1

Lflank_408Bseq_R1

Lflank_678Bseq_R1
Rflank_678Bseq_L1
Lflank_1056Bseq_R1

Lflank_1057Bseq_R1
Lflank_1058Bseq_R1

Lflank_1087Bseq_R1
Rflank_1087Bseq_L1

Bseg-quantlL
Bseg-quant2L
Bseg-quant3L
Bseg-quant4L
Bseg-quantlR
Bseg-quant2R
Bseg-quant3R

Bseg-quant4R

FNOTE™

TCCACTAGTTCTAGAGCGGGACTGACTACAGTTGCTATCACAGGTGGACGAATAGAGG AAAGAAT

GATTAAAAAAATTATAAGGCCGCCGCTAGATAAACTTCTGTTCTACAC

AAAATTTCACTCCAAAGGTTAG

GATCCACTAGTTCTAGAGCGGTTAAACCACTAGTTGCTATCACAGGTGGACGAATAGAGGC AAAGAA
GATTAAAAAAATTATAAGGCCGCCGCTAGATAAACTTCTGTTCTACTC
GATCCACTAGTTCTAGAGCGGCCAAATCCGTAGTTGCTATCACAGGTGGACGAATAGAAGC AAAGAA

AAAAAATTCACTCCAAAGG

GATCCACTAGTTCTAGAGCGGCCCATATGTCAGTTGCTATCACAGGTGGACGAACAGAGGTATTAAAGGCT

GATTAAAAAAATTATAAGGCCGCCGATAGATAAACTTCTGTTCTACTC
ATTGAACACTCAATGAGTAAAC

GATCCACTAGTTCTAGAGCGGTTGCTAGTTAAGTTGCTATCACAGGTGGACGAATAGAGGC AAAGAA
C GGAGTG ATCTAAAATTTG
GATCCACTAGTTCTAGAGCGGCGACACATCCAGTTGCTATCACAGGTGGACGAATAGAAGC AAAGAA

GATCCACTAGTTCTAGAGCGGCTATAACTGAAGTTGCTATCACAGGTGGACGAATAGAGGCTTCTAAAGAA
AAAAATTTCACTCCAAAGG
GATCCACTAGTTCTAGAGCGGCTACCCATATAGTTGCTATCACAGGTGGACGAGTAGAGG AAAGAA

GATTAAAAAAATTATAAGGCCGCCGCTAGATAAACTTC CAACACG
C GGAG ATCTAAAATTTG
ATTAAACAATCTATGGGTAAACC

GATCCACTAGTTCTAGAGCGGGTGTTTGTTTAGTTGCTATCACAGGTGGACGAATAGAGGCTTCTAAAGAAT

GATCCACTAGTTCTAGAGCGGCCCACAAGAGAGTTGCTATCACAGGTGGACGAATAGAGGC AAAGAA
GATTAAAAAAATTATAAGGCCGCCGCTAGATAAACTTCTGTTCTACAAG
GATCCACTAGTTCTAGAGCGGGCAACTTTGGAGTTGCTATCACAGGTGGACGAATAGAGG AAAGAA

GATCCACTAGTTCTAGAGCGGCATTGACTACAGTTGCTATCACAGGTGGACGAATAGAAGC AAAGAA

GATCCACTAGTTCTAGAGCGGCGCACCAATGAGTTGCTATCACAGGTGGACGAATAGAGGCTTCTAAAGAA
GATTAAAAAAATTATAAGGCCGCCGCTAGATAAACTTCTGTTCTACAC
GATCCACTAGTTCTAGAGCGGGTATAAAGCGAGTTGCTATCACAGGTGGACGAATAGAGGC AAAGAA

GATCCACTAGTTCTAGAGCGGGTGAGCCCAAAGTTGCTATCACAGGTGGACGAATAGAGG AAAGAA
GATCCACTAGTTCTAGAGCGGGTATCCTGGCAGTTGCTATCACAGGTGGACGAGTAGAGG AAAGAA

GATCCACTAGTTCTAGAGCGGCTTAGTCGCCAGTTGCTATCACAGGTGGACGAATAGAGGA AAAGAA
GATTAAAAAAATTATAAGGCCGCCGCTAGAAAAACTTCTGTTCTACAC

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCACCTGTGATAGCAACT
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTCCACCTGTGATAGCAACT
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTCCACCTGTGATAGCAACT
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCGACCACCTGTGATAGCAACT
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTATTCAAATATATCCTCCTCAC
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGATATTCAAATATATCCTCCTCAC
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTCTATTCAAATATATCCTCCTCAC

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCTATATTCAAATATATCCTCCTCAC

Boldface lettering within sequences is indicative of the unique barcode included in the primer
design

Table 3.1 Primers and strains used in this study.

BC strains: SK36,
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BC strains: SK36, SK353, SK150,

SK160, SK330, SK405, SK408,

SK1056, SK1057

BC strains: SK36, SK353, SK115,

SK678, SK1058

BC strains: SK49

BC strains: SK49, VMC66
BC strains: VMC66

BC strains: SK160, SK405, SK408,

SK1056, SK1057
BC strains: SK115,

BC strains: SK115,
BC strains: SK150, SK355

BC strains: SK150,

BC strains: SK49, VMC66, SK150,

SK355, SK1059
BC strains: SK160,

BC strains: SK330,

BC strains: SK330,
BC strains: SK340, SK678

BC strains: SK340, SK1058
BC strains: SK340
BC strains: SK353,

BC strains: SK353,

BC strains: SK355,

BC strains: SK355,

BC strains: SK405

BC strains: SK408

BC strains: SK678

BC strains: SK678

BC strains: SK1056

BC strains: SK1057

BC strains: SK1058

BC strains: SK1059

BC strains: SK1059

Amplification of BC strains for

lllumina Sequencing Using

Staggered Primers
Total DNA: inocula and
homogenized rabbit tissue
Total DNA: inocula and
homogenized rabbit tissue
Total DNA: inocula and
homogenized rabbit tissue
Total DNA: inocula and
homogenized rabbit tissue
Total DNA: inocula and
homogenized rabbit tissue
Total DNA: inocula and
homogenized rabbit tissue
Total DNA: inocula and
homogenized rabbit tissue
Total DNA: inocula and
homogenized rabbit tissue
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Modification of Rabbit Model

For the pooled barcode mutant virulence study, strains were not subcultured as in our
typical model. Instead duplicate inoculum pools were prepared directly from the
overnight culture. In both cases, 2 ml of each strain was removed from each overnight
culture. The first ml was sonicated, diluted in PBS and plated to determine the relative
abundance of each strain in the inoculum. The second ml for each strain was combined
into a 50 ml conical tube and vortexed. The combined cells were washed twice in PBS
and diluted to give a concentration of ~108 cfu/ml. A portion of the inoculum pool was
withheld for DNA purification and amplification using primers specific for the conserved
region and spc cassette. After harvesting of the cardiac vegetation, DNA was isolated

and amplified as in the inoculum.

DNA Isolation

DNA was isolated from 1 ml of each pooled inoculum and 1 ml homogenized
vegetations with the Qiagen DNeasy Blood and Tissue kit, following the protocol for
Gram-positive organisms. Samples was pelleted by centrifugation, resuspended in 180
Ml enzymatic lysis buffer (20 mm Tris-Cl, 2 mm EDTA, 1.2% (v/v) Triton X-100)
supplemented with lysozyme (20mg/ml) and mutanolysin (150 U/ml), and incubated at
37 °C for 1 hour. Twenty-five pl of proteinase K was added to samples. The samples
were vortexed and incubated overnight. The next morning samples were vortexed
again, vigorously and 4 pl RNase A (100 mg/ml) was added. Samples were incubated
for 2 min at room temperature, followed by 15 seconds of vortexing. Two-hundred pl

Buffer AL was added and the sample was vortexed. One hundred pl ethanol (96-100%)



25

was added and samples were once again vortexed. Samples were column purified per

the manufacturer’s instructions.

Barcode Sequencing and Quantitation

After isolation of DNA from the two inocula and homogenates, products with lllumina
adapters were obtained using PCR. These amplicons were purified and sent to the VCU
Nucleic Acid Research Facility for multiplexed paired-end sequencing on a MiSeq
instrument (lllumina) with a Phi-X spike. Barcode counts were quantified using the
Geneious R10 (version 10.2.3) program. Within Geneious, reads were trimmed using
the BBDuk plugin and sorted using the “separate reads by barcode” tool. Inoculum
levels of each strain were determined as total number of reads per strain divided by
total number of reads from all strains. Output values were each normalized to the
inoculum by dividing the percent relative abundance of each strain in the output by the

percent relative abundance in the corresponding inoculum.

Bacteriocin Assays

Bacteriocin assays were based on the procedure described by Perry et al
(124).Cultures were grown for 18 h in BHI in 6% O». The next day all strains were
stabbed into 18-replicate BHI agar plates using pipet tips dipped in the overnight
cultures. Stabbed plates were incubated overnight anaerobically. The next day, newly
grown overnight cultures of each strain were diluted 20-fold into fresh BHI and
incubated until an ODggg of 0.2 was reached. Five-ml of each diluted culture was
separately added to 10 ml of 1% molten low melting point agarose, gently mixed and

then poured on top of a stabbed plate. After solidification of the overlays, plates were
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incubated overnight in 6% O,. Bacteriocin production was recorded as presence or

absence of zones of inhibition. S. mutans strain UA159 was used as a positive control.

Biofilm Assay

Strains were inoculated at a 1000-fold dilution into BHI and grown in 6% O, overnight at
37°C. The next day, cultures were used to inoculate 96-well plates containing biofilm
medium (BM) (125) with 1% added sucrose or glucose at a 1:100 dilution. Plates were
incubated in either 0% or 12% O, overnight. Planktonic cells were removed and the
wells were allowed to dry. Wells were washed with 200 ul of distilled water followed by
staining with 50 pl of 0.4% crystal violet (CV) for 30 min at room temperature after which
the CV was removed by pipette and the biofilms were washed twice with 200 pl of
distilled water. Three-hundred pl of 30% acetic acid was added and allowed to sit for 30
min to solubilize the biofilm. The resulting supernatant was diluted 1:8 and assayed for

absorbance at 560 nm.

In vitro strain competition assays

Strains were grown in overnight in BHI in 6% O as is typical. For the culture-based
assay, cells were diluted as normal and 50 pl of one strain or 50 ul of each of two
strains was added to a single tube containing 5 ml of rabbit serum. These cultures were
incubated overnight at 12% O, before dilution plating and later bacterial enumeration of
the plated cultures. For the blood agar studies, 500 ul of each strain was obtained
directly from the BHI overnight culture and centrifuged. The pellet was resuspended in
50 ul of PBS and was then pipetted onto a blood agar plate. The plates were incubated

overnight in 12% O,. For pairwise comparisons, 500 ul of both strains were combined,
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centrifuged and resuspended in 100 ul of PBS. As before, 50 pl of this mixed sample
was pipetted onto a blood agar plate and incubated. The next day, the resulting growth
was scraped from the plate and placed into 1 ml of PBS. Each sample was sonicated,

diluted, plated, incubated and enumerated as before.
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Results

Genomic Overview

Tara Nulton performed most of the bioinformatic analyses for this work. When
she compared genome sequences for 19 out of 20 isolates in our possession, of which
10 were oral and 9 were blood, she identified GC contents ranging from 42.8% to 43.4%
and protein-coding sequences ranging from 2298 (SK340) to 2166 (SK49). The 20™
strain was not incorporated into these analyses for reasons that will be described in
detail later. Utilization of the gene family (GF) mode of PGAP identified S. sanguinis as
having an “open”, or ever-increasing pan-genome (Fig 3.1). Identification of 4051

clusters of orthologous alleles was consistent with this classification, but was less than
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Fig 3.1 - Cluster analysis of 19 genomes by PGAP in GF mode. Upper
curve, pan-genome calculation; lower curve, core genome calculation.

the 5100 clusters previously identified by Zheng et al. (136). Our identification of 1499
core clusters, shared by all strains, was also less than that identified by Zheng (136).
The core clusters identified in this study account for 68% of the genes in SK36, our lab
wild-type (WT) strain. For each strain, variable numbers of unique gene clusters were

also identified (Fig 3.2)
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Fig 3.2 - Graphical representation of
core genome and unique genes.

Phylogenetic Analyses

A neighbor joining phylogram was used to investigate the phylogenetic
relationship of strains of similar and differing origin (Fig 3.3A). This phylogram
determines relatedness based on the presence or absence of genes, previously
identified in our examination of the pan-genome. Three clades were identified in this
analysis, one large clade containing five blood isolates, and two smaller, mixed, clades.
Although this method did not fully resolve strains by origin it is interesting to note that
half of the blood isolates do present as a single, well-defined clade. Utilization of a SNP-
based neighbor joining phylogram, which accounts for variations due to mutations,
insertions and deletions, identified two distinct clades (Fig 3.3B). Of note, clades one

and two are very similar to clades one and three previously identified in Fig 3.3A.
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SK49

SK355

%
SK330
SK1056

SK330
2 SK1059

42 SK1057
35 SK1057

SK1059

Fig 3.3 - (A) Pan-based phylogram. The phylogram was computed by
PGAP using the neighbor-joining method of clustering. Red indicates
blood isolate, blue denotes oral isolate. Clades are numbered and
accentuated by darker branches emanating from clade’s most basal
node. The pan-based tree is created using a gene distance matrix
approach built upon gene presence or absence in each strain. (B)
SNP-based phylogram. The phylogram was computed by PGAP
using the neighbor-joining method of clustering and the tree was
visualized using UGENE. Red indicates blood isolate, blue denotes
oral isolate. Clades are labeled and accentuated by darker branches
emanatina from the clade’s most basal node.

Identification of Putative Virulence Genes and their Examination In Vivo

Culling the total genes for those present only in blood isolates distinguished
several genes that could potentially have explained these strains’ ability to cause IE
(Table 3.2). From these, a putative lipoprotein (HMPREF9390_RS07860) and a ~12-kb
genomic island (HMPREF9390 RS08320 through HMPREF9390 RS08365) containing

a tellurite resistance gene were chosen for further investigation.
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SK405 Locus_Tag Predicted Function Oral Blood
HMPREF9390_RS07860 hypothetical lipoprotein 2 8
HMPREF9390_RS08320 Phosphoribosyl transferase (PRT)-type | domain protein 2 6
HMPREF9390_RS08325 Phosphoribosyl transferase (PRT) 2 6
HMPREF9390_RS08330 YceG family protein 2 6
HMPREF9390_RS08335 TelA 2 6
HMPREF9390_RS08340 TerD3 family protein 2 6
HMPREF9390_RS08345 TerD2 family protein 2 6
HMPREF9390_RS08350 TerD family protein 2 6
HMPREF9390_RS08355 calcium-translocating P-type ATPase, PMCA-type 2 6
HMPREF9390_RS08360 haloacid dehalogenase-like hydrolase 2 6
HMPREF9390_RS08365 ATP/GTP-binding protein 2 6

Table 3.2 - Bioinformatic sort based on strain origin.
Ten oral and nine blood isolates were used in the sort.

In Bacillus anthracis, deletion of the tellurite resistance genes yceGH, rendered
strains that were more sensitive to oxidative stress and cathelicidin-mediated killing and
were attenuated in murine models of infection (137). Therefore, we hypothesized this
locus might play a role in S. sanguinis virulence. The lipoprotein was chosen based on
previous findings that established the importance of lipoproteins on virulence (90, 91,
106) and because it was one of a limited number of genes that were almost exclusively
found in blood isolates.

To explore the putative role for these genes in virulence, two strains were
chosen. The first, SK36, is an oral isolate that is prevalent in the literature and lacks
both the tel locus and the lipoprotein. The second, SK405, is a blood isolate that
contains both loci. Traditionally, strains marked with antibiotic resistance cassettes have
been utilized to investigate virulence in our rabbit model of IE (90, 106, 138). Insertions
of these cassettes into the hypothetical gene SSA_ 0169 have been found not to affect a
number of phenotypes, including virulence (138). Unfortunately, the SSA 0169 site is
not conserved among all of the isolates in our collection, and was not present in SK405.

Therefore, we searched for a conserved locus that could be used to facilitate future
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genetic manipulation of SK405 and the strains in our collection. Search parameters
included finding a site that would be between convergent genes, would be flanked by a
terminator sequence and whose subsequent manipulation would not cause apparent
pleiotropic effects. Information incorporated from several programs identified a
candidate in a conserved intergenic region (CIR) between genes encoding a
hypothetical protein, SSA_1217 and a DNA repair protein, RadC.

To test the viability of this site for genetic manipulation, a construct with a
spectinomycin resistance cassette (138, 139), containing the aad9 gene and its native
promoter, was created using overlap extension PCR(120) and transformed into SK36
(140) (Fig 3.4). Growth of this marked strain was assessed, and determined to be
unaffected, 24 h after inoculation into pooled rabbit serum that was set to an initial O,
concentration of 12% (data not shown). This models the oxygen concentration of arterial
blood flow at the site of an aortic vegetation (141) and has been previously determined

to recapitulate in vivo results (90).

SSA_1217

Chromosome

SSA_1217 | radC

SSA_1217 aad9 radC

V. 4

Fig 3.4 - Selection of a conserved intergenic region (CIR)
for insertion of exogenous DNA into S. sanguinis strains.
The spectinomycin resistance cassette is denoted as aad9. The
stem and loop structure represents the terminator sequence.
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With these positive results we transitioned to testing in vivo. The spectinomycin-
marked SK36 and a strain of SK36 containing an erythromycin cassette in SSA_0169
(138), were co-inoculated into catheterized rabbits (Fig 3.5). Two additional, differently
marked, ssaACB deletion mutants were co-inoculated at this time to reduce animal use.
As desired, there was no difference between recovery of the spectinomycin-resistant
(Sc") SK36 and the erythromycin-resistant (Em') derivative and growth of the two-
ssaACB deletion mutants was equally attenuated, as expected (90, 113). We thus
concluded neither the antibiotic insertion site (SSA_0169 vs. CIR) nor the choice of
resistance gene (ermB vs. aad9 or tetM vs. aphA-3) affected the results of our in vivo

investigations.
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Fig 3.5 - Examination of SK36 derivatives in a rabbit model
of IE. Rabbits were co-inoculated with the strains indicated. Like
shapes indicate values obtained from the same rabbit in a single
experiment. Geometric means are indicated by horizontal bars.
Significance was determined by repeated measures ANOVA
with Tukey-Kramer post hoc test. Samples that do not share a
letter are significantly different; P<0.001.
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With a viable site for genetic manipulation available we proceeded with the

creation of a Sc"derivative of SK405. The tel and lipoprotein mutants of SK405 were

created by insertion of aphA-3 or tetM, encoding kanamycin resistance (138) or

tetracycline resistance (138), respectively. As with SK36, growth of the Sc" SK405 was

indistinguishable from WT SK405 when grown in rabbit serum. Co-inoculation of Em’

SK36, as a reference, Sc' SK405, and both the tel and lipoprotein mutant into rabbits

failed to identify a role for either locus in virulence (Fig 3.6). Of interest, the SK405

reference strain and both mutants were significantly more virulent than the marked

SK36 strain.
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Fig 3.6 - Examination of SK36 and SK405 derivatives in a rabbit model
of IE. Rabbits were co-inoculated with the strains indicated. Like shapes
indicate values obtained from the same rabbit in a single experiment.
Geometric means are indicated by horizontal bars. Significance was
determined by repeated measures ANOVA with Tukey-Kramer post hoc
test. Samples that do not share a letter are significantly different;**P<0.01.

Strain Identification and Construction

We questioned whether our failure to identify virulence factors was because the

IE isolates were not uniformly more virulent than the oral isolates. Perhaps, if given

more time or under different circumstances, an “oral” isolate might have been isolated



from the blood and would have thus been considered virulent. The inclusion of such a
strain would have likely altered the conclusions we could make about genes that were
common to more virulent strains. To address this possibility, we decided to create
marked derivatives of all of our strains and test them in vivo.

The traditional rabbit model can accommodate 4 differently marked strains;
however, we had significantly more than this. Therefore, we modified a previous
technique, Bar-seq, that interrogates mutant fithess by sequencing transposon
insertions that contain random and unique barcode sequences (142). For each strain,
an 879-bp cassette that contained a common upstream (P1) primer binding site, a
unique 10-bp barcode (BC) identifier, and the aad9 gene was inserted into the CIR by
transformation. The inclusion of a common primer-binding site, allowed for later PCR

amplification and quantification of all barcodes present in a sample (Fig 3.7).

CIR

v

* -
ATCC10556/SK1 AAAGCIEECEARECCREAGARAAACEECEGRECEACACEBAA
SK36 AAAACCICTATTCCTAGATAAACTICTGTICTACACGAA

Chromosome

SK49 ARAGCCTCTATTCCTAGATAAACTTCTGTTCTACTCGAA
VMC66 ARAGCETCTATICCTAGATAAACTICTGTTCTACTICGAA
SK72 BAAGCCICEATTCCTAGATAAACTICTGTTCTACACGAA
SK115 AABACCICEGTTCATAGATAAACTICTGTTCTACECGAA
SK150 AAAGCCICTATTCCTAGATAAACTTICTGITCTACACEAA
SK160 AAAGCETCTATTCCTAGATAAACTTICTGTECTACACGAA
SK330 BAAGCCICTATTCCTAGATAAACTTICTGTTCTACACGAA
SK340 AAAACCECTACECCIAGATAAACTICTTTECAACACGAA
SK353 GAAGCCTCTATTCCTAGATAAACTICTGITCEACACGAA
SK355 AAAGCCECTATTCCTAGATAAACTICTCTTCTACAAGAA
SK405 AAAACCTCEATTCCTAGATAAACTICTGITCTACACGAA
SK408 AAABCETCTATTCCTAGATAAACTTCTGTTCTACACEAA
SK678 AAAACCECTACTCCTAGATAAACTTICTTTTCAACACGAA
SK1056 AAAGCCTCTATTCCTAGATAAACTTICTGTTCIACACGAR
SK1057 AAAACCTCEATTCCIAGATAAACTICTGTTCTACACGAA
SK1058 BAABCCTCTATTCCTAGATAAACTICTGTTCIACACGAA
SK1059 AAARCCICTATTCCTAGAAAAACTTICTIGTTCTACACGAA

PN
e L

Fig 3.7 - Use of a conserved intergenic region for barcode insertion.
Stem and loop structure indicates terminator sequence. * indicates last
bp of stop codon in SSA _1217. Downward arrow indicates barcode (BC)
insertion site. Right arrow indicates start of terminator sequence. P1 and
P2 designate primers used to amplify DNA from inoculum cells and from
harvested rabbit vegetations for Illumina sequencing.
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During the creation of these marked strains, we found we were unable to
successfully generate three strains—SK1, SK72, and SK1087—each for differing
reasons. By the time this study began, we realized that SK1 was not actually in our
collection. We did obtain ATCC 10556, which is considered equal to SK1 (143) at a
much later date; however, construction and assessment of its marked derivative would
have caused significant delays and thus, was not included in this experiment. Regarding
SK72, repeated attempts at transformation were unsuccessful for reasons we could not
determine, as the SK72 draft genome sequence indicated that every gene shown
previously to be required for transformation of SK36 was present and intact (144). The
final strain, SK1087, was excluded here, and previously in the bioinformatic analysis,
primarily because we were initially unable to amplify its CIR. During the construction of
this, and several other marked strains, we realized the sequences we were amplifying
were in conflict with the sequences recorded in GenBank. The sequences we amplified
did match other S. sanguinis strains in our collection, however. We concluded either our
strain stocks had been mislabeled or the GenBank WGS sequences were misidentified.

To formally investigate this, we sequenced several housekeeping genes and
compared our sequences to those from a previously published multi-locus sequence
analysis (MLSA) available for all strains except VMC66 (20). Although not available for
download from GenBank, they are available for download from the authors’ website
(viridans.emlsa.net/). In all cases, the sequences of our strains were consistent with the
MLSA results (data not shown). When we used these housekeeping sequences as a
query for a BLASTN of the WGS database, and against the nr database for SK36, our

sequences were once again in conflict. Moreover, comparisons of the MLSA sequences
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themselves against those in GenBank were in conflict. To ensure our findings were
accurate, we obtained new stocks of three of the strains in conflict from Dr. Mogens
Kilian (University of Aarhus, Denmark). He is the original provider of all of the “SK”
strains for our lab, the Human Microbiome Project, and the MLSA study. Again, all
sequences we obtained were in agreement with the MLSA findings and our earlier
sequences, and were in conflict with information available from GenBank. Our four
conclusions are summarized in Fig 3.8. First, the sequences for SK678 and SK1058 are
reversed in GenBank. Second, the GenBank sequence identified as SK1087 is actually
SK1059. Third, the GenBank sequence that is identified as SK1059 actually belongs to
SK340, as does the sequence identified as SK340. In short, we affirm that there are two
versions of the SK340 sequence in GenBank. Finally, we conclude there is no WGS
sequence in GenBank for strain SK1087, which may explain our earlier obstacle in
amplifying the CIR of this strain. At the conclusion of this rigorous investigation, we were
left with 17 strains, 9 oral isolates and 8 blood isolates, which were successfully
barcoded. All strains identifications included here are in agreement with our sequence

results and the MLSA data, as opposed to the GenBank identifications.

Strain GenBank WGS
SK678 SK678
SK1058 ><: SK1058

SK340

_ »
SK340  ——_  sk1059
SK1059 g SK1087
SK1087 —— & None

Fig 3.8 - Misidentified GenBank WGS
seauences as determined bv our analvsis.
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After sequence verification of the BC strains, growth of these strains and each of
their parents was assessed in pooled rabbit serum. Results indicate that no strain was
affected by insertion of the barcode (Fig 3.9). The validation of these strains enabled us
to progress to testing in our rabbit model.
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Fig 3.9 - Growth of S. sanguinis parent and marked strains in
rabbit serum in 12% O,. The strains indicated were grown for 24
h at 37°C before serial dilution for bacterial enumeration. The
means and standard deviations are shown for n=3 experiments.

There was no significant difference between any parent vs.
marked strain as determined by paired t test.

Pooled virulence analysis by Bar-seq

For this study, we used Bar-seq to monitor strain fitness by quantifying barcodes
in harvested tissues (output) versus those in an inoculum (input) using lllumina short-
read sequencing (142). Barcodes for each strain were detected at near-equal levels in
the inoculum pool before (Table 3.3) and after normalization (Fig 3.10). CFU counts
obtained by dilution plating each strain prior to pooling of the inocula showed similar
trends, although a greater variability in strain recovery was seen (Table 3.4).

In contrast to the equally distributed barcodes in the inoculum, barcodes counts

recovered from harvested cardiac homogenates were highly variable, covering
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approximately four logs (Table 3.3 and Fig 3.10). Of the seventeen included strains,
three were more abundant in the output than in the inocula. Two of the three strains
were blood isolates (SK405 and SK678); however statistical analysis did not identify an
association between strain source and virulence (unpaired t-test, P=0.1234).
Interestingly, several strains were recovered in low abundance. Of these, SK330
is of special interest. SK330 had the fewest CFU in the inoculum as determined by
plating, although the averaged counts were still within a log of SK115, the strain closest
to SK330 in terms of cardiac recovery. The lower levels of SK330 in the inoculum were
surprising, as the protocol for rabbit inoculation was adjusted to account for the slow
growth of SK330 in BHI that we had observed in pilot studies. The poor growth of
SK330 in BHI was also surprising given that this strain consistently grew to higher levels

than any of the other strains tested in rabbit serum (Fig. 3.9).

Barcode Counts

Raw Counts SK36 SK49 SK115 SK150 SK160 SK330 SK340 SK353 SK355 SK405 SK408 SK678 SK1056 SK1057 SK1058 SK1059 VMC66  Total
Inoculum-1 26,028 22,147 18432 22,568 24,654 22,677 19,230 14959 251160 19,065 22685 24,882 20,186 24,268 24,773 22,011 19,298 373,023
Inoculum-2 26373 24,878 19,953 23823 29103 24,285 22,029 15540 28,005 20,159 25457 28,485 23,102 27,395 30,402 21,777 20,005 410,771
Rabbit #731 2,805 76 49 8841 3,060 3 2886 1223 552 35857 6,216 25555 752 1,009 526 565 1,533 91,598
Rabbit #732 14,288 1,142 192 30,105 67,303 9 28953 1,944 580 333611 40458 143989 7,133 3828 2919 8230 16,223 700,907
Rabbit #733 32,107 236 214 10,899 27,094 97 22669 4,788 1,152 205191 29296 226,287 4,135 6,058 3,103 1,694 5273 580,293
Rabbit #734 9,158 103 28 9742 38809 3 4942 11162 192 86453 11,739 42782 1,168 2177 2,038 1,139 7,385 219,020
Rabbit #735 9,046 99 26 5783 30,697 24 16,142 4745 1,153 41145 5635 60575 2405 1807 6,114 3714 8302 197,412
Rabbit #736 18,343 184 109 46,152 37,697 64 21965 7106 2,064 322,303 36,366 165120 1,512 4,550 2348 6,818 10,350 683,051
% of Total SK36  SK49 SK115 SK150 SK160 SK330 SK340 SK353 SK355 SK405 SK408 SK678 SK1056 SK1057 SK1058 SK1059 VMC66  Total

" 6.98% 594% 494% 6.05% 661% 6.08% 516% 4.01% 674% 511% 6.08% 667% 541% 651% 664% 590% 5.17% 100.00%

12 642% 6.06% 4.86% 580% 7.08% 591% 536% 378% 682% 491% 620% 693% 562% 667% 740% 530% 4.87% 100.00%
C731 3.06% 0.08% 0.05% 9.65% 3.34% 0.00% 3.15% 1.34% 060% 39.15% 6.79% 27.90% 0.82% 1.20% 0.57% 062% 1.67% 100.00%
C732 204% 0.16% 0.03% 4.30% 9.60% 0.00% 4.13% 0.28% 0.08% 47.60% 5.77% 20.54% 1.02% 0.55% 042% 1.17% 2.31% 100.00%
C733 553% 0.04% 0.04% 1.88% 467% 002% 391% 083% 020% 3536% 505% 39.00% 071% 1.04% 053% 029% 0.91% 100.00%
C734 4.18% 0.05% 001% 445% 17.72% 0.00% 226% 053% 0.09% 3947% 536% 1953% 053% 099% 093% 052% 3.37% 100.00%
C735 458% 0.05% 0.01% 293% 1555% 0.01% 818% 240% 0.58% 20.84% 2.85% 30.68% 1.22% 092% 3.10% 1.88% 4.21% 100.00%
C736 269% 0.03% 0.02% 6.76% 552% 0.01% 3.22% 1.04% 030% 47.19% 532% 24.17% 022% 067% 0.34% 1.00% 1.52% 100.00%

% of Totall % of Inoculum SK36  SK49 SK115 SK150 SK160 SK330 SK340 SK353 SK355 SK405 SK408 SK678 SK1056 SK1057 SK1058 SK1059 VMC6E6

C731 47.70% 1.37% 1.10% 166.43% 47.15% 0.06% 58.75% 35.29% 8.84% 797.66% 109.50% 402.32% 14.60% 17.99% 7.76% 11.63% 34.37%
C732 31.75% 269% 0.56% 74.06% 135.53% 0.02% 77.03% 7.33% 121% 969.86% 93.14% 296.25% 18.10% 8.19% 5.63% 22.15% 47.53%
C733 86.18% 0.67% 0.76% 32.38% 6590% 0.28% 72.84% 21.81% 291% 720.51% 81.46% 562.34% 12.67% 15.65% 7.22% 551% 18.66%
C734 136.54% 56.68% 23.90% 46.08% 530.41% 41.82% 71.62% 39.74% 14.55% 100.83% 78.98% 70.01% 64.96% 82.84% 162.04% 84.31% 201.47%
C735 149.64% 60.44% 24.62% 30.35% 465.46% 371.20% 259.52% 180.02% 96.92% 53.24% 42.06% 109.98% 148.39% 76.29% 539.33% 305.00% 251.28%
C736 87.69% 3247% 29.83% 70.00% 165.20% 286.08% 102.06% 77.92% 50.14% 120.54% 78.45% 86.65% 26.96% 55.52% 59.86% 161.82% 90.54%
Average 89.92% 25.72% 13.46% 69.88% 234.94% 116.58% 106.97% 60.35% 29.10% 460.44% 80.60% 254.59% 47.61% 42.75% 130.31% 98.40% 107.31%

Table 3.3- Raw and normalized Bar-seq data. Raw counts were determined using the
program Geneious to count the incidence of each barcode. The “% of total” was
calculated by dividing the barcodes for each strain by the total barcodes in the inoculum
or output respectively. The “% of Total/% of Inoculum” was calculated by taking the
previous section and dividing by the % of strain representation in the inoculum.
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Fig 3.10 - Examination of marked strains in a rabbit model of IE.
Six rabbits were co-inoculated with 17 barcoded strains in one of two
duplicate pools. Blue and red indicate oral or blood isolates
respectively. % Exp., Percent expected. (A) The % Exp. Inoculum for
each strain was determined by dividing the BC counts for each strain
by the total BC counts for that inoculum, then multiplying by 17. (B),
The % Exp. Recovered was determined similarly by the equation (%
each strain in the total recovered counts for each rabbit)/(% each
strain in the total inoculum counts). The dashed line represents
1/17th of total bacterial burden in each inoculum (A) and %
abundance in each rabbit (B) relative to its abundance in the
corresponding inoculum. There was no significant association
between strain source (blood of IE patient vs. oral cavity) and
virulence (unpaired t test, P =0.1234).



Plate Counts
Strain | Inoculum 1| Inoculum 2

SK36 203 169

SK49 120 77
VMC66 168 73
SK115 49 39
SK150 39 27
SK160 169 68
SK330 7 3
SK340 140 77
SK353 127 105
SK355 106 71
SK405 155 119
SK408 85 78
SK678 60 40
SK1056 143 54
SK1057 114 62
SK1058 137 110
SK1059 74 42

Table 3.4- Plate counts of each strain present in
inoculum.

Plate counts obtained for each strain before pooling all strains
in one of two duplicate inocula.



With experimental evidence of more virulent strains available, we reevaluated our
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strains bioinformatically, comparing the more virulent strains to the less virulent ones, as

opposed to the previous blood versus oral sort. This approach identified 30 genes

exclusive to the more virulent strains (Table 3.5). Interestingly, ten of these belonged to

the previously investigated tel locus. Many of the remaining genes have no known ties

to virulence. Further investigations of these genes are warranted.

SK405 Locus_Tag Predicted Function Less Virulent' More Virulent?
HMPREF9390_RS00505 hypothetical protein 0 3
HMPREF9390_RS010403 zinc-binding dehydrogenase family oxidoreductase 0 3
HMPREF9390_RS01045 TetR family transcriptional regulator 0 3
HMPREF9390_RS01515 molecular chaperone HscC 0 3
HMPREF9390_RS01520 hypothetical protein 0 &
HMPREF9390_RS03570 ABC transporter ATP-binding protein 0 3
HMPREF9390_RS03575 ABC transporter permease 0 3
HMPREF9390_RS03635 membrane protein 0 3
HMPREF9390_RS06090 hypothetical protein 0 3
HMPREF9390_RS06105 N-acetyltransferase 0 3
HMPREF9390_RS06115 alpha/beta hydrolase 0 3
HMPREF9390_RS06500 glycosyl transferase family 1 0 &
HMPREF9390_RS06505 von Willebrand factor A 0 3
HMPREF9390_RS07665 hypothetical protein 0 3
HMPREF9390_RS07670 alpha/beta hydrolase 0 3
HMPREF9390_RS07780 hypothetical protein 0 3
HMPREF9390_RS08320 Phosphoribosyl transferase (PRT)-type | domain protein 0 3
HMPREF9390_RS08325 Phosphoribosyl transferase (PRT) 0 &
HMPREF9390_RS08330 YceG family protein 0 3
HMPREF9390_RS08335 TelA 0 3
HMPREF9390_RS08340 TerD3 family protein 0 3
HMPREF9390_RS08345 TerD2 family protein 0 3
HMPREF9390_RS08350 TerD family protein 0 3
HMPREF9390_RS08355 calcium-translocating P-type ATPase, PMCA-type 0 3
HMPREF9390_RS08360 haloacid dehalogenase-like hydrolase 0 3
HMPREF9390_RS08365 ATP/GTP-binding protein 0 3
HMPREF9390_RS09105 hypothetical protein 0 3
HMPREF9390_RS09160 hypothetical protein 0 3
HMPREF9390_RS09535 TIGR01741 family protein 0 3
HMPREF9390_RS11625 hypothetical protein 0 3

TLess virulent strains include SK330, SK115, SK49 and SK355.
2More virulent strains include SK405, SK678 and SK 160.
3Highlighting indicates contiguous genes.

Table 3.5- Candidate virulence genes.

Based on a bioinformatics sort comparing the top three most virulent strains

to the four least virulent strains.
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Phenotypic Assays

The range in virulence of the Bar-seq study was surprising. Considering the lack
of genes identified by our virulence sort, we wondered if our results could have been
biased by the pooled-inoculum method, and if not, whether we could correlate our Bar-
seq results with other well characterized multi-gene systems that might contribute, in

part, to virulence.

Bacteriocin Production

Regarding the former, we specifically questioned whether competition between
the strains at the damaged cardiac site might have masked the individual capabilities of
each strain and biased our bioinformatic sort and interpretation of the results. One
known mechanism of competition is bacteriocin production (145). A BAGEL (123)
analysis of all strains, searching for bacteriocins, identified a single putative lantibiotic
encoded by HMPREF9391 RSO05365 in strain SK408. This bacteriocin is homologous
to the “streptin” of Streptococcus pyogenes M1GAS (146). When considering SK408 in
the context of the virulence results, it is among the most virulent strains. It is therefore
possible that this strain could have used this putative lantibiotic to gain a competitive
advantage over other nearby strains. To test this possibility we used an assay
previously employed by others (147, 148). The premise is that each strain is stabbed
into an agar plate and then subjected to an overlay containing an indicator strain the
following day. If the stabbed strain secretes an inhibitory product, the indicator strain in
the overlay will not grow around the stabbed strain. This presents as a zone of inhibition
and is a positive result for bacteriocin production. There was no inhibition by any S.

sanguinis strain of any other S. sanguinis strain in our analysis (Fig 3.11); however, as
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expected, all strains displayed sensitivity to one or more bacteriocins produced by

Streptococcus mutans UA159.

Fig 3.11 - Bacteriocin production by agar overlay assay. The strains indicated
were stabbed into an agar plate and incubated anaerobically overnight at 37°C.
Low-melting point agarose containing a single strain was overlaid and cultures
were allowed to grow as before. A clear zone surrounding a stab indicates a
positive result. Representative picture of n=3 experiments with an SK36 overlay;
the experiment was also performed 3 times with each of the other strains listed in
the overlay.

Biofilm Formation

In vitro biofilm formation does not correlate with virulence for S. sanguinis strain
SK36 (149); however, this is not true for all streptococci (150, 151). We questioned
whether a relationship between biofilm formation and virulence of our other S. sanguinis
strains existed or if, in fact, they each would resemble that of SK36. To investigate this,
each strain was grown in biofilm medium supplemented with either sucrose (125) or

glucose (152) to model oral (153, 154) and cardiac conditions, respectively. As seen in
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Fig 3.12, there was no association, in either media, with biofilm formation and virulence
(sucrose, Pearson correlation, P=0.2392; glucose, Pearson correlation, P=0.5686) or

with strain origin (sucrose, unpaired t-test, P=0.6493; glucose, unpaired t-test,
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Fig 3.12 S. sanguinis biofilm production. Strains were grown in biofilm
medium supplemented with either (A), 1% sucrose or (B), 1% glucose and
grown under anaerobic or aerobic conditions, respectively. Biofilm formation
was determined by absorbance at 560nm. Blue indicates oral isolates while
red indicates blood isolates. Results are from n=4 experiments. There was no
significant correlation between biofilm formation and virulence as determined
by Pearson correlation in (A), P=0.2392 or in (B), P =0.5686.There was no
significant relationship between biofilm formation and strain origin as
determined by unpaired t test in (A), P =0.6493 or in (B), P =0.3029. Strains
SK1, SK72 and SK1087were not included in statistical testing, as virulence
data was determined separately or was not available.

Cell-Associated Manganese Content
As previously mentioned, metal deficiencies can have dire effects on

streptococcal physiology and virulence (90, 155). In the context of manganese, we did
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not expect these strains to be manganese deficient, as bioinformatic analyses indicated
the presence of the manganese transport system, ssaACB (90). Additionally, two strains
(VMC66 and SK408) have an NRAMP-family (natural resistance-associated
macrophage protein) transporter, which has been associated with manganese (156,
157). Although studies have investigated manganese deficiency and attenuation of
virulence, none have explored whether elevated manganese levels may correlate with
increased virulence. To investigate this possibility, strains were grown aerobically in BHI
and subjected to inductively coupled plasma optical emission spectrometry (ICP-OES).
No correlation between cellular manganese content and virulence was identified (Fig
3.13) (Pearson correlation, P=0.9350). Of note however, was the finding that blood
isolates possessed significantly higher manganese levels than their oral counterparts
(unpaired t-test, P=0.0124), which is more readily appreciated when strains are sorted
by manganese content (Fig 3.13B). Also of interest, is the finding that the strains with
the most manganese were, in fact, VMC66 and SK408, both of which have the extra

NRAMP system for manganese transport.

Virulence Analysis of ATCC 10556

As mentioned previously, SK1 was not included in the Bar-seq study and
subsequent bioinformatic analysis as it was not available until after the conclusion of
these experiments. However, we later obtained and successfully marked ATCC 10556
(considered an SK1 equivalent (143)) with a kanamycin resistance cassette at the CIR,
used for the barcode insertions in the other strains. We also tested this mutant for
virulence. The results are included here as an addendum because, as will be

demonstrated, not only do they provide additional phenotypic information, they also
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encompass data that may have significant implications for the interpretation of the Bar-

seq virulence results; however, these data are preliminary and as such, cannot

encompass a separate chapter.
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Fig 3.13 Cell-associated manganese content of S. sanguinis strains. Strains
were grown in 12% O, and analyzed by ICP-OES displayed in order of (A),

decreasing virulence or (B), decreasing Mn content. Means and standard deviations
from n=4 independent experiments are shown. There was no significant correlation
between virulence and Mn content in (A) as determined by Pearson correlation, P
=0.9350.There was significant correlation between strain origin and Mn content in

(B) as determined by unpaired t test, P =0.0124. For statistical analysis, strains
SK1, SK72 and SK1087 were not included as in Fig 3.12.

ATCC 10556 was tested in vivo alongside Em' SK36 and the barcoded, Sc'

SK330. SK330 was incorporated, as it was the poorest performer in the Bar-seq

virulence study. Its inclusion allowed for assessment of whether the large inoculum pool

biased our results. As can be seen in Fig 3.14, ATCC 10556, a blood isolate, was

recovered at numbers approximately a log lower than SK36 and SK330; however, when
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comparing the recoveries of SK36 and SK330 they were not significantly different, a
finding in contrast to the results of the Bar-seq experiment. This led us to once again
consider that competition among strains may have been present in the Bar-seq

inoculum that was not at play in an inoculum with fewer strains.
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Fig 3.14 Examination of SK1 in a rabbit model of IE. Rabbits were co-

inoculated with the strains indicated. Like shapes indicate values obtained from

the same rabbit in a single experiment. Geometric means are indicated by

horizontal bars. Significance was determined by ANOVA with Tukey-Kramer post

hoc test. Samples that do not share a letter are significantly different. P > 0.05
Virulence Analysis of SK330

As we already ruled out bacteriocin production as a factor, we wondered if

perhaps, a strain or several strains might outcompete SK330 for nutrients at the site of
attachment to the sterile vegetation. To explore this, we co-inoculated two strains onto

either blood agar or into pooled rabbit serum and allowed for 24 h of growth. Fig 3.15

demonstrates that in a pairwise comparison against Em' SK36 (i.e., JFP36), SK330
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growth was variable depending on the media used for culture incubation. On blood agar

(Fig 3.15A), there appeared to be no difference in strain growth, whereas in serum,

SK330 significantly outperformed SK36 (Fig 3.15B). Additionally, although SK330 was

not directly compared against other strains in this assay, it had a higher final CFU in

serum and a lower CFU count in BHI than SK115, SK405, or SK678, a finding that was

consistent with results seen previously in Fig 3.9. The variability in growth of SK330 was

also observed in later studies in which SK330 was competed against differing pools of

strains used in the Bar-seq study (data not shown), and when grown with differing

starting densities relative to SK36 (data not shown).
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Fig 3.15 Pairwise S. sanguinis strain competition assay. Strains were
co-inoculated onto A) blood agar plates or into B) pooled rabbit serum and
growth was assessed after 24 h. The means and standard deviations are
shown for n=3 experiments. Statistical significance for the 24 h samples was
assessed by ANOVA with a Tukey-Kramer post-hoc test for each strain pair
(delineated bv black vertical bars): P < 0.01.
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One possible explanation for these results is restriction modification (RM) system
methyltransferase (MTase) activity. In S. pneumoniae, RM system MTase activity has
been shown to be responsible for the long-observed switching of cells between an
opaque colony morphology, associated with abundant capsule production and
increased systemic virulence, and a smooth colony phenotype that has less capsule,
enhanced nasopharyngeal colonization, and reduced virulence (158-160). This system
has also been shown to be involved in transcriptional regulation, phenotypic phase
variation, DNA repair, and population evolution (161, 162).

Within the draft sequences of S. sanguinis there are multiple homologous RM
systems. The Type | system, present in at least 9 of the 20 strains, contains a nearby
recombinase gene, along with a methyltransferase and specificity subunit. The MTase
and S subunits are both necessary and sufficient for methylation activity and the REase
is required for restriction. The S subunit includes two target recognition domains (TRDs)
that impart target sequence specificity to both the restriction and modification activities
of the natural multi-subunit complex. Recombination events include switching among or
within the S- subunits, which results in phase variation. SK330 is one of the nine strains
that have this system. We hypothesized that this system may play a role in growth of
the strain in rabbit serum when grown singly versus in competition with other strains.

We tested this in SK330 by growing the strain in differing media, with and without
competition, and assaying the arrangement of the RM system using a previously
described PCR-based method (160). In brief, primer sets (a forward and reverse) are
designed within each region of the RM site and used with a cognate primer for

amplification. Depending on which of the sets, forward or reverse, gives a product,
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information is obtained on the directionality of that particular subunit. In effect, this can
discriminate between subunits that may have undergone an inversion. Additionally,
products that are a different size than expected may indicate a subunit has recombined
or switched with an adjacent subunit. Both possibilities have been shown to affect
virulence. Fig 3.16 summarizes the results of these PCR reactions. Cells that were
grown in BHI were primarily of the “parental” genotype (first map in Fig. 3.16), but at
least two different recombination events were also apparent—the inversion of the
second domain of the full-length S.1 subunit, and the switching of that same domain
with S.3 (Fig. 3.16). In contrast, only the parental genotype was detected in serum-
grown cells. No cardiac homogenate was available for testing to determine the RM
profile of SK330 that had undergone selective pressure in the blood; however, it is
plausible that In the Bar-seq experiment where SK330 was 1/17" of the inoculum, it
likely found itself in competition with other strain. This may have induced or selected for
subunit switching, whereas in Fig 3.14, SK330 was 1/3 of the inoculum, and may have
been separated from the other two strains, removing pressure to change the RM

subunit configuration.

1 Recom. S.2 S.3
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Fig 3.16 The SK330 rearranging Type | RM system. RM= site-specific recombinase.
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Discussion

Combining powerful bioinformatic analysis with a novel Bar-seq method allowed
us to better interrogate the virulence of the S. sanguinis species as a whole while
minimizing animal use.

Through the identification of a conserved intergenic region, we were able to
insert unique barcode sequences into 17 S. sanguinis isolates that we could then use to
track the growth of each respective strain in a rabbit model of endocarditis. This premise
proved successful methodologically, as evidenced by the near-equal recovery of each
barcode in duplicate inoculum pools and practically, as seen in the wide growth
variability in harvested cardiac homogenates.

No correlation between virulence and strain origin was seen in this assay, and is
in agreement with a conclusion reached previously using data derived solely from MLSA
of isolates of differing origin (163). This is, perhaps, not surprising when considering the
incidence of IE is relatively low, in spite of the relative ease of access that S. sanguinis
has to the bloodstream. It has been suggested that other considerations, such as
cardiac risk factors (164), may play a more important role in IE pathogenesis.

In spite of this, it is interesting to note that many of the most virulent strains
cluster in the phylogenetic tress, a phenomena which suggests there may be lineages
that may be better able to cause disease. The results of the phylogenetic tress may also
inform our bioinformatic virulence sort, which did not identify many genes with known
ties to virulence. The SNP-based tree focuses on evolution of core genes, which, in

effect, may offer a hypothesis that allelic differences account for virulence. This would
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not have been accounted for in the virulence sort, which was more similar to the Pan-
based tree approach in that it was based on presence or absence of genes.

We considered our Bar-seq results might have been influenced by external
factors relating to the pooled inoculation method. One unlikely possibility that was seen
in previous studies using a 40-strain pooled inoculum was a bottleneck effect, where
differences in recovery are due to chance rather than differences in virulence (114). In
fact, it would appear that this was not a factor in our results as the reads for each
barcode were similar between animals, in spite of being variable from strain to strain.
Our next hypothesis was bias due to inter-strain competition. We chose to examine
bacteriocin production as S. sanguinis is incredibly competent (165), and may use
bacteriocin production as a mechanism to kill cells that are not competent (145, 166,
167). This process is beneficial as it makes DNA available for uptake and increases the
genetic plasticity population. It may also function to limit the maintenance of social
cheaters (168). However, our bacteriocin assay saw no evidence for killing by S.
sanguinis-mediated bacteriocin production. Finally, we considered our previous and
subsequent data where several of the Bar-seq strains were co-inoculated into rabbits in
smaller pools. These results were conflicting, with some strains (SK405 vs. SK36)
appearing to corroborate their Bar-seq relationship and recovery levels, and other
strains (SK330 vs. SK36) appearing to exhibit a completely different phenotype.
Although the reasons for this have not been thoroughly investigated, preliminary studies
suggest that the differences may be accounted for by RM systems present in some
strains that may alter virulence profiles when stimulated. In this context, we hypothesize

that competition might be provide the stimulus for this phenomenon.
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A comparison of the virulence and the phylogenetic trees suggested subtle
differences in genetic composition could explain the variability in strain recovery of the
Bar-seq experiment. We wondered if strains might cluster together in other biologically
relevant assays in a manner similar to the virulence study. Together, small
improvements in multiple assays could explain an overall more virulent phenotype.
Subsequent investigations into biofilm formation (oral and cardiac simulated) found
there was no similar strain pattern to that seen with virulence. We were hopeful there
would be differences in manganese content, as manganese-deficient strains have
several known defects and, while there is no in vivo information on strain performance
when manganese is plentiful, perhaps strains with higher manganese would be better
able to adapt to life in the bloodstream. Unfortunately, similar results were found when
the strains were assayed for metal content, where there was no correlation between
manganese content and virulence. Interestingly, there was an association with isolates
of blood origin.

Although no specific conclusions regarding virulence were obtained in this study,
we are happy to provide this compilation of bioinformatic and phenotypic data to the
streptococcal community. Indeed, the rigor of this study not only expanded the total
knowledge of S. sanguinis, but also aided in the identification of strains that had been
mislabeled in GenBank. Although these errors may persist in GenBank for some time
(169, 170), as NCBI has not yet attempted to address these errors, the scientific
community is now aware of the implications of these findings. As such, further
propagation of incorrect information and continued misallocation of resources can be

avoided.
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CHAPTER 4

Loss of an integral membrane protein restores serum growth to manganese-deficient

Streptococcus sanguinis

Rationale

While working with manganese-deficient SsaB mutants, which are severely
attenuated in growth, we identified suppressor mutants that were able to circumvent
manganese limitation and grow in pooled serum through a heretofore unknown
mechanism. Subsequent investigations revealed that the suppressor mutant phenotype
was not maintained in a rabbit model of endocarditis. The reasons for the discrepancy
between growth in pooled serum versus in vivo are not known; however, these findings
highlight the need for continued refinement of our in vitro model and serve to remind the

scientific community that bacterial circumvention of therapeutics is possible.

Introduction

Metals are an essential component of bacterial physiology, serving as cofactors
and providing structural support for a number of proteins that, in turn, are key
components in bacterial processes including metabolism and defense (176). Metal
acquisition is therefore tantamount to survival. For pathogens, obtaining metals
necessitates expression of high-affinity metal transport systems, as metals are typically
limited within a host. This shortage is attributed to specialized host proteins, such as
ferritin and calprotectin, whose sole purpose is metal sequestration for the prevention of

pathogen invasion (177-180) and otherwise harmful redox reactions (181, 182).
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One well-characterized method of metal procurement by bacteria is the Lral
(Lipoprotein Receptor Antigen 1) family of ABC-type metal-transport proteins, specifically
those belonging to the A-I group (92, 93, 155). Present throughout the streptococci, this
group has been implicated in manganese transport in all cases (94-96), and iron in
some circumstances (101, 117, 183, 184). In turn, the relationship between manganese
and virulence has been thoroughly examined, with findings highlighting how loss of
these transport proteins is equivalent to loss of virulence in multiple models of infection
(96, 98-101, 115). In these cases and others, manganese loss has been demonstrated
to disrupt a number of manganese-centric processes including superoxide dismutase
activity (90), deoxyribonucleotide synthesis (106), and degradation of the alarmone
(P)pPGpp (185, 186). Loss of any one of these systems is detrimental to bacterial
virulence as it renders the bacteria sensitive to oxidative stress tolerance (90), impaired
in DNA replication and repair (108), and unable to maintain the cellular balance
between growth and survival (187) respectively.

Some bacteria are able to circumvent the loss of this transport family through the
use of alternative metal uptake systems. For manganese, and iron to some extent, one
such alternative system is the NRAMP family of metal transporters. These transporters
are common, present in both eukaryotes and prokaryotes, and play an important role at
the host-pathogen interface. They are pH dependent, and similar to the Lral-family,
have been demonstrated to be important in bacterial pathogenesis and resistance to
oxidative stress (101, 157, 188).

Because the inability to acquire metals is so tightly associated with loss of

virulence, and as metal transporters are typically highly conserved, they have become
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the focus for targeted therapeutics (67, 68) and vaccines (65, 189). The efficacy of this
approach has been suggested as vaccination studies against the Lral family of
lipoproteins (64, 65) and inhibition of ZnuABC-mediated zinc transport in Salmonella
Typhimurium through the use of a small-molecule inhibitor (190) have been successful
in a basic laboratory setting. However, as of yet, there are no currently available
commercial therapeutics.

In S. sanguinis strain SK36, there is a single annotated manganese transport
system that belongs to the Lral-family. Loss of this protein, SsaACB, results in severely
diminished aerobic growth in serum and loss of virulence in a rabbit model of
endocarditis. Two strains of S. sanguinis, SK408 and VMC66—characterized in the
previous chapter, have an additional NRAMP-family transporter that provides
redundancy in manganese uptake. In fact, recent studies in E. faecalis have shown that
deletion of the Lral transporter, does not result in the severe attenuation of virulence
characteristic of SsaB-deficient S. sanguinis SK36 (157). Similar virulence deficiencies
are only seen when the NRAMP transporter is deleted in addition to the Lral transport
system (157). This finding is significant in that infections with these strains may be more

difficult to treat, as they may be more resistant to SsaB-targeting therapeutics.
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DNA Isolation and Whole-Genome Sequencing

Strains (Table 4.1) were grown overnight in BHI in 6% O,. DNA was isolated using a
modification of the Qiagen DNeasy Kit protocol. In brief, cells were diluted and
harvested from a logarithmic-phase culture. Enzymatic lysis buffer containing 20 mg/ml
lysozyme was freshly prepared and added to each sample. Then the Qiagen DNeasy kit
protocol was followed as directed. The eluate was concentrated by addition of 10mg of
oyster glycogen, 0.1 volumes of 3M sodium acetate and 2.5 volumes of 100% ethanol,
followed by incubation for 30 minutes at room temperature, and centrifugation at 15,000
RPM for 20 minutes at 20°C. The pellet was washed with 1 ml 70% ethanol by gently
inverting the tube. The supernatant was discarded and the pellet was dried by speedvac
until no visible liquid remained. The pellet was resuspended in 50 ul elution buffer. DNA
was electrophoresed for 2 hours at 70 volts on a 2% agarose gel. Samples were
guantified by spot densitometry and sent to the VCU Nucleic Acid Research Facility for
300-bp paired-end whole-genome sequencing on the lllumina Mi-seq. Results were

analyzed using the Geneious R10 (version 10.2.3) program.
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Primer

Kan-F2
Kan-R2
0262-F1
0262-R1S
0262-R1L
0260-F3
0260-R3

ssaACB-Asc
ssaACB-Not
0170
pJFP96-Asc
pJFP96-Not
Frag Reverse

r

ssa_0696_MC_L1
(679610)

ssa_0696_MC_R
1 (679610)

ssa_0916_MC_L1

ssa_0916_MC_R
2

ssa_1044_MC_L1
ssa_1044_MC_R
2
1217844_MC_L1
1217844_MC_R2

Spec_L1
spec_R1
ssa_0696_MC_L1
(679610)
0696_Lflank
ssa_0696_MC_R
2 (679610)
0696_Rflank

679,709_L1
ssa_0696_MC_R
2 (679709)

spec_Lf F1_0695

Sequence

ATGGCTAAAATGAGAATATCACC
CTAAAACAATTCATCCAGTA
GCACGATGATAAGCTCCTG
TCTCATTTTAGCCATCTCATACACCTCTATAGT
TCTCATTTTAGCCATTAAAATAAAAATTAAGTCAAGT
GATGAATTGTTTTAGTAATAAAAGGTTAGGAAGACA
CGTTTTCTCAATATTATCAATCCA

GTTCGCAGGCGCGCCTCATCTTCTTCTCACTTTCATGC
AGAGCGGGCGGCCGCGGATTTTGTCTTCCTAACCTTTT
TCGACTGTCTATGGTGGACAGCG
GGCGCGCCTGCGAACACATGG
GCGGCCGCCCGCTCTAGAACT
TCGACTCGTGACGGAAGCAGACTTGG

CATGCCTGAGGACACAGAGAAACTTGTC
GGAGTAAAAGTTGGCAGAGGCTCAAATTCAAACTTATTCT
GGATGTCAACCGAGTTTTGGGAAC
TAATGGCATCATCTGCCTCAATGATTTG
GGAACTTGAACTGGCTGGTC

TCCTTCTTCCAGCTCGAAATTAATAT

AAGTCACGGTGGCCATTATC
ATCGCAGAGACACTGCATGA

TCATGGAGGATTTGTGAGGAGGATATATTTGAATACATACG
GAAGTGAATGACGCGGAATGGATCCAAT

CATGCCTGAGGACACAGAGAAACTTGTC
TATCCTCCTCACAAATCCTCCATGAGATAATTAAGTTAGG
GGAGTAAAAGTTGGCAGAGGCTCAAATTCAAACTTATTCT
GGATCCATTCCGCGTCATTCACTTCGAATTTGTAGCTCCTG

TGGCTATTGCTCAAGCCTTT
AAAGTTGGCAGAGGCTCAAA

GGGAACCTAGGAGGTGAGGAGGATATATTTGAATACATACGAAC

Strain Creation

WT (SK36) AssaACB Km' by overlap extension PCR
apha-3

apha-3

left fragment

left fragment (short)

left fragment (long)

right fragment

right fragment

Complemented AssaACB Km' by overlap extension PCR
ssaACB

ssaACB

left fragment

left fragment

right fragment

right fragment

SNP mutants by direct amplification and subsequent transformation

positions: 679,285; 679,340, 679,563; 679,610; 679,709
positions: 679,285; 679,340; 679,563; 679,610; 679,709
position 928,775

position 928,775

position 1,060,699

position 1,060,699

position 1,217,844
position 1,217,844

WT (SK36) ASSA_0696 Sc' and AssaACB ASSA_0696 by overlap extension PCF
aad9 fragment
aad9 fragment

left fragment
left fragment
right fragment

right fragment

Complemented AssaACB ASSA_0696
SSA_0696

SSA_0696

AssaACB ASSA_0696 ASSA_0695 by overlap extension PCR
aad9 fragment with native promoter

spec_Rf R1_0695 CTCCATGAGATAATGACGCGGAATGGATCCAA ATAA ‘AATCaad9 fragment with native promoter

679709_L1
spec_Lf R1_0695

spec_Rf_F1_0696

ssa_0696_MC_R
2 (679709)

New_ECF_F1
ECF-R1
Spec_Bseq_L1
Spec_Bseq_R1
ECF-F2
New_ECF_Rev

SK49-0696-F1
SK49-0696-R1
SK49-spec-F1
SK49-spec-R1
SK49-0696-F3
SK49-0696-R3

TGGCTATTGCTCAAGCCTTT

ATATCCTCCTCACCTCCTAGGTTCCCATTCTAATATAAG

CCATTCCGCGTCATTCACTTCGAATTTGTAGCTCC

AAAGTTGGCAGAGGCTCAAA

AACAGTAGCTGTTGATCC
AGATTAAAAAAATTATAAGGCCGCCGCCTGCTGTTTAAAGTGT
CCGCTCTAGAACTAGTGG
CGGCGGCCTTATAATTTTTTTAATCT

CCACTAGTTCTAGAGCGGATCCAGAATAAATCGTAAAGATTAAAG

CTTATCTCCTGAAAAATCAAGCC

AGACCAGTTTGAACAGCTG
ATATCCTCCTCACAAATCCTCCATGAGATGATTAG
TCATGGAGGATTTGTGAGGAGGATATATTTGAATAC

left fragment

left fragment
right fragment

right fragment

AssaACB AECF

left fragment

left fragment

aad9 fragment with native promoter
aad9 fragment with native promoter
right fragment

right fragment

SK49 AssaACB ASSA_0696
left fragment

left fragment

aad9 fragment

AATTTAAAGTGAATGACGCGGAATGGATCCAA ATAA AATC aad9 fragment

CCATTCCGCGTCATTCACTTTAAATTTATAGCTCCTGTC
CA CCCGACTCTCGG

right fragment
right fragment



60

Bioinformatic Analyses

TMHMM v.2.0 was used for protein topology prediction (171, 172). Signal peptide
prediction was determined with SignalP 3.0 (173). Structural comparisons were
determined using Phyre V 2.0 (174). Protter provided the basis for graphical

representation of SSA_ 0696 within the membrane (175).

RNA Preparation and RNA-seq Analysis

Strains were inoculated into BHI containing appropriate antibiotics and placed in 1% O
(1% O, 9.5% H,, 9.5% CO,, and 80% N,) for overnight growth. Additional tubes
containing 19.5 ml and 6 ml of rabbit serum were also placed under these conditions for
each included strain. Two additional 6 ml tubes of rabbit serum were placed in an
incubator with lids loose. All tubes were incubated overnight at 37°C. The following day
all 1% O, tubes were transferred to an anaerobic chamber. The overnight culture was
vortexed and 500 pl was added to the tube containing 19.5 ml of rabbit serum. The 20
ml culture was incubated for 3.5 hours before 6 ml was removed and added to each 6
ml serum tube. The anaerobic sample was immediately dipped for 30 seconds in a dry
ice bath and then centrifuged. This was repeated with the aerobic samples at 10
minutes and 30 minutes following transfer from the anaerobic chamber. The
supernatants were discarded and the pellets were resuspended in 700 pl RLT buffer
(Qiagen RNeasy Kit) containing 7 pl B-mercaptoethanol and vortexed vigorously for 10
seconds. The suspension was transferred to 2-ml tubes of lysing matrix b beads
(MPBio) followed by disruption with a Fast Prep 24 instrument for 45 seconds at level 6.
The suspension was centrifuged for 3 minutes and the supernatant was transferred to a

new tube. The standard Qiagen RNeasy Kit protocol was then followed, beginning with
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addition of an equal volume of ethanol. RNA was quantified with a NanoDrop
spectrophotometer and sequenced with 300 bp paired-end reads on the Illumina Mi-
Seq. Results were analyzed using the DE-Seq module in the Geneious R10 (version

10.2.3) program.

Results

Complementation of manganese-transport deficient S. sanguinis

Studies in S. sanguinis SK36 have shown that disruption of the lipoprotein SsaB
results in growth attenuation in pooled rabbit serum and attenuation in virulence in a
rabbit model of endocarditis (90, 113). Manganese addition restored growth (90), which
is consistent with the role of the SsaACB protein complex in manganese transport. This
result also suggested an alternative manganese transport system is present and
capable of supporting growth in a high-manganese environment in the event of an
SsaACB system failure. Efforts to complement this mutant genetically, by placing a WT
copy of the mutated gene in a plasmid or an ectopic expression site (113, 138) have
met with limited success, however (90). This is likely due to one of two possibilities, the
first being an ineffective complementation construct (90, 116, 191). Separation of the
ssaB gene from the rest of the complex might have disrupted the normal stoichiometry
and created artificial differences in expression levels or disjointed the translation and
secretion of the component proteins in space and time. The second possibility is that
disruption of SsaB could have had a polar effect on tpx, a downstream gene that has
been shown to be co-transcribed with the ssaACB operon in some cases (192, 193). To
test these possibilities, a strain was created in which the entire ssaACB operon was

deleted. The strain was complemented by replacing the operon, including its native
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promoter, in the same ectopic chromosomal site used in the attempted
complementation of the ssaB mutant.

Aerobic growth in pooled rabbit serum of the AssaACB mutant resembled the
ssaB mutant(91)(Fig 4.1A). Growth was fully restored in the complemented strain, both
in pooled rabbit serum (Fig 4.1A) and in vivo (Fig 4.1B). Fig 4.1B used the Tc' AssaACB
_1 strain, as opposed to the Km" AssaACB strain used elsewhere. This allowed for later
strain differentiation by plating. Additionally, metal levels for the AssaACB strain were
comparable to those in the ssaB mutant, while the complemented strain had WT levels

of metals and also of SsaB expression (Fig 4.1C-D).
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Fig 4.1 Investigation of an AssaACB mutant and its complemented derivative. (A)
Growth in pooled rabbit serum. All strains were incubated for 24 h in rabbit serum in 12% O..
Bacteria were enumerated by dilution plating. Colony counts are shown for both Ty h and To4 h.
The means and standard deviations from a minimum of 3 independent experiments are
indicated. Statistical significance was assessed by ANOVA with a Tukey-Kramer post-hoc test;
P < 0.001. (B) Virulence testing in a rabbit model of IE. Rabbits were co-inoculated with WT, the
AssaACB, and complemented AssaACB strains and sacrificed at 20 h post-infection. Individual
values and geometric means of recovered bacteria from 3 rabbits are shown. Shared symbols
indicate different strains recovered from the same rabbit. Statistical significance was determined
by repeated-measures ANOVA with a Tukey-Kramer post-hoc test; P< 0.01. (C) Metal analysis.
Strains were grown in BHI in 12% O,. Metal levels for Mn, Fe, Co and Zn are indicated.
Statistical significance was assessed by ANOVA with a Tukey-Kramer post-hoc test; P < 0.001.
(D) SsaB expression in a complemented ssaACB mutant and a representative suppressor
mutant. SsaB expression was determined by probing with anti-FimA. In A, B, and C, samples
that do not share a letter are significantly different
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Spontaneous AssaACB Reversion Mutants

During the above studies, there were several instances when the AssaACB strain
grew well beyond expectations. In each circumstance, colonies were saved for later
testing. Initially, we wondered whether our mutant stock was contaminated with WT
cells. However, after reaffirming that these cells were kanamycin resistant as expected,
we assayed for SsaB expression. For both the WT and complemented mutant, a robust
SsaB signal was detected when probing with antiserum raised against FimA, an
ortholog of SsaB found in Streptococcus parasanguinis (66, 90, 113); however, for the
ssaB mutant and these spontaneous mutants, no signal was detected (Fig 4.1C).
Additionally, when grown in aerobic rabbit serum, these spontaneous mutants continued
to grow significantly better than the AssaACB parent strain (Fig 4.2). Taken together,
these results suggested that we had true spontaneous, or suppressor, mutants, as

opposed to a contaminated stock culture.

Suppressor Mutant Isolation and Whole-Genome Sequencing

We next attempted to isolate additional suppressor mutants. To our knowledge,
suppressor mutants have never arisen in a manganese-deficient S. sanguinis
background, and we wondered whether the mutants we obtained thus far were
representative of a single mechanism for circumvention of a manganese requirement, or
whether they encompassed multiple possibilities. Obtaining and sequencing additional
suppressor mutants could help to answer this question. To promote the possibility for
suppressor mutant growth, we serially passaged the ssaB and AssaACB mutants in
serum over two days with the idea that this would allow additional time for outgrowth of

any mutants that may arise. Indeed, this was the case, as two additional suppressor
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mutants were obtained from each parent background, bringing our total collection to
seven strains—five obtained from independent experiments and two possible siblings
chosen from the same plate (Table 4.2). Interestingly, all of the isolates had similar
levels of growth restoration when assessed in our typical serum growth study (Fig 4.2),

suggesting, perhaps, that a mutation in a common gene or pathway was responsible.
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Fig 4.2 Growth of suppressor mutants and parental strains. Serum
growth was examined as in Fig 1A. Statistical significance was
assessed by ANOVA with a Tukey-Kramer post-hoc test. Samples that
do not share a letter are significantly different; p< 0.05.

Whole-genome sequencing of the suppressor mutants, the ssaB mutant and both
AssaACB parents, revealed eight, high-confidence, unique single nucleotide
polymorphisms (SNPs) across three genes and two non-coding regions (Table 4.2).
Additional SNPs (excluded from Table 4.2) were identified, but were low-confidence
calls and appeared to represent a minority of the population, at most. In Table 4.2,
missense mutations account for the majority of SNPs; however, one resulted in a frame

shift and another may have disrupted a ribosome-binding site. Interestingly, although
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SNPs were identified across multiple genes, each suppressor strain sequenced had an

SNP associated with a single gene, SSA_0696.

Table 2 Strain geneclogy and SNP-related information

Strain Geneology SNP-Related Information
WT Generation 1 Generation 2 SNP Position  Amino Acid Change Affected Location Putative Function
ssaB ssaB_SM1 679,610; A106E; SSA_0696; integral membrane praotein;
(CmR:ssaB -mariner?) 1,217,644 NiA 96 bp before non-coding
SSA_1189
ssaB_SM2 679,610, A106E; SS5A_0696; integral membrane protein;
1,217,844 MNIA 96 bp before non-coding
SSA_1189
AssaACB AssaACB _SMA1 679,709 51397 SSA_0696 integral membrane protein
(humansc:::ﬁ solate) (KmF;ssaACB “aphA);  pssaACB_SM2 679,340 S16L SSA 0896  integral membrane protein
As8aACB _SM3 679,563; D90 --= Frameshift; S5A_0696; integral membrane protein;
928,775, M160T; SSA_0916; a/p hydrolase;
1,060,699 G235D SSA_1044 thrB
AssaACB 1! AssaACB 1 SM1? 679,285 N/A 9 bp before non-coding
(Km™ssaACB :aphA ); SSA_0696 i
AssaACB 1 SM2? 679,285 N/A 9 bp before non-ceding
- SSA_0696

A second AssaACB clone.
2Two clones chosen from the same suspected suppressor mutant plate. Every other isolate was obtained from different experiments.

Table 4.2 Strain genealogy and SNP-related information.

SSA 0696 Is Responsible for the Suppressor Phenotype

SSA 0696 is annotated as a 26-kDa putative integral membrane protein of
uncharacterized function. In silico analyses predicted six transmembrane domains,
notable structural homology (~50%) to an ECF-type folate transporter, and no
recognizable signal sequence. There is a paralog immediately upstream, SSA_0695.
Beyond this, very little is known.

To conclusively implicate SSA 0696 in the suppressor mutant phenotype and
thereby eliminate the other SNPs present, we generated PCR amplicons containing
each individual SNP identified by WGS. Transformation of each of these SNPs into the
background in which they were first identified established a library of 8 single-SNP
strains. Aerobic growth of these strains was tested. Only the strains with SNPs related

to SSA 0696 displayed the suppressor phenotype (Fig 4.3).
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Within the gene, the mutations were widely dispersed. This, combined with the

frame shift mutation that was present in the first half of the gene, suggested the

phenotype likely resulted from gene inactivation(Fig 4.4). This was confirmed by
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Fig 4.3. The role of individual SNPs identified by WGS on the
suppressor phenotype. Names reflect the coordinate of the SNP mutation
identified in Table 2. Red lines indicate different strain families, as in Fig. 2.
Serum growth was examined as in Fig 1A. Statistical significance was
assessed by ANOVA with a Tukey-Kramer post-hoc test. Samples that do not
share a letter are significantly different; P< 0.05.
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Fig 4.4. Graphical representation of SSA_0696 in suppressor phenotype.
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deletion of SSA 0696 from both a WT and AssaACB background. The gene was
replaced with a spectinomycin resistance gene under control of the native SSA_ 0696
promoter and ribosome-binding site. In both cases, deletion of SSA_ 0696 resulted in a
significant improvement in growth (Fig 4.5). Of interest, although growth was
complemented when SSA_ 0696 was deleted, neither ASSA 0696 strain resembled
their parent strain when examined microscopically. In fact, they were opposite
morphologically, with the SSA 0696 mutant typically forming clumps as opposed to
chains when grown in BHI, and chains as opposed to clumps when grown in pooled
rabbit serum (data not shown). The role of SSA_0696 was confirmed when the growth

of the AssaACB ASSA 0696 strain was successfully complemented by introducing the
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Fig 4.5. The contribution of SSA 0695 and SSA_0696 to serum
growth. Serum growth was examined as in Fig 1A. Statistical
significance was assessed by repeated measures ANOVA with a
Tukey-Kramer post-hoc test. Samples that do not share a letter are
significantly different; P< 0.01.
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SSA_0696 gene into its native site on the chromosome (Fig 4.5).

Previous studies by our lab and others have established the importance of
characterizing a species rather than a specific strain, as strain-specific phenotypes are
not uncommon (71, 158-160). In consideration of this, we removed the SSA_ 0696
equivalent, HMPREF9380 0754, from a derivative of the S. sanguinis strain SK49 in
which the ssaACB operon had been deleted. As for the SK36 version, this gene was
replaced with a spectinomycin-resistance cassette under control of the native SK49
promoter. Like SK36, this strain is also an oral isolate; however, in a study examining
virulence by sequencing barcodes recovered from cardiac homogenates, this strain was
appreciably less virulent than SK36 (71). Results of growth in pooled rabbit serum were
surprising, as loss of SSA 0696 suppressed the poor-growth phenotype of an AssaACB
mutant; however, not to the extent that it was indistinguishable from WT(Fig 4.6). This

suggests SK36 may have a capacity to overcome a manganese-deficiency that is not
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Fig 4.6. The role of SSA_0696 in SK49. All strains were
grown for 24 h in rabbit serum in 12% O,. Strains were
enumerated by plating serial dilutions and counting
resulting colonies. Colony counts are shown for both TO h
and T24 h. The means and standard deviations of 3
independent experiments are indicated. Statistical
significance was assessed by ANOVA with a Tukey-
Kramer post-hoc test. Samples that do not share a letter
are significantly different; p< 0.05.
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shared by other strains.

Together SSA_0696 and SSA 0695, a paralog located upstream, are predicted
to constitute an entire operon. Because of this, we hypothesized the two proteins might
serve redundant functions. To test this, we created two strains: one deleted for
AssaACB ASSA 0695 and the other for AssaACB ASSA 0695-0696 and assessed their
growth in serum. As indicated in Fig 4.5, deletion of SSA_0695 only, results in a partial
restoration of growth. This is not enough to be indistinguishable from the WT or
AssaACB ASSA 0696 strain, but is enough to be significantly different from its
AssaACB parent. Removal of SSA 0695 in the AssaACB ASSA 0696 background did
not improve the growth relative to the AssaACB ASSA 0696 strain, indicating that these

genes do not function additively or synergistically (Fig 4.5).

Investigation of SSA_0696 Suppression Mechanism

As these mutants emerged from a manganese-deficient background and in
manganese-limited serum, we wondered if their restored growth indicated that these
strains had developed a novel mechanism of maintaining manganese homeostasis,
either through metal regulation or acquisition. To test this, the WT, AssaACB, and
ASSA_0696 strains from both backgrounds were grown aerobically in BHI and metal
content was assessed by ICP-OES. No significant difference was found for Mn, Fe, Zn

or Co that could be attributed to SSA 0696 (Fig 4. 7).
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Fig 4.7 Metal analysis by ICP-OES. All strains were grown in BHI in 12% O,.
The means and standard deviations of a minimum of 3 independent experiments
are indicated. Statistical significance was assessed by ANOVA with a Tukey-
Kramer post-hoc test. Samples that do not share a letter are significantly
different; p< 0.001.
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With no discernable change in metal content, we decided to switch strategies
and investigate whether SSA_ 0696 truly belonged to the ECF-family of transporters, as
structural homology previously indicated. This recently discovered family is a subgroup
of the ABC transport family (194, 195). To date, they have been characterized as
micronutrients transporters, bringing vitamins (195-197), certain amino acids (198), and
metal ions (199) into the cell. There are two types of these protein complexes, Group |
and Group II; both have a conserved energizing module comprised of subunits A, A" and
T. The difference lies in the location of the S, or substrate-binding, subunit, which is
encoded alongside the other components in the Group | transporters, and distal to the
transmembrane substrate-binding protein components in Group Il. Additionally, for
Group Il transporters, the conserved energizing module is shared by numerous S
subunits, each with probable unique substrate specificity. Of these two groups,

SSA 0696 most resembles the S subunit of the Group Il variety of transporters. We
hypothesized that if SSA_0696 was a bona-fide ECF transporter, removal of the shared
putative ECF-transport components (A, A"and T; SSA_ 2365-2367) might recreate the
suppressor phenotype associated with deletion of SSA_0696; however, deletion of the
genes encoding these subunits from an AssaACB mutant did not result in recovery of
growth. In fact, proliferation of the strain after 24 h in serum was less than that of its

AssaACB parent, indicating a role for this transport system in serum growth (Fig 4.8).
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Fig 4.8. The role of an ECF transport system in the suppressor phenotype.
All strains were grown in rabbit serum in 12% O,. Strains were enumerated by
plating serial dilutions and counting resulting colonies. Colony counts are shown
for both 0 h and 24 h. The means and standard deviation of 3 independent
experiments is indicated. Statistical significance was assessed by repeated
measures ANOVA with a Tukey-Kramer post-hoc test. Samples that do not share
a letter are significantly different; p< 0.05.

With our tractable leads diminishing, we decided to pursue RNA-seq to compare
the transcriptomes of the AssaACB and AssaACB ASSA 0696 mutants. We hoped this
approach might implicate specific pathway alterations as being responsible for the
suppressor phenotype. To evaluate this, both strains were grown in rabbit serum and
cultures were collected at 0, 10 and 30 minutes after shifting from low-oxygen to aerobic
conditions. The results reveal the fold-changes of most significantly altered genes were
guite small, and that many of the significantly altered transcripts were associated with
cell envelope synthesis as identified by DAVID (data not shown).

This was, perhaps, not surprising, as previous morphological investigations
concluded the ASSA_0696 strains formed abnormal chains or clumps in serum and BHI
relative to their parent strains. We questioned whether the cell envelope could be
adversely affected during manganese limitation; therefore, the suppressor phenotype

could be the consequence of a compensatory effect on cell envelope integrity. To test
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this, we grew the ASSA_0696 strains (ASSA 0696 and AssaACB ASSA_0696), in both
BHI and serum, and then added antibiotics with varying mechanisms of action relating
to cell envelope synthesis or regulation. As in S. pneumoniae, where sensitivity to
penicillin was eliminated by inactivation of the murMN operon, important in the creation
of branched muropeptides in the cell wall (200), we hypothesized that if the suppressor
phenotype were due to alteration of a particular aspect of the cell wall, the mutant might
display a higher resistance to one or more of the antibiotics. This assay failed to
establish a relationship to cell envelope modifications and antibiotic resistance as
growth of both ASSA_0696 strains in media containing vancomycin, bacitracin,
ampicillin, or nisin was comparable to that of their respective parent strains (data not
shown).

In spite of the challenges in characterization of SSA_0696, the implications of
this suppressor mutation could not be ignored, thus, we decided to pursue our
investigations, transitioning to in vivo analyses. Incredibly, co-inoculation of the
erythromycin resistance-marked WT (138), kanamycin resistance-marked AssaACB and
the spectinomycin-resistant AssaACB ASSA 0696 strains into catheterized rabbits did
not replicate our in vitro serum growth study results. The AssaACB ASSA 0696 strain
did not suppress the poor-growth phenotype of a AssaACB mutant in this model (Fig

4.9).
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Fig 4.9. Examination of an SSA_0696 deletion mutant in a rabbit model of
IE. Rabbits were co-inoculated with the strains indicated and sacrificed at 20 h
post-infection. Individual values and geometric means of recovered bacteria
from 3 rabbits are shown. Shared symbols indicate strains recovered from the
same rabbit. Gray symbols represent the limit of detection for rabbits from
which no bacteria were recovered. Statistical significance was determined by
repeated-measures ANOVA with a Tukey-Kramer post-hoc test. Samples that
do not share a letter are significantly different; P < 0.001.

A final component of our knowledge on SSA 0696 was obtained while
performing subsequent serum growth studies investigating the possible difference
between our in vivo and in vitro results. Specifically, there were, on several occasions,
instances where the suppressor mutant no longer suppressed the poor-growth
phenotype as usual. As a matter of due diligence, the ASSA_ 0696 strains were
investigated for misidentification or contamination using PCR and sequencing based
methods. Removal of SSA 0696 was again confirmed (data not shown).
Serendipitously, the cause for this behavior was found to correspond to the age of
serum used in the growth studies. Typically, our serum is stored as frozen aliquots, with
removal and thawing of aliquots as needed. Once thawed, we consider the serum to
have a shelf life of one month, after which, it is discarded. In the case of the

ASSA 0696 strains, it would appear that month-old serum doesn’t support WT levels of
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growth. Indeed, we found serum that is more than two weeks old appears to abolish the

capacity of SSA_0696 to restore growth to WT levels (Fig 4.10).
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Fig 4.10. Effect of aging serum on suppressor phenotype. (Left panel) All
strains were grown for 24 h in rabbit serum in 6% O,. Strains were
enumerated by plating serial dilutions and counting resulting colonies. Colony
counts are shown for both 0 h and 24 h, and old and new serum. Serum was
considered “old” if it had been thawed for 23 weeks. The means and standard
deviations of 4 independent experiments are indicated. Statistical significance
was assessed by ANOVA with a Tukey-Kramer post-hoc test. Samples that do
not share a letter are significantly different; P < 0.05. (Right panel) BHT added
when serum was inoculated. One replicate demonstrated as reference.

One explanation suggested for these findings was oxidation of the lipids in

serum. To test this, serum was aged to three weeks, butylated hydroxytoluene (BHT)

was added and strains were inoculated and allowed to grow for 24 hours. BHT, a

commonly used food additive since 1947, functions by scavenging free radicals. This, in

turn, prevents lipid oxidation and food from becoming rancid. In this context, the BHT

would be expected to reverse the oxidation of aging serum lipids; therefore, if changes

to the oxidation state of serum lipids were the reason for loss of the suppressor

phenotype, adding BHT would be expected to alleviate the problem and thus, restore

the SSA_ 0696-associated suppressor phenotype. As seen in Fig 4.10, when the

ASSA_0696 mutant was grown in three-week old serum containing BHT, the
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suppressor mutant phenotype returned; however, this was also true when BHT was
added at the beginning of the serum aging process (data not shown). Whether these
results are due to lipid oxidation specifically, as opposed to general antioxidation of
serum components, remains to be investigated; however, these findings suggest that
the role for SSA_0696 is entwined with serum oxidation and may contribute to the

discrepancy in results seen in our two models.

Discussion

Finding manganese-transport deficient mutants that grow well in serum was quite
surprising, as to date, these mutants have been uniformly associated with decreased
virulence. In fact, it is for this reason that therapeutics aim to target these transport
systems (64, 65, 67, 68).

Our investigations concluded that inactivation of SSA_0696 was responsible for
the suppressor phenotype. Although annotated as a hypothetical gene, it possesses
conserved pfam09529 and TIGR02206 domains. These domains are widely distributed
and present in strains including Bacillus subtilis, Treponema pallidum and
Streptococcus pyogenes. Additionally, they are associated with integral membrane
proteins, a topological result corroborated by the membrane protein topology prediction

program TMHMM (171) (http://www.cbs.dtu.dk/services/TMHMMY/). This program

predicts 6 transmembrane domains, with the N and C terminus oriented outside the
membrane. Similarly, structural prediction by Phyre (174) found similarity between
SSA 0696 and the S subunit of a subclass of ABC transporters. Beyond this, any
information —structural, mechanistic, phenotypic or otherwise—is sparse; however, a

graphical representation of SSA_ 0696 (Fig 4.11) obtained utilizing Protter (175) may
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Fig 4.11. Predicted topology and location of suppressing mutations
in SSA_0696. Blue numbers indicate successive transmembrane
domains. The location and position of each SNP is indicated by red
shading; the corresponding amino acid change is indicated in red text.

provide insight on functional residues in SSA_0696. Interestingly, all of the SNPs
identified fully restored growth except the SNP at position 679,340, which is also the
only SNP that is not within a transmembrane domain or putative ribosomal binding site.
As these are sites where mutations could easily result in loss of function, through
inhibition of either expression or insertion into the membrane, it is, perhaps, not
surprising that the phenotype of the SNP at position 679,340 was less robust. In
contrast, the SNP at position 679,563, a frame shift mutation, resulted in the greatest
restoration of growth. Excluding the frame shift mutation where much of the protein was
likely lost, these results suggest these SNPs may regularly play important functional
roles and alterations may impair substrate binding or prevent insertion of the protein into

the membrane. Disruption in either manner results in the suppressor phenotype.
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Although not mentioned previously in the results, a rabbit polyclonal antibody
was generated against a C-terminal peptide sequence of SSA_0696 as a mechanism to
investigate SSA_0696 expression. The C-terminus was chosen as it had the highest
degree of difference from the paralog, SSA 0695, and therefore had the lowest risk of
cross-reactivity. Unfortunately, although the antibody gave a robust signal when used
against purified peptide, it failed to react with any protein from cells grown in BHI or
serum under aerobic or anaerobic conditions. Efforts to detect an added C-terminal 3X
FLAG-tag also failed. In conjunction with the SNP-based graphic, this may indicate that
transport and insertion of SSA_0696 into the membrane is extremely intolerant of
change and that any changes destabilize and inactivate the protein. However, it is worth
mentioning that despite its annotation as a “conserved hypothetical protein” and our
inability to detect it by antibody, the number and nature of the suppressing mutations
and the fact that precise replacement of the gene with the aad9 gene produced a
spectinomycin-resistant mutant suggest the gene is normally transcribed and translated
into a functional protein.

Additional studies investigating the role of the SSA_ 0696 paralog and the role of
SSA_0696 within another S. sanguinis strain were surprising. For the former, deletion of
the upstream paralog, SSA 0695 restored growth, although only partially. A possible
explanation for this result is that deletion of SSA_0695 causes a polar effect on
SSA 0696 by reducing, but not eliminating expression. For the latter study, removal of
SSA 0696 from the ssaACB-devoid SK49 did not beget the suppressor phenotype.

Instead, the mutant grew no differently than the SK49 AssaACB parent strain. This
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suggests a role for SSA_0696 in metabolism that may be specific to certain strains, and
at least, is not shared by SK49.

SSA_0696 has predicted structural homology to the S component of ECF-type
transporters, and as it is not encoded alongside any other detectable ECF core
components, it may be inferred that if it is in fact an S component, then it is part of the
Group Il subset of ECF transporters. Additionally, a BLASTP search for the Q-helix
motif common to the core energizing components (201), indicative of Group | ECF
transporters, was unsuccessful. To verify its membership in the ECF transport family,
we identified and removed the three core components, which would be shared by the
diverse S subunits within a Group Il system. In effect, we hypothesized that deletion of
the core components would be tantamount to deletion of the entire S subunit repertoire,
SSA 0696 included. Restoration of growth would implicate SSA_0696 as a bona-fide S
component of an ECF transport system. Future studies could then focus on identifying
the specific substrate that SSA_0696 transports. This outcome was not seen. Instead,
deletion of the core components resulted in poorer growth than even the AssaACB
strain; however, this does not rule out the possibility that SSA_0696 is part of an ECF
transport system. Instead, it indicates that one or more substrates transported by the
other S subunits that were presumably inactivated could be necessary for growth.
Determining which S subunit and substrate is required for growth is challenging. Recent
studies predict the presence of numerous S subunits that could have been affected by
this approach; however, their identification is difficult due to low sequence similarity

(202).
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As the results from our mutagenesis studies were inconclusive, we transitioned
to studies that focused on roles for manganese in the cell. The simplest explanation for
the suppressor phenotype was that total manganese levels had been somehow
restored, or that the concentration of another metal had been altered that reduced the
cellular requirement for manganese. Interestingly, no significant changes in the cell-
associated metal content were identified for any metal tested. Therefore, neither of
these hypotheses was supported.

Regardless of the outcome of these early investigations, we can consider
possible explanations for our findings. For example, if we maintain the hypothesis that
SSA 0696 is an ECF transporter then perhaps there are alternative enzymes or
pathways for producing a metabolite that is unavailable in serum, with one pathway
being manganese-dependent and the other manganese-independent. A metabolic
precursor transported by SSA 0696 might upregulate expression of the manganese-
dependent pathway and downregulate expression of the manganese-independent
pathway. Therefore, decreased transport of this precursor, due to an inactivating
mutation within SSA_0696, could therefore alleviate the manganese requirement for
synthesis of the required metabolite. Alternative explanations may reside in the RNA-
seq data, where modifications to the cell envelope are overwhelming, but more
information is needed to resolve and clarify these data. In an effort to do just that, we
began collaborating with the Center on Membrane Protein Production and Analysis
(COMPPA) to overexpress and purify SSA_ 0696, so that future studies could focus on a
biochemical characterization of the protein. COMPPA group members have recently

succeeded in overproducing a tagged version of this protein in Escherichia coli.
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Preliminary experiments to crystallize the protein and investigate putative interacting
partners are underway. A search of the protein database in NCBI for the term
“TIGR02206,” the family to which SSA_0696 belongs, returns more than 10,000 hits,
with more than 3,500 hits to the RefSeq database. These proteins are therefore
widespread. Yet, we have been unable to locate a single structure for any member of
this family. Thus, these studies could prove valuable for numerous investigators.

Studies of SSA_0696 may be particularly informative as previously, growth in
serum in 12% O, was found to predict the virulence of ssaB- and sodA-related mutants
in our rabbit model (90). For this study, however, growth in serum did not accurately
replicate in vivo results. Reasons for this will require further investigation, but may be
explained by differences in serum metabolic content related to the diets of the rabbits,
presence/absence of host mediators such as calprotectin, or perhaps, attachment
deficits that could be assessed by examining rabbits shortly after infection, as has been
done previously (90).

It is encouraging to see that suppression did not occur in vivo, as this finding
maintains metal transporters as promising targets for prevention of streptococcal-related
diseases, including IE. Clinical implementation of these drugs may also lower the risk
for antibiotic resistance and oral dysbiosis by decreasing antibiotic dependence. In fact,
this is supported by a previous study that demonstrated mutation of sloC, which
encodes the SsaB ortholog in S. mutans, reduced IE virulence in a rat model, but had
no effect on oral colonization in rats in an experiment lasting more than 60 days (116).
Therefore, theoretically, a drug against SloC would be active in the blood, as desired,

but not in the mouth, where activity could have undesirable effects. Recent drug
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screens searching for inhibitors of these metal-transport systems have emerged;
however, success has been mixed in the streptococci (67, 68). Additionally, our study
suggests that ECF transport systems may prove to be promising new targets for

inhibition, especially if used in combination with drugs against metal transporters.
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Chapter 5

General Discussion

Although IE has never been among the most common diseases, it is remarkably
persistent. Indeed, in spite of advances in diagnostics methods, antimicrobial and
surgical therapies, and complication management (49), the incidence has remained
stable. This may be attributed to changing dynamics in the populations that are routinely
vulnerable to IE. Historically, those most at risk had chronic rheumatic heart disease, a
risk factor that is all but eliminated in the industrialized world (203). This group has been
replaced by the elderly, as increased cardiac complications become more likely with
age, and intravenous drug users. As always, streptococci comprise a large portion of
reported cases of IE. Currently, antibiotic prophylaxis is prescribed for those with a
known predisposition for IE; however, a limited number of cases are preventable by this
strategy (204) and routine prophylaxis comes at the cost of antibiotic resistance.
Therefore, alternative mechanisms to combat streptococcal-mediated IE will likely

remain an area of interest.

One such area of interest is antimicrobial therapy, although penetration of the
vegetation by antimicrobial compounds is a noted obstacle (205, 206). Regardless,
vaccination and small-molecule inhibitor-based approaches have continued to garner
attention. One target of these strategies is the well-established Lral family ABC-type
metal transporter, which is conserved among the streptococci and is important in
streptococcal virulence. Of these transport systems, FimA of S. parasanguinis has
shown the most promise as a vaccinogen, providing protection against S. parasanguinis

and other noted streptococci, including S. mitis, S. mutans, and S. salivarius (64, 65).
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For S. sanguinis, however, targeting of the Lral family protein, SsaB, by vaccination has
been less successful. Alternative vaccination attempts have been made more difficult as
few other proteins have been identified that are required for virulence, and those that
have been identified are intracellular and are less attractive drug targets. An alternative
to vaccination entirely—small-molecule inhibitors—have the potential to target
intracellular components and may be more readily diffusible throughout the vegetation.
With this approach, the target pool is widened, and perhaps, may include the class Ib
aerobic ribonucleotide reductase components, NrdHEKF and Nrdl. This is significant for
IE pathogenesis as previous studies demonstrated the cardiac vegetation is sufficiently
aerobic to completely inactivate NrdD, the anaerobic ribonucleotides reductase;
however, the aerobic ribonucleotide reductase NrdEF and the Nrdl-dependent Mn'"',-Y'-
cofactor remain essential for virulence (106). Even though possible targets have been
identified, an added caveat of finding a successful method for targeting an infected
vegetation is ensuring that S. sanguinis remains unaffected in the oral cavity. S.
sanguinis is argued to have a beneficial role within the oral cavity, its native habitat;
therefore, designing or identifying an antimicrobial therapy that will prevent or inhibit its
opportunistic infection of the endocardium, but not eliminate or disrupt its position within
the oral cavity, is a uniquely challenging undertaking. Although dental caries are
certainly more easily treated than endocarditis, exchanging one disease state for
another is not an acceptable outcome for an antimicrobial therapy.

With the publication of the SK36 S. sanguinis genome sequence in 2007 (70)
and subsequent characterization of this strain, the groundwork was laid for future

studies to expand upon the genetic characterization of S. sanguinis through sequencing
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of additional strains. This expansion would broaden understanding of virulence within
the species and would contribute to future antimicrobial drug design. To this end,
Chapter 3 reports our bioinformatic and phenotypic interrogation of a collection of S.
sanguinis strains that consisted of oral and blood isolates. Although a bioinformatic
comparison of the strains did not identify any genes with known relationships to
virulence, it was successful in identifying the “core” or conserved genome of S.
sanguinis. Additionally, this study was able to identify a conserved locus for targeted
genetic manipulation of these strains. Taken together, the bioinformatic results, along
with virulence testing in a rabbit model of endocarditis and phenotypic assays,
demonstrated that, in all cases, a productive infection was established and there was a
wide and unpredictable range of strain responses to the other various challenges. This
highlights that a one-approach practice for treatment of all organisms, even those within
a species, may not be the most efficacious. This may be especially true for some strains
of S. sanguinis that have redundancy in manganese transport systems and would
therefore be less susceptible to SsaB-targeted therapies. Of additional note, an
unintended, yet crucial, finding of this study was the misidentification of several strains
in GenBank. For future studies, like ours, that may seek to include increasing strain
numbers, the need for careful appropriation of sequence information is absolute.
Misidentifications persist in the public databases, waste funds, lead to erroneous
conclusions and delay progress. The identification of wrongly identified strains and their
subsequent clarification by this study are therefore of significant benefit to the

streptococcal community.
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Chapter 4 continued the investigation into the role of SsaB in virulence.
Specifically, this study highlighted the possibility that S. sanguinis could overcome the
barrier imposed by loss of SsaB through spontaneous mutation of the gene SSA_0696.
Surprisingly, the recovery in growth was not due to manganese accumulation by an
alternative method, as might be expected. In spite of significant effort, the mechanism
by which growth was restored remained elusive. Although this phenotype did not persist
upon examination in our rabbit model of endocarditis, it does demonstrate that our
knowledge of the roles of manganese within the cell is incomplete and it also serves as
a precautionary consideration for SsaB and other single-target therapies.

In contrast to studies that seek to eliminate S. sanguinis pathogenesis, Chapter 3
engendered results that, in the future, could be used to exploit the attributes associated
with the role of S. sanguinis as an oral commensal. Specifically, the antagonistic
relationship of S. sanguinis and caries-causing S. mutans provide inspiration for the
potential use of S. sanguinis as a probiotic. Although preliminary results were obtained
in this study, future experiments may consider incorporating information concerning
multiple phenotypes, including arginine deaminase activity, hydrogen peroxide
production, biofilm formation, and manganese acquisition, to identify a strain that would
be a robust oral defender, while abolishing its pathogenic potential. This may be an

exciting new area for future research.
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