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ABSTRACT OF THE DISSERTATION 

 

Interspecies Interactions in the Oral Microbiome: Modulating an Invasion-Resistance 

Mechanism 

 

by  

 

Daniel M. Ferrer 

Doctor of Philosophy in Molecular Biology 

University of California, Los Angeles, 2020 

Professor Peter Bradley, Chair 

 

Interest in the various microbiomes of the human body is rising as more and more people 

recognize the importance of these communities in health and disease. They engage in several 

functions that benefit the host such as breakdown of non-digestible compounds into usable 

metabolites and protection against pathogenic microbes. The composition and stability of these 

communities is of the utmost importance as disruption of their stability is what leads to dysbiosis 

and illness. However, we still do not have a complete picture of how these communities protect 

themselves from alien microbes despite constant exposure to them. Take the oral cavity for 

example. The oral cavity is known to have over 700 different bacterial species living in it and 

has very little overlap with the population of the gut microbiome even though everything that 

persists in the gut must pass through the oral cavity. We know the environment plays a role in 

preventing exogenous species from establishing themselves, but we do not know what part the 

bacterial community itself plays. I set out to elucidate the answers to the question: How does the 
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oral microbiome prevent foreign bacteria from establishing themselves and persisting in the oral 

cavity. My thesis explores the role of two bacteria, S. infantis and S. sanguinis, in an invasion 

resistance phenomenon using regulated H2O2 production to prevent foreign species from 

establishing themselves in the oral cavity. 

 

There are two major components to my thesis: 1) the physiological characterization of the 

inhibitory relationship between S. infantis and S. sanguinis 2) the mechanistic characterization 

of the inhibitory relationship between S. infantis and S. sanguinis. To address the first 

component, I investigated how the interaction between S. infantis and S. sanguinis results in the 

observed reduction in H2O2 production. I determined that this reduction is neither due to the 

killing of S. sanguinis by S. infantis nor the degradation of H2O2 by S. infantis in liquid culture. 

The loss of H2O2 production appears to be due to a transcriptional inhibition of the H2O2 

producing gene in S. sanguinis, spxB.  

 

The second component of my thesis addresses how this inhibition of spxB transcription occurs. 

Live cells of S. infantis are required for inhibition of H2O2 production, however the supernatant 

from S. infantis cultures can inhibit H2O2 production, suggesting a contact-independent 

mechanism. The diffusible compound that inhibits H2O2 production is heat stable and not a 

result of a deficiency of an upstream component, pyruvate. While investigating this phenomenon 

on solid agar instead of liquid media, I determined that S. infantis secretes a diffusible 

compound that degrades H2O2 but is not pyruvate which is how this is accomplished in other 

spxB+ Streptococci. Finally, I began identifying genes in S. sanguinis potentially involved in 

regulating H2O2 production via a screen of an S. sanguinis mutant library. 
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My work provides insight into how the human microbiomes may maintain their stable 

composition and protect themselves from invasion. This will move the study of the role of the 

microbiome in human health and disease forward by illuminating more of the roles the bacterial 

themselves play. My work also makes contributions to the field of synthetic ecology. Interest has 

been growing in pre- and probiotics and how we might be able to manipulate the various human 

microbiomes to enhance human health or prevent disease. The more we know about how the 

microbiomes protect themselves and how they help their human hosts, the more capable we will 

be to engineer a better community or manipulate the community to enhance beneficial 

functions.  
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Chapter 1 

 

 

 

Introduction 

The oral microbiome, its critical functions, and an in vitro three-species consortium for 

investigating community invasion resistance 
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The oral microbiome and its critical functions 

One of the fundamental questions in ecology is how a multispecies community maintains its 

diversity and stability. Communities engage in invasion resistance activity, function performed to 

prevent alien organisms from colonizing their community and niche, to help maintain a stable 

community (Brook, 1999; Reid et al., 2001; Falagas et al., 2008). With regards to bacteria that 

live in the human body, invasion resistance can benefit not only the bacteria themselves, but 

also the host. This results in a crucial role for microbiome in host health. These bacterial 

communities may take either a direct or indirect role in defending against foreign microbes 

(Macpherson et al., 2004; Reid et al., 2001). In the case of indirect interference, they may 

stimulate the host’s immune system, causing it to target the invading microbes (Macpherson et 

al., 2004). In direct interference, the members of the microbial community may prevent invasion 

by physically occupying a niche the invader would require, for example (Reid et al., 2001). The 

gastrointestinal tract (GI tract), part of which includes the oral cavity and gut, is home to diverse 

communities of microorganisms (Paster et al., 2006; Rajilić-Stojanović et al., 2007). The oral 

cavity and gut have more than 700 and 1000 different species of bacteria, respectively (Paster 

et al., 2006; Rajilić-Stojanović et al., 2007). Any organism or piece of matter that arrives in the 

gut must first pass through the oral cavity, yet there is very little overlap between the two 

environments with regards to the microbial communities (Maukonen et al., 2008). The oral 

cavity and gut maintain stable and diverse microbial populations, suggesting the existence of 

some feature of these niches or communities that serves as a gatekeeper and prevents foreign 

microbes from establishing themselves in one niche or the other. The stability of these 

communities plays a crucial role in human health and disease (Guarner and Malagelada, 2003; 

Liu et al., 2012).  
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Many diseases and illnesses stem from a dysbiosis of the oral, gut, or skin flora (Guarner and 

Malagelada, 2003; Liu et al., 2012). In many ways, the human microbiome is seen as another 

organ. It plays several roles with regards to health and disease and when the microbiome shifts 

or falls into an abnormal pattern, the health of the host suffers (Guarner and Malagelada, 2003; 

Liu et al., 2012; Loesche, 1986; Kumar et al., 2003). Shifts in the microbial composition of the 

oral cavity can result in periodontitis or dental caries among other diseases (Liu et al., 2012; 

Loesche, 1986; Kumar et al., 2003). The healthy gut microbiota plays several important roles 

including ones involved in metabolism, like the breakdown of non-digestible compounds and 

production of important metabolites, and protection from gut pathogens (Guarner and 

Malagelada, 2003). Characterizing the normal oral flora and learning how it operates will provide 

insight into how it might transition into a disease state and, potentially, how we can restore its 

normal composition and function. If we learn how a microbial community controls what species 

enter and thrive, we may be able to devise ways to improve human health overall by effectively 

modulating the host associated microbiota.  The importance of the stability of these different 

microbial communities is clear, but how these communities maintain their diversity despite 

constant exposure to foreign microbes remains unknown. It has been previously suggested that 

these regions maintain their diversity due to the differing environmental conditions; however, 

this is not the only contributing factor (Rawls et al., 2006).  

 

Communication among bacteria, both intra- and inter-species, is ubiquitous and plays a 

significant role in governing community level functions. These interactions can be synergistic or 

antagonistic. Many Streptococcus species produce competence stimulating peptides (CSPs) 

that are necessary for the uptake and integration of environmental DNA (Morrison, 1997). These 

CSPs are most effective once the community has achieved a population density that allows for 

the sudden competence of the Streptococci present (Morrison, 1997). Many functions in 
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microbial communities rely on interspecies communication and cooperation. In the oral cavity 

alone communication between different species can facilitate the growth of other bacteria, the 

formation of biofilms, and the establishment of oral communities (Grenier and Mayrand, 1986; 

Mikx and van der Hoeven, 1975). Treponema denticola and Porphyromonas gingivalis each 

produce and excrete a metabolite that the other bacterium uses for enhanced growth (Grenier 

and Mayrand, 1986). Members of the Veillonella genus can utilize acid produces by 

Streptococcus mutans for growth (Mikx and van der Hoeven, 1975). Additionally, Veillonella are 

unable to colonize teeth in the oral cavity in the absence of a partner S. mutans strain (McBride 

and van der Hoeven, 1971). The Veillonella rely on the presence of S. mutans colonizing the 

tooth as a means for coaggregation and thus attachment to teeth (McBride and van der Hoeven, 

1971). The outcome of these interactions can have a significant impact on homeostasis at the 

microbe-host interface by changing what species are present/absent or dominant in the 

community. 

 

Without interspecies communication we would not have the oral microbial community as we 

know it. The bacteria that comprise the dental plaque found on the tooth surface can be split 

into early and late colonizers (Kolenbrander, 2000). Streptococci make up most of the early 

colonizers and bind to the salivary pellicle that collects on the tooth surface (Kolenbrander, 

2000). Not all oral bacteria can coaggregate and bind one another, however. This makes 

bridging organisms necessary to connect different early colonizers or early and late colonizers. 

Fusobacterium nucleatum serves as one such bridging organism (Kolenbrander, 2000). F. 

nucleatum binds to several early colonizers, such as Veillonella atypica and Actinomyces 

naeslundii, that have already bound to the Streptococci (Kolenbrander and London, 1993). This 

allows late colonizers, including Aggregatibacter actinomycetemcomitans and Treponema 
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denticola, to coaggregate and be part of the dental plaque and the larger oral community 

(Kolenbrander and London, 1993). 

 

Other interspecies interactions in the oral cavity can be antagonistic. S. mutans and 

Streptococcus sanguinis are just one example. S. mutans and S. sanguinis exist in the same 

ecological niche in the oral cavity and can shift between competition and coexistence (Kreth et 

al., 2005). If introduced to a community or environment simultaneously, the two can coexist and 

remain viable (Kreth et al., 2005). However, if one is established before the other, they will be 

antagonistic (Kreth et al., 2005). S. sanguinis uses hydrogen peroxide to kill and stop the growth 

of S. mutans while S. mutans produces and secretes mutacins that kill S. sanguinis (Kreth et al., 

2005). The sheer variety in interspecies communication in the oral cavity makes it an excellent 

niche to study for understanding community dynamics and activities. 

 

In vitro three-species consortium for investigating community invasion resistance 

Our lab was curious as to how these connected communities maintain their diversity and 

hypothesized that the community itself played a role. Initially, they isolated two microbial 

communities, an oral community and gut community, from mice and tested whether bacteria of 

foreign origin can persist in these communities (He et al., 2010a). They added an indigenous 

oral bacterial species to the gut community and an indigenous gut bacterial species to the oral 

community and found that the foreign bacteria were cleared within four days (He et al., 2010a). 

This clearance of foreign microbes exhibits an invasion resistance functionality. 

 

Next, they wanted to determine if the entire community was necessary for this invasion 

resistance phenomenon or if only key players were required. They used a combination of 

community dilutions and PCR-denaturing gradient gel electrophoresis (DGGE) to identify the 
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bacteria responsible for invasion resistance in the oral microbial community (He et al., 2014). By 

diluting the oral community and challenging it with a gut derived Escherichia coli strain, our lab 

could identify what bacteria are required for this invasion resistance activity (He et al., 2014). 

Invasion resistance is accomplished through the production of hydrogen peroxide by S. 

sanguinis and regulated by Staphylococcus saprophyticus and Streptococcus infantis (He et al., 

2014). Despite not seeming to have an anti-microbial activity on its own, S. infantis plays a 

critical role in the invasion resistance phenomenon I am studying (He et al., 2014). S. infantis is 

responsible for relaying the signal from S. saprophyticus to S. sanguinis and modulating the 

production of the hydrogen peroxide by S. sanguinis (He et al., 2014). In the absence of foreign 

microbes, S. infantis inhibits the production of hydrogen peroxide, but once it receives the 

diffusible signal from S. saprophyticus it de-represses and even upregulates the production of 

hydrogen peroxide by S. sanguinis (He et al., 2014).  

 

Hydrogen peroxide acts as an antimicrobial molecule in the oral cavity and effectively kills 

foreign microbes (He et al., 2010b). The production of hydrogen peroxide is effective in its role 

of mediating invasion resistance as microbes of foreign origin are much less tolerant to it than 

those indigenous to the oral cavity (He et al., 2010b). S. sanguinis normally produces hydrogen 

peroxide, but this production is inhibited by the presence of S. infantis (He et al., 2014). S. 

saprophyticus is the key to removing this inhibition via a diffusible molecule it produces when it 

experiences cell-to-cell contact with E. coli (He et al., 2014). While the overall phenomenon is 

established, the molecular details of this mechanism need to be elucidated. S. sanguinis has 

one gene, spxB, that encodes the function for producing hydrogen peroxide as a byproduct, and 

we hypothesize that S. infantis influences S. sanguinis’ hydrogen peroxide production on a 

genetic basis rather than a chemical one.  
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The focus of my thesis can be split into two parts: 1) The physiological characterization of the 

regulatory relationship between S. infantis and S. sanguinis where S. infantis inhibits the H2O2 

production of S. sanguinis. 2) An investigation into the mechanism behind the inhibition of H2O2 

production. I delve into what involved in the interspecies interaction between S. infantis and S. 

sanguinis as well as the requirements for the inhibition. I also work on characterizing the 

inhibitory molecule and the mechanism by which the inhibition occurs.  

  



8 
 

Brook, I. (1999). Bacterial interference. Critical Reviews in Microbiology, 25(3), 155–172. 

Falagas, M. E., Rafailidis, P. I., & Makris, G. C. (2008). Bacterial interference for the prevention and 

treatment of infections. International Journal of Antimicrobial Agents, 31(6), 518–522. 

Grenier, D., & Mayrand, D. (1986). Nutritional relationships between oral bacteria. Infection and 

Immunity, 53(3), 616–620. 

Guarner, F., & Malagelada, J.-R. (2003). Gut flora in health and disease. The Lancet, 361(9356), 

512–519. 

He, X., McLean, J. S., Guo, L., Lux, R., & Shi, W. (2014). The social structure of microbial community 

involved in colonization resistance. The ISME Journal, 8(3), 564–574. 

He, X., Tian, Y., Guo, L., Ano, T., Lux, R., Zusman, D. R., & Shi, W. (2010). In vitro communities 

derived from oral and gut microbial floras inhibit the growth of bacteria of foreign origins. 

Microbial Ecology, 60(3), 665–676. 

He, X., Tian, Y., Guo, L., Lux, R., Zusman, D. R., & Shi, W. (2010). Oral-derived bacterial flora 

defends its domain by recognizing and killing intruders--a molecular analysis using Escherichia 

coli as a model intestinal bacterium. Microbial Ecology, 60(3), 655–664. 

Kolenbrander, P. E. (2003). Oral Microbial Communities: Biofilms, Interactions, and Genetic 

Systems1. https://doi.org/10.1146/annurev.micro.54.1.413 

Kolenbrander, P. E., & London, J. (1993). Adhere today, here tomorrow: oral bacterial adherence. 

Journal of Bacteriology, 175(11), 3247–3252. 

Kreth, J., Merritt, J., Shi, W., & Qi, F. (2005). Competition and coexistence between Streptococcus 

mutans and Streptococcus sanguinis in the dental biofilm. Journal of Bacteriology, 187(21), 

7193–7203. 

Kumar, P. S., Griffen, A. L., Barton, J. A., Paster, B. J., Moeschberger, M. L., & Leys, E. J. (2003). 

New bacterial species associated with chronic periodontitis. Journal of Dental Research, 82(5), 

338–344. 

http://dx.doi.org/10.1146/annurev.micro.54.1.413


9 
 

Liu, B., Faller, L. L., Klitgord, N., Mazumdar, V., Ghodsi, M., Sommer, D. D., Gibbons, T. R., 

Treangen, T. J., Chang, Y.-C., Li, S., Stine, O. C., Hasturk, H., Kasif, S., Segrè, D., Pop, M., & 

Amar, S. (2012). Deep sequencing of the oral microbiome reveals signatures of periodontal 

disease. PloS One, 7(6), e37919. 

Loesche, W. J. (1986). Role of Streptococcus mutans in human dental decay. Microbiological 

Reviews, 50(4), 353–380. 

Macpherson, A. J., & Uhr, T. (2004). Induction of protective IgA by intestinal dendritic cells carrying 

commensal bacteria. Science, 303(5664), 1662–1665. 

Maukonen, J., Mättö, J., Suihko, M.-L., & Saarela, M. (2008). Intra-individual diversity and similarity 

of salivary and faecal microbiota. Journal of Medical Microbiology, 57(Pt 12), 1560–1568. 

McBride, B. C., & Van der Hoeven, J. S. (1981). Role of interbacterial adherence in colonization of 

the oral cavities of gnotobiotic rats infected with Streptococcus mutans and Veillonella 

alcalescens. Infection and Immunity, 33(2), 467–472. 

Mikx, F. H., & Van der Hoeven, J. S. (1975). Symbiosis of Streptococcus mutans and Veillonella 

alcalescens in mixed continuous cultures. Archives of Oral Biology, 20(7), 407–410. 

Morrison, D. A. (1997). Streptococcal competence for genetic transformation: regulation by peptide 

pheromones. Microbial Drug Resistance, 3(1), 27–37. 

Paster, B. J., Olsen, I., Aas, J. A., & Dewhirst, F. E. (2006). The breadth of bacterial diversity in the 

human periodontal pocket and other oral sites. Periodontology 2000, 42, 80–87. 

Rajilić-Stojanović, M., Smidt, H., & de Vos, W. M. (2007). Diversity of the human gastrointestinal tract 

microbiota revisited. Environmental Microbiology, 9(9), 2125–2136. 

Rawls, J. F., Mahowald, M. A., Ley, R. E., & Gordon, J. I. (2006). Reciprocal gut microbiota 

transplants from zebrafish and mice to germ-free recipients reveal host habitat selection. Cell, 

127(2), 423–433. 



10 
 

Reid, G., Howard, J., & Gan, B. S. (2001). Can bacterial interference prevent infection? Trends in 

Microbiology, 9(9), 424–428. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



11 
 

 

 

 

 

 

 

 

 

 

 

 

Chapter 2 

 

Materials and Methods 

 

 

 

 

 

 

 



12 
 

Bacterial Strains and Growth Conditions 

All bacterial strains (Table 1) used in this project were grown in liquid or solid agar Brain Heart 

Infusion (BHI) (Difco Laboratories, Detroit, Michigan, USA). The bacteria were cultivated under 

either microaerobic (2% O2, 5% CO2, balanced with Nitrogen) or aerobic (5% CO2), as 

indicated, all at 37 °C.  

 

Detection of H2O2 on Agar Plates 

Two different plates were used for detecting the production of hydrogen peroxide in various 

experiments. BHI was supplemented with leucocrystal violet (BHI-LCV) (1 mg mL-1; Acros 

Organics, Fair Lawn, NJ, USA) and 10 μL of horseradish peroxidase (1 mg mL-1; Thermo 

Scientific, Rockford, IL, USA) were spotted on the BHI-LCV plates. After the liquid dried, 10 μL 

of overnight bacterial cultures, pre-diluted to OD600 0.1 in fresh BHI, were spotted on top of the 

horseradish peroxidase and grown microaerobically for 16 h. Later assays used BHI/Prussian 

Blue indicator plates (Saito et al., 2007). Kanamycin (500 μg mL-1) was added to the media 

where necessary. 

 

Measuring CFU/mL of S. infantis and S. sanguinis Co-culture 

Overnight cultures of S. infantis and S. sanguinis SK36 were diluted in fresh BHI to OD600 0.1 

and mixed at a 1:1 ratio. These co-cultures were grown overnight in microaerobic conditions. 

The next day the co-cultures were subject to a series of serial dilutions and 50 μL of these 

dilutions were plated on BHI-LCV plates with horseradish peroxidase (1 mg mL-1; Thermo 

Scientific, Rockford, IL, USA) and with or without Kanamycin (500 μg ml-1). The plates were 

incubated overnight, and the CFU/mL was counted the next day. 
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Measurement of H2O2 Concentration 

Two methods of measuring the concentration of H2O2 were used. The first was performed as 

previously described (He et al., 2012). In short, overnight bacterial cultures were diluted to an 

OD600 of 0.1 in 1 mL of fresh BHI and grown at 37 °C in microaerobic conditions for 2 h. The 

cultures were then filter sterilized using a syringe and a disposable filter (0.22 µm). 20 µL of the 

sterile supernatant was mixed with 20 ml of horseradish peroxidase (0.5 mg mL-1) and 50 µL 

buffer solution (0.1 mg mL-1 of 3,3’,5,5’-tetramethylbenzidine, 0.05M phosphate citrate buffer at 

pH 5.0). This solution was incubated at room temperature for 1 minute before quenching the 

reaction with 100 µL of 2M H2SO4. The resultant color was measured using a microplate reader 

at 420 nm (Bio-Rad iMark Microplate Reader). The second method was performed as described 

in the manufacturer’s protocol for the Amplex Red Peroxide/Peroxidase Assay (Invitrogen). 

 

Degradation of H2O2 

Overnight cultures of bacteria were diluted to OD600 0.1 in fresh BHI and grown in microaerobic 

conditions for 2 h. 500 µL of these cultures were mixed at a 1:1 ratio with 500 µL of a 10-4 

dilution of 30% H2O2 and incubated at room temperature for 1 h. The remaining concentration of 

H2O2 after incubation with the bacteria was performed using the first method in the previous 

section (Measurement of H2O2 Concentration) 

Liquid agar filtrates were isolated as described in another section (Acquisition of Protective 

Compound from Agar Plates) and the degradation of H2O2 was adapted from a previously 

published paper (Redanz et al., 2020). Briefly, 250 µL of the agar filtrate was mixed 1:1 with 250 

µL of 20 mM H2O2 and incubated at room temperature for 30 minutes. The measure of H2O2, 

post-incubation, was performed as described in the manufacturer’s protocol for the Amplex Red 

Peroxide/Peroxidase Assay (Invitrogen). 
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Real-time PCR Experiments 

To isolate RNA for analysis using qPCR, overnight cultures of S. infantis and S. sanguinis were 

diluted 1:100 in 100 mL of fresh BHI as monoculture or co-culture and grown for 4 h in 

microaerobic conditions. The 100 mL cultures were divided into 50 mL aliquots and the cells 

were pelleted by centrifugation at 1659 x g for 10 minutes. Total RNA was isolated using High 

Pure RNA Isolation Kit (Roche) following the manufacturer’s protocol. The RNA Clean 

Concentrator Kit (Zymo Research RNA Clean Concentrator), followed by the TURBO DNA-free 

Kit (Invitrogen), was used for a final purification of the RNA. The cDNA was generated using the 

PrimeScript 1st strand cDNA Synthesis Kit (Takara Bio USA, Inc.). The GeneCopoeia All-in-One 

qPCR mix (GeneCopoeia, Inc., Rockville, MD, United States) was used for the qPCR reaction. 

 

Luciferase Activity Assay 

Luciferase activity was measured to examine changes in the expression of spxB in S. sanguinis 

SK36 under different growth conditions. The reporter strain used was S. sanguinis SK36 spxBp-

luc (Redanz et al., 2011). The protocol was adapted from a previously published article (Redanz 

et al., 2011). Overnight cultures were diluted to OD600 0.1 in fresh BHI and grown 

microaerobically for 2 h. 100 µL of these cultures were mixed with 25 µL of 1 mM D-Luciferin 

(Sigma) in 100 mM citrate buffer (pH 6). The luciferase activity was measured using a 

microplate reader for luminescence (BioTek SynergyHT Microplate Reader).  

 

Dead Cell Addition 

Overnight bacterial cultures were diluted to OD600 0.1 and grown microaerobically for 2 h before 

being killed by heating the cells at 100° for 20 minutes. The dead cells were pelleted, and the 

supernatant was removed before adding OD600 0.1 S. sanguinis and 1mL fresh BHI to the dead 
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cells and grown microaerobically for 2 hours. The resulting bacterial culture was used for the 

luciferase activity assay as described above. 

 

Trans-well System Setup 

The trans-well system was setup using a protocol adapted from a previous publication (He et 

al., 2010). Briefly, overnight bacterial cultures were diluted to OD600 0.1 in either 0.7 mL or 2 mL 

of fresh BHI. A 12-well plate (Corning Incorporated, Kennebunk, ME, USA) was fitted with a 0.4 

µm PET membrane insert (Millipore, Billerica, MA, USA) creating two chambers in each well. 

The bottom chamber was filled with the 2 mL of diluted bacteria or 2 mL of fresh BHI alone. The 

top chamber was filled with the 0.7 mL of diluted bacteria. These plates were grown 

microaerobically for 2 h before samples were taken from the top chamber for other experiments. 

 

Acquisition of Protective Compound from Agar Plates and Measurement of Pyruvate 

Concentration 

This was adapted from a previously published article (Redanz et al., 2020). Briefly, overnight 

cultures of S. infantis and S. sanguinis ΔspxB were diluted to OD600 0.5 and 150 µL of these 

dilutions were spread on sterile 0.20 µm PC Membrane Filters (Isopore, Tullagreen, 

Carrigtwohill Co. Cork, IRL) placed on BHI agar plates. These plates were grown overnight in 

under aerobic conditions. After growth, the filters are removed, and the underlying agar was cut 

out and pushed through a syringe attached to a 0.20 µm filter. This agar filtrate was used for 

analysis of the compound deposited in the agar after bacterial growth. The sterile filtrates were 

then used to measure the concentration of pyruvate present and the ability of the filtrates to 

degrade H2O2. 
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Liquid agar filtrates were isolated as described above and the concentration of pyruvate in the 

extracts was determined following the manufacturer’s protocol for EnzyChrom Pyruvate Assay 

(BioAssays Systems).  

 

Protective Effect of S. infantis and S. sanguinis ΔspxB on S. epidermidis F 

The protocol for this assay was adapted from Redanz et al., 2020. Overnight cultures of S. 

infantis and S. sanguinis SK36 ΔspxB were diluted in fresh BHI to OD600 0.5 and 10 µL of these 

cultures were spotted onto BHI agar plates at various points around the plate. These plates 

were grown overnight in aerobic condition. The next day the plates were removed and overnight 

cultures of S. epidermidis F were diluted in fresh BHI to OD600 0.5. 200 µL the diluted S. 

epidermidis F were mixed with 4 mL of molten BHI soft agar (0.5%, 60°C) and poured onto the 

agar plates bearing the colonies of S. infantis or S. sanguinis SK36 ΔspxB. The plates were 

allowed to solidify, and sterile paper discs (6.35 mm diameter, BD™ BBL™ Taxo™ Blank Discs, 

Fisher Scientific) were soaked in different concentrations of H2O2 (Sigma Aldrich; 5 µM, 10 µM, 

20 µM, and 50 µM) and placed on the plates adjacent to the colonies of S. infantis or S. 

sanguinis SK36 ΔspxB. The plates were incubated overnight and the zone of inhibition around 

the disc of H2O2 was observed the next day 

 

S. sanguinis SK36 Mutant Library Screen 

The S. sanguinis SK36 mutant library, generously provided by Dr. Ping Xu at Virginia 

Commonwealth University, (Ge and Xu, 2012) was grown overnight in microaerophilic 

conditions at 37° C in 96-well plates. Individual mutants were plated on spots of horseradish 

peroxidase on BHI Leucocrystal violet (1 mg/mL) agar plates with or without being mixed with 

an equal amount of S. infantis MO-102 (He et al., 2010) based on optical density. The plates 

were incubated in microaerophilic conditions at 37° C overnight. Individual spots of S. infantis 
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MO-102, S. sanguinis SK36, and a co-culture of S. infantis and S. sanguinis served as the 

controls for this screen. S. sanguinis SK36 mutants that escaped H2O2 inhibition by S. infantis 

were identified by the presence of blue coloration of the co-culture colony. S. sanguinis SK36 

mutants that had reduced H2O2 production had a white or lighter blue colony coloration 

compared to the S. sanguinis control. 

 

Statistical Analysis 

Statistical analysis was performed using Student’s T-test with paired, two-tailed distributions on 

the averages of results from at least three experiments. The error bars are the standard 

deviation of the result gathered from the experiments. Statistical significance between two 

samples is indicated by a line and * between the samples. 
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Chapter 3 

 

 

Investigating the regulation of H2O2 in S. sanguinis by S. infantis 

  



19 
 

The focus of my thesis can be split into two parts: 1) The physiological characterization of the 

regulatory relationship between S. infantis and S. sanguinis where S. infantis inhibits the H2O2 

production of S. sanguinis. 2) An investigation into the mechanism behind the inhibition of H2O2 

production. I delve into what involved in the interspecies interaction between S. infantis and S. 

sanguinis as well as the requirements for the inhibition. I also work on characterizing the 

inhibitory molecule and the mechanism by which the inhibition occurs. 

Part 1: Physiologically characterizing S. infantis’ inhibition of S. sanguinis’ H2O2 

production 

Reduced H2O2 production in Streptococcus sanguinis is not due to cell death or 

enzymatic degradation 

Streptococcus sanguinis is a commensal bacterium that resides in the oral cavity and produces 

H2O2 as a means of self-defense. Previous research shows that a co-culture of Streptococcus 

infantis and S. sanguinis results in reduced production of H2O2 (He et al., 2014). The research 

hypothesizes that S. infantis regulates the production of H2O2 to prevent unintentional killing of 

other oral bacteria. I set out to test that hypothesis. First, I wanted to show that this is indeed a 

regulation of H2O2 production as opposed to a loss of production due to cell death of S. 

sanguinis. I created a co-culture of a S. infantis strain sensitive to kanamycin and a S. sanguinis 

strain resistant to kanamycin (S. sanguinis SK36 Ssx_0222; Ge and Xu, 2012). This culture was 

incubated overnight in microaerobic conditions and serially diluted to count CFU/mL on BHI 

leucocrystal violet agar plates with and without kanamycin. The results of this experiment show 

no significant difference in the CFU/mL of bacterial cells grown on plates with or without 

kanamycin (Figure 1). This suggests that S. sanguinis grown in co-culture with S. infantis is still 

viable and the reduction of H2O2 production is caused by a mechanism other than cell death. 
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Another potential cause for loss of H2O2 production is the degradation of the H2O2 produced by 

S. sanguinis by a catalase or peroxidase activity from S. infantis. I tested this possibility by 

measuring the amount of H2O2 remaining after incubation with S. infantis. I grew overnight 

cultures of S. infantis in fresh BHI microaerobically for two hours before mixing a 1:1 ratio of S. 

infantis with H2O2. This mixture was incubated at room temperature for one hour and the 

remaining H2O2 was measured using a microplate reader at 420 nm. There was no significant 

difference between the S. infantis + H2O2 sample and either the catalase-negative S. mutans 

strain or the PBS + H2O2 control (Figure 2). This contrasts with the test with a catalase-positive 

Escherichia coli strain. The E. coli + H2O2 sample shows a significant decrease in H2O2 

remaining after incubation compared to the PBS + H2O2 control (Figure 2). These data support 

the hypothesis that there is a regulatory means for S. infantis to inhibit the H2O2 production of S. 

sanguinis without killing or enzymatic degradation of the product. 

 

Reduction of H2O2 production is regulated at the transcriptional level 

If the inhibition of H2O2 production is not due to S. infantis killing S. sanguinis or breaking down 

the H2O2 being produced, it suggests the mechanism of inhibition may be genetically mediated. 

I hypothesized that S. infantis results in a decrease in expression of H2O2 production-related 

genes, such as spxB and ackA, when S. sanguinis is grown in co-culture with S. infantis. SpxB, 

pyruvate oxidase, is the protein responsible for the conversion of pyruvate to H2O2, CO2, and 

acetyl phosphate while ackA may be a positive regulator of spxB expression as it has been 

shown to result in a decrease in spxB expression when knocked out (Chen et al., 2011). I used 

real time PCR (qPCR) to examine the expression of spxB and ackA in S. sanguinis when grown 

in the presence and absence of S. infantis. The results of the qPCR show that there is a two-

fold decrease in the expression of spxB and a one-fold decrease in the expression of ackA 

(Figure 3A). This suggests there is a genetic component to the inhibition by S. infantis. 
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Somehow, S. infantis is causing S. sanguinis to lower its expression of genes directly related to 

H2O2 production.  

 

Since my results this far have ruled out enzymatic degradation as the cause for reduced H2O2 

production and indicated a genetic component, I decided to continue investigating this 

phenomenon genetically. I used a luciferase reporter to support the qPCR data in suggesting a 

genetic inhibition of spxB expression. The luciferase reporter strain of S. sanguinis SK36 was 

created in the lab of Dr. Jenz Kreth and generously provided to me for use in my experiments 

(Zheng et al., 2011). The reporter strain had the luciferase gene, luc, under the control of the 

promoter of S. sanguinis SK36’s spxB gene. This allowed for expression of luc whenever spxB 

was transcribed. To measure luciferase activity, I inoculated fresh BHI with overnight cultures of 

S. sanguinis spxBp-luc alone and a co-culture of S. infantis and the luciferase reporter strain. 

These cultures were grown microaerobically for two hours before measuring the luciferase 

activity of the cells using a microplate reader. My results indicate a significant decrease in 

luciferase activity when S. sanguinis spxBp-luc is grown in the presence of S. infantis compared 

to its monoculture (Figure 3B). This suggests that S. infantis can inhibit the expression of spxB, 

potentially on a transcriptional level. This data supports the hypothesis posited based on the 

qPCR results: the mechanism of inhibition of H2O2 production may be genetic in nature. 

 

Part 2: Investigating the mechanism behind the inhibition of H2O2 production 

 

Live cells are required for inhibition of H2O2 production 

Up to this point I have shown that the inhibition of H2O2 production is not due to cell death or 

enzymatic degradation of the product and likely has a genetic component. With that evidence 

established, I chose to investigate some of the requirements for inhibition to occur. While I know 
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S. infantis inhibits H2O2 production, it has not been shown whether the inhibitory molecule is 

actively produced by S. infantis or is innately present on the cell surface. To answer this 

question, I investigated whether live S. infantis cells were necessary for inhibition. I used 

overnight cultures to inoculate fresh BHI with S. infantis and grew it microaerobically for two 

hours. These cells were then heated at 100 °C for 20 minutes, killing the cells. I pelleted the 

dead cells and removed the supernatant. Fresh BHI and S. sanguinis spxBp-luc were added to 

the dead cells and incubated for two hours in microaerobic conditions. The luciferase activity of 

this S. sanguinis spxBp-luc + dead S. infantis was measure and compared to a monoculture of 

the S. sanguinis spxBp-luc reporter and a co-culture of S. sanguinis spxBp-luc with live S. 

infantis. The data shows a significant difference in luciferase activity between the live co-culture 

and the reporter monoculture as well as the dead cell co-culture (Figure 4). There is no 

difference between the dead cell co-culture and the S. sanguinis spxBp-luc monoculture. These 

results indicate the inhibition requires live S. infantis cells and is not something innately present 

in S. infantis. 

 

A diffusible molecule regulates the inhibition of H2O2 production 

The next question I explored was whether cell-to-cell contact was necessary for inhibition. I 

showed that live cells were required, but it was not clear whether this inhibitory molecule is 

produced in response to a physical interaction with S. sanguinis or if it is a diffusible molecule 

produced by S. infantis that caused the inhibitory response. I investigated this question using an 

insert with a .22 µm filter that splits a well in 12-well plate into two chambers. Both chambers 

were filled with fresh BHI and inoculate with different combinations of bacteria before incubating 

microaerobically for two hours. I inoculated the luciferase reporter strain into the top chamber 

while leaving the bottom chamber cell-free or adding S. infantis (Figure 5A). A sample was 

removed from each top chamber and used to measure its luciferase activity. I show that there is 
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a significant decrease in luciferase activity when S. sanguinis spxBp-luc is grown with S. infantis 

in the bottom chamber (Figure 5B). These results suggest physical contact is not required and 

that there is a diffusible molecule able to cross the .22 µm filter and trigger the inhibition. 

If S. infantis is producing a diffusible molecule to inhibit the production of H2O2, is the 

supernatant from liquid cultures of S. infantis enough to inhibit H2O2 production? To answer this 

question, I inoculated fresh BHI with overnight cultures of S. infantis and allowed it to grow 

microaerobically for two hours before filter sterilizing the supernatant using a syringe and a .22 

µm filter. The sterile supernatant was inoculated with S. sanguinis spxBp-luc and allowed to 

grow for two hours before measuring the luciferase activity. It was encouraging to see that 

growing the luciferase reporter in supernatant from S. infantis resulted in a decrease in 

luciferase activity (Figure 6). This suggests that not only does S. infantis produce an inhibitory 

molecule, but it also does not require the presence of S. sanguinis to trigger the production of 

this molecule. Knowing a diffusible molecule is responsible for the inhibition, I wanted to get a 

sense of the characteristics of this molecule, so I used the same method as above to acquire 

sterile supernatant from S. infantis. The sterile supernatant was heated at 100 °C for 20 minutes 

and allowed to cool to room temperature before inoculation with S. sanguinis spxBp-luc and 

microaerobic growth. The luciferase activity was measured and there were no significant 

differences between the heat-treated and non-heat-treated supernatant with regards to the 

luciferase activity of S. sanguinis spxBp-luc (Figure 6). This diffusible molecule was able to be 

produced by S. infantis in the absence of S. sanguinis and was heat stable.  

 

The fact that S. infantis was sharing media with S. sanguinis spxBp-luc and the use of 

supernatant to examine luciferase activity brought up the question of nutrition. Was a lack of 

some crucial precursor the cause of this reduction in luciferase activity? Pyruvate is the 

molecule directly involved in H2O2 production. If reduced nutrition was responsible for the 
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reduction in H2O2 production, you might expect there to be a deficiency in pyruvate content in 

the media. I supplemented BHI with 1% sodium pyruvate and followed the same protocol I used 

for the first luciferase activity assay: measuring activity in a monoculture of S. sanguinis spxBp-

luc as well as the co-culture with S. infantis. There was a small increase in the growth of all 

experimental samples when the media was supplemented with pyruvate (Figure 7A), however 

there was no significant difference in the luciferase activity between the cultures with and 

without 1% pyruvate (Figure 7B). The data shows that supplementation of pyruvate is not 

enough to rescue the decrease in luciferase activity.  

 

The next step was to determine if this was a phenomenon unique to S. infantis. I repeated the 

initial two-chamber experiment substituting S. infantis in the bottom well for a non-reporter strain 

of S. sanguinis SK36, S. sanguinis ΔspxB, and the known antagonist, Streptococcus mutans 

(Figure 8). All tested species negatively impacted luciferase activity to varying degrees. This 

was unexpected as even the parent strain of the luciferase reporter resulted in inhibition of 

luciferase activity. However, it is important to note that with S. infantis induces the most drastic 

reduction in spxB gene expression. The sample with S. infantis in the bottom well has a 

significantly lower luciferase activity than both the samples with S. sanguinis SK36 and S. 

mutans. This suggests that, under these conditions, growing the S. sanguinis luciferase reporter 

in the presence of other bacteria results in a decrease in spxB transcription and establishes that 

reduction as the baseline to which other combinations of bacteria should be compared. The fact 

that S. infantis can significantly inhibit the transcription of spxB beyond the normal level of 

inhibition seen in a co-culture shows that another inhibitory mechanism is at work between S. 

sanguinis and S. infantis. 
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Diffusible molecule detoxifies and breaks down H2O2  

The initial discovery of S. infantis inhibiting the H2O2 production of S. sanguinis was done on 

BHI leucocrystal violet agar plates (He et al., 2010). I decided to return to this method of 

investigating H2O2 production to see if the diffusible signal was still the cause. In the time since 

the initial plate experiments were conducted, I found a better plate-based assay for observing 

H2O2 production (Saito et al., 2007). This involved the use of Prussian Blue instead of 

leucocrystal violet in the BHI agar plates as the latter required horseradish peroxidase to be 

added to the plate to catalyze the color change. The Prussian Blue plates changed color without 

an exogenous catalyst. I performed a proximity inhibition assay where S. infantis was spotted on 

Prussian Blue BHI agar plates adjacent to a spot of S. sanguinis. This experiment lead to an 

interesting observation: there is a proximity-based loss of H2O2 production (data not shown). In 

a halo around the colony of S. infantis there is less H2O2. I repeated this assay with the S. 

infantis and a 10 µL of H2O2 (Figure 9A). Curiously, the sample of S. infantis adjacent to the 

spot of H2O2 produced the same phenomenon as adjacent to the colony of S. sanguinis (Figure 

9A). This suggests that there is a diffusible molecule resulting in a local decrease of H2O2, 

though not necessarily production of it.   

 

Around this time, a paper was published that displayed similar findings (Redanz et al., 2020). 

This paper showed that strains of S. sanguinis deficient in spxB secreted pyruvate as a means 

of detoxifying and breaking down H2O2 (Redanz et al., 2020). This could not be seen with wild-

type strains of S. sanguinis as its natural H2O2 production, hid the pyruvate secretion and break 

down of H2O2 (Redanz et al., 2020). They were also able to isolate the protective compound, in 

this case pyruvate, from agar plates where the bacteria were grown (Redanz et al., 2020). This 

prompted me to perform similar experiments to determine if the phenomenon I was observing 

was the same as they had seen. I used the same protocol mentioned above and spotted an 
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overnight culture of S. sanguinis ΔspxB adjacent to 10 µL of H2O2 and found the same result as 

before: local degradation of H2O2 (Figure 9A). Already having shown that S. infantis can secrete 

something into the surrounding media that breaks down H2O2, I used the same protocol they did 

to isolate the degrading compound from the agar. Cultures of S. infantis were spread over .4 µm 

filters that were placed on BHI agar plates. These plates were grown overnight, the filters were 

removed, and the underlying agar was cut out and pushed through a syringe and a .22 µm filter. 

I used this sterile filtrate to measure the concentration of pyruvate present. Surprisingly, there 

was no significant difference in pyruvate concentration between the sample with S. infantis 

grown on top compared to the BHI only control filtrate (Figure 9B). This is in contrast with the 

positive control of agar filtrate from S. sanguinis ΔspxB where you can observe a higher 

concentration of pyruvate (Figure 9B).While this result suggests pyruvate is not the mechanism 

by which S. infantis breaks down H2O2, it does not indicate whether or not the agar filtrate from 

S. infantis is able to break down H2O2. Additional agar filtrate and was mixed 1:1 with 20 mM 

H2O2 and incubated at room temperature for 30 minutes before measuring the remaining 

amount of H2O2. It appears that both the positive control and S. infantis agar filtrates can reduce 

the concentration of H2O2 (Figure 10). S. infantis is secreting something into the surrounding 

agar that breaks down H2O2, thus it does not appear to be pyruvate.  

 

Diffusible molecule provides protection against H2O2-mediated killing 

At this point I have shown that S. infantis does produce a diffusible molecule that detoxifies and 

breaks down H2O2 and it can be isolate from agar plates upon which it has grown, however the 

results also suggest that this molecule is not pyruvate as seen in the paper from the Kreth lab 

(Redanz et al., 2020). Another aspect of pyruvate secretion the Kreth lab investigated was the 

ability of these pyruvate secretors to confer protection against H2O2 for sensitive bacteria. I 

decided to conduct a similar investigation with S. infantis using the same indicator strain they 
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generously shared with us, Staphylococcus epidermidis F, and following a similar protocol 

(Figure 11). Briefly, overnight cultures of S. infantis and S. sanguinis ΔspxB were diluted to 

OD600 0.5 and 10 uL of which were spotted on BHI agar plates. These plates were grown 

overnight in aerobic conditions (5% CO2). The next day overnight cultures of indicator strain, S. 

epidermidis F, were diluted to OD600 0.1, suspended in molten agar (.5%), and poured over the 

previously grown colonies. Once solidified, paper discs were soaked in different concentration of 

H2O2 (5 mM, 10 mM, 20 mM, and 50 mM) and placed over the soft agar adjacent to the 

bacterial spot plated the day before. The overlayed plates grew overnight in aerobic conditions 

(5% CO2). The next day I observed and measured the zone of inhibition created by the H2O2 

(Figure 11). The results show that proximal to the bacterial colony there was a decrease in the 

size of the zone of inhibition, but not distal to the colony (Figure 11). This suggests a diffusible 

molecule is produced and remains in the nearby agar, detoxifying the hydrogen peroxide and 

protecting S. epidermidis from death. 

 

S. sanguinis SK36 mutant screen reveals genes potentially linked to the regulation of 

H2O2 production 

Having thus far focused on the inhibitory aspect of the interspecies relationship, I wanted to 

explore the regulation of H2O2 production from S. sanguinis’ angle. I obtained a S. sanguinis 

SK36 mutant library generously provided by Dr. Ping Xu at Virginia Commonwealth University 

(Ge and Xu, 2012). This library has all non-essential S. sanguinis SK36 genes knocked out and 

I used it to screen for two phenotypes: 1) a reduction in H2O2 production when the S. sanguinis 

mutants are grown by themselves and 2) less inhibition of H2O2 production when grown in the 

presence of S. infantis. Figures 12 and 13 diagram the setup for the screening assay as well as 

representative plates for both conditions. After multiple rounds of screening, I identified several 

genes for both phenotypes (Tables 1 and 2). Having identified genes potentially involved in the 
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regulation of H2O2 production in S. sanguinis I used qPCR to determine if there were any 

differences in the expression of these genes when S. sanguinis was grown in the presence or 

absence of S. infantis. I found that these genes were upregulated when grown with S. infantis 

compared to S. sanguinis alone (Figure 14). This suggests that the inhibitory relationship 

between S. infantis and S. sanguinis is not just due to degradation of H2O2 on agar plates, but 

also via gene regulation. These data are in agreement with the previous qPCR data (Figures 

3A and 14), indicating that this phenotype is not just a result of a general reduction in gene 

expression as I can see genes such as ssaA, ssaC, and pcsB, increasing in expression in co-

culture, while others spxB and ackA decrease in expression in co-culture. If I only saw a 

decrease in gene expression in my qPCR experiments, that could indicate the loss of H2O2 

production was due to an overall suppression of gene expression and not a unique method for 

controlling its expression. 
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Figure 1) S. infantis does not kill S.  sanguinis when grown together in co-culture. A co-

culture of Streptococcus sanguinis and Streptococcus infantis was grown overnight in 

microaerobic conditions (2% O2) at 37°. The overnight culture was serially diluted and spotted 

on BHI + Leucocrystal violet agar plates with and without Kanamycin. A) Representative images 

of the serial dilution plates with and without Kanamycin. B) The average CFU/mL of cells on the 

agar plates with and without Kanamycin. The results are the average CFU/mL, n = 6. There was 

no statistical significance between the CFU/mL counted on plates with and without the 

Kanamycin. The data is the average of six experiments and the error bars represent the 

standard deviation of those experiments. 
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Figure 2) S. infantis does not degrade H2O2 in planktonic growth conditions. Overnight 

bacterial cultures were diluted to OD600 0.1 and grown microaerobically (2% O2) for 2 hours 

before being mixed with H2O2 and incubated at room temperature for 1 hour. The enzymatic 

degradation assay using S. infantis, S. mutans, and PBS. There was no significant different 

between the S. infantis + H2O2 and the PBS + H2O2 positive control. The enzymatic degradation 

assay using E. coli. There was a significant different between the E. coli + H2O2 and PBS + 

H2O2 positive control. The data is the average of three experiments and the error bars represent 

the standard deviation of those experiments.  
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Figure 3) Growth of S. sanguinis in the presence of S. infantis results in a decrease in 

spxB gene expression. A) qPCR (quantitative polymerase chain reaction) analysis of specific 

genes in S. sanguinis comparing their expression in the presence and absence of S. infantis. 

There is a decrease in expression of spxB and ackA in the co-culture when compared to the 

monoculture suggesting a genetic inhibition of H2O2 production. while the remaining genes show 

an increase in expression in the co-culture when compared to the monoculture. B) A luciferase 

reporter was used to measure the expression of spxB when grown in the presence and absence 

of S. infantis. The luciferase gene is under the control of the promoter for spxB. There is a large 

decrease in the spxB activity in S. sanguinis when grown in the presence of S. infantis. The data 

is the average of three experiments and the error bars represent the standard deviation of those 

experiments. 
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Figure 4) Live S. infantis cells are required for a reduction in luciferase activity in S. 

sanguinis. S. infantis cells were diluted to OD600 0.1 and grown microaerobically (2% O2) for 2 

hours before being killed by heating the cells at 100° for 20 minutes. The dead cells were 

pelleted, and the supernatant was removed before adding OD600 0.1 S. sanguinis to the dead 

cells and grown microaerobically (2% O2) for 2 hours. There was a significant difference 

between the sample grown in the presence of S. infantis live cells and both the S. sanguinis 

alone and the sample with S. infantis dead cells. The data is the average of three experiments 

and the error bars represent the standard deviation of those experiments. (* p = .055; Student’s 

T-test, paired, two-tailed distribution)  
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Figure 5) S. infantis causes a decrease in S. sanguinis luciferase reporter activity via 

diffusible signal. A) Filters (0.22 µm) were placed in a 12-well plate separating the wells into 

an upper and lower chamber. Overnight cultures were diluted to OD600 0.1 in the top chamber 

with or without the presence of cells in the lower chamber. The cells were grown 

microaerobically (2% O2) for 2 hours and samples were taken from the top chamber to measure 

for luciferase activity. B) There was a significantly higher amount of luciferase activity in the 

sample of S. sanguinis spxBp-luciferase without S. infantis cells in the bottom chamber. The 

data is the average of three experiments and the error bars represent the standard deviation of 

those experiments. (* p < .05, Student’s T-test, paired, two-tailed distribution). 
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Figure 6) Heat treatment of the supernatant from S. infantis has no impact on the ability of 

the supernatant to reduce luciferase activity of the S. sanguinis spxBp-luciferase 

reporter. Overnight cultures of S. infantis, S. sanguinis spxBp-luciferase, and a co-culture of S. 

infantis and S. sanguinis spxBp-luciferase were diluted to OD600 0.1 and grown microaerobically 

(2% O2) for 2 hours. Two sets of dilutions were grown to compare the effects of heat treating the 

supernatants. The cultures were filter sterilized using a syringe and a 0.22 µm filter before 

heating one set of supernatants to 100° for 20 minutes. The other set of supernatants were left 

at room temperature. These two sets of filtered supernatants were used to dilute an overnight 

culture of S. sanguinis spxBp-luciferase to OD600 0.1 before growing microaerobically for 2 

hours. The luciferase activity of these supernatant grown samples were measured. There was a 

higher amount of luciferase activity in the sample of S. sanguinis spxBp-luciferase grown in fresh 

BHI compared to the samples grown in the different supernatants. However, there was no 

difference between the samples grown in heat treated supernatants and those left at room 

temperature. The data is the average of three experiments and the error bars represent the 

standard deviation of those experiments. 
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Figure 7) Supplementation of growth media with 1% pyruvate has no significant impact on the 

growth or luciferase activity of the S. sanguinis spxBp-luciferase reporter. BHI media was 

supplemented with 1% sodium pyruvate. Fresh BHI and pyruvate supplemented BHI were used to dilute 

overnight cultures of S. infantis and S. sanguinis spxBp-luciferase monocultures to OD600 0.1 as 

monocultures and a co-culture of the two bacteria and grown microaerobically (2% O2) for 2 hours  A) 

The growth of S. infantis monoculture, S. sanguinis spxBp-luciferase monoculture, and co-culture with S. 

infantis was measured in the presence and absence of 1% pyruvate. There was no significant different in 

the luciferase activity or growth of the samples in the presence or absence of 1% pyruvate. B) The 

luciferase activity of S. infantis, S. sanguinis spxBp-luciferase monoculture and co-culture with S. infantis 

was measure in the presence and absence of 1% pyruvate. The data is the average of three experiments 

and the error bars represent the standard deviation of those experiments. 
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Figure 8) An expansion of the luciferase activity of S. sanguinis spxBp-luciferase in a 

trans-well system in the presence and absence of cells in the bottom chamber. Filters 

(0.22 µm) were placed in a 12-well plate separating the wells into an upper and lower chamber. 

Overnight cultures were diluted to OD600 0.1 in the top chamber with or without the presence of 

cells in the lower chamber. The cells were grown microaerobically (2% O2) for 2 hours and 

samples were taken from the top chamber to measure for luciferase activity. There was a higher 

amount of luciferase activity in the sample of S. sanguinis spxBp-luciferase without any cells in 

the bottom chamber compared to the samples with cells in the bottom chamber. The data is the 

average of three experiments and the error bars represent the standard deviation of those 

experiments. (* p< .05; Student’s T-test, paired two-tailed distribution). 

  

* 
* 
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Figure 9) S. infantis produces a compound that degrades H2O2 and it does not appear to 

be pyruvate. A) Representative image of overnight cultures of S. infantis and S. sanguinis 

ΔspxB spotted on a Prussian Blue Agar plate adjacent to 10 µL of H2O2. B) Overnight cultures 

of S. infantis and S. sanguinis ΔspxB were diluted to OD600 0.5 and 150 µL of these dilutions 

were spread on 0.20 µm filters placed on BHI agar plates. These plates were grown overnight in 

a CO2 chamber. After growth, the filters are removed, and the underlying agar was cut out and 

pushed through a syringe and a 0.20 µm filter. These agar filtrates were then processed to 

determine the concentration of pyruvate present. While the S. sanguinis ΔspxB filtrate has a 

detectable amount of pyruvate, the S. infantis and BHI controls did not. The orange line 

indicates the standard curve using concentrations of pyruvate from 0 µM to 500 µM. The data is 

the average of three experiments and the error bars represent the standard deviation of those 

experiments. 
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Figure 10) Agar filtrates from S. infantis grown agar plates can degrade H2O2. Overnight 

cultures of S. infantis and S. sanguinis ΔspxB to OD600 0.5 and 150 µL of these dilutions were 

spread on 0.20 µm filters placed on BHI agar plates. These plates were grown overnight in a 

CO2 chamber at 37°. After growth, the filters are removed, and the underlying agar was cut out 

and pushed through a syringe and a 0.20 µm filter. These agar filtrates were then mixed in a 1:1 

ratio with 20 mM H2O2 and incubated at room temperature for 30 minutes before measuring the 

concentration of H2O2 remaining. The S. infantis and S. sanguinis ΔspxB samples showed a 

noticeable decrease in H2O2 concentration after incubation compared to the BHI filtrate control. 

The orange line indicates the standard curve using concentrations of H2O2 from 0 µM to 5 µM. 

The data is the average of three experiments and the error bars represent the standard 

deviation of those experiments. 
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Figure 11) S. infantis and S. sanguinis ΔspxB produce a compound that has a protective 

effect on S. epidermidis F from H2O2-mediated killing. Overnight cultures of S. infantis and 

S. sanguinis ΔspxB to OD600 0.5 and 10 µL of these dilutions were spotted on BHI agar plates 

grown overnight in a CO2 chamber at 37°. An overnight culture of S. epidermidis F was diluted 

to OD600 0.1 and 200 µL of this dilution was mixed with 4 mL of molten 0.5% soft agar. This 

mixture was poured over the BHI plated with the S. infantis and S. sanguinis ΔspxB colonies. 

The plates solidified on the bench at room temperature and paper discs were soaked in different 

concentrations of H2O2 (5 µM, 10 µM, 20 µM, and 50 µM) and placed on top of the soft agar 

adjacent to the previously spotted bacterial colonies. These soft agar plates were incubated 

overnight in a CO2 chamber at 37°. The zone of inhibition was measured from the edge of the 

filter to the edge of the clearance zone where no bacteria were growing. There is a noticeable 

decrease in size of the zone of inhibition when the H2O2 soaked discs were placed adjacent to 

the S. infantis and S. sanguinis ΔspxB colonies compared to the no bacteria control.   
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Figure 12) Schematic for the screen of a S. sanguinis mutant library for a reduced 

production of H2O2 phenotype. A) The S. sanguinis SK36 mutant library was grown overnight 

in microaerobic conditions (2% O2) at 37° C in 96-well plates, then plated on spots of 

horseradish peroxidase on BHI + leucocrystal violet (1 mg/mL) agar plates. The plates were 

then incubated in microaerobic conditions at 37° C overnight. Spots of S. infantis, S. sanguinis, 

and S. infantis + S. sanguinis co-cultures served as the controls for this screen. The presence of 

H2O2 is indicated by a blue coloration to the colony. S. sanguinis SK36 mutants that had 

reduced H2O2 production had a lighter blue colony coloration compared to the S. sanguinis 

control. B) Representative plate for the mutant library screen.  
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Figure 13) Schematic for the screen of a S. sanguinis mutant library for an inhibition 

escape phenotype. A) The S. sanguinis SK36 mutant library was grown overnight in 

microaerobic conditions (2% O2) at 37° C in 96-well plates, then plated on spots of horseradish 

peroxidase on BHI + leuco crystal violet (1 mg/mL) agar plates an equal amount of S. infantis. 

The plates were then incubated in microaerobic conditions at 37° C overnight. Spots of S. 

infantis, S. sanguinis, and S. infantis + S. sanguinis served as the controls for this screen. S. 

sanguinis SK36 mutants that escaped inhibition by S. infantis were identified by the presence of 

blue coloration of the co-culture colony. B) Representative plate for the mutant library screen. 
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Figure 14) Several genes display an increase in gene expression in S. sanguinis grown in 

co-culture with S. infantis relative to S. sanguinis monoculture. qPCR (quantitative 

polymerase chain reaction) analysis of genes in S. sanguinis comparing their expression in the 

presence and absence of S. infantis. There is an increase in expression of all tested genes in 

the co-culture when compared to the monoculture supporting the hypothesis proposed earlier 

that the inhibition of H2O2 production has a genetic component as opposed to the decrease 

being a general reduction in gene expression. The data is the average of three experiments and 

the error bars represent the standard deviation of those experiments. 
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Strain Source 

Streptococcus sanguinis SK36 ATCC BAA-1455 

Streptococcus infantis MO-102 He et al., 2010 

S. sanguinis SK36 ΔspxB Ge and Xu, 2012 

S. sanguinis spxBp-luc Redanz et al., 2018 

Streptococcus mutans UA159 ATCC 700610 

Escherichia coli MG1655 ATCC 700926 

 

Table 1) List of strains used in this project. This includes strain widely available through 

ATCC as well as some developed in other labs or isolated in our lab.  
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Table 2) Genes identified during the S. sanguinis SK36 mutant screen. The mutant library 

used for this screen was generously provided by Dr. Ping Xu at Virginia Commonwealth 

University (Ge and Xu, 2012). 

 

 

 

 

 

 

 

 

 

  

Reduced H2O2 Production Mutants Inhibition Escape Mutants 

pcsB:  Secreted antigen GbpB/SagA; 

peptidoglycan hydrolase; PcsB protein 

precursor, putative Ssa_0835: Accessory secretory protein Asp3, putative 

ssaC: ABC-type Mn2+/Zn2+ transport 

systems, permease component, putative Ssa_0913:  Acetyltransferase, putative 

ssaA: ABC-type Mn/Zn transporter, ATP-

ase component, putative mutX: Mutator protein, putative 

spxB: Pyruvate oxidase  

rpoZ: DNA-directed RNA polymerase, 

subunit K/omega, putative  
tpk: Thiamine pyrophosphokinase, 

putative  
Ssa_2355:  Conserved uncharacterized 

protein  
gidA: Glucose inhibited division protein A, 

putative  

grpE: Molecular chaperone GrpE (HSP-70 

cofactor), putative  
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There have been shifts in focus of microbiology research in recent years. Previously, the focus 

was on single, pathogenic bacteria and how they wreak havoc and cause disease in their 

human hosts. Lately, scientists realized that many diseases are not caused by one single 

pathogen, but by many, and that the healthy human microbiome is as important as the diseased 

one. We are recognizing importance of the indigenous bacterial communities and how they 

influence the health and function of their host. This research ties directly into this new focus as it 

looks at the molecular details and functions of commensal oral bacteria. The knowledge 

produced by these experiments will provide the foundation for future studies into commensal 

communities and the normal human flora. It will also help answer some of the fundamental 

ecological questions about the oral microbiome: What activities shape the microbial community 

and how is the stability/composition maintained?  

 

Synthetic biology focuses on the construction of biological systems that possess desirable 

characteristics. With the advent of probiotics and increased interested in the human microbiome 

we are beginning to see the emergence of a new branch of synthetic biology that might be more 

accurately called “synthetic ecology”. Scientists are looking toward specifically designed 

communities for replacing or enhancing existing communities that have a variety of functions. 

One such function is invasion resistance which this work will be investigating. Invasion 

resistance can be thought of as the ability of a community to prevent alien species from arriving 

into a community and establishing themselves as members of the community. Mallon et al 

divides the mechanisms that contribute to invasion resistance into two categories: 1) abiotic 

resistance which includes environmental barriers like pH and temperature and 2) biotic 

resistance which is conducted by the native members of the community and includes 

competition and predation (Mallon et al., 2015). My thesis focuses on the biotic side of invasion 

resistance, focusing on members of the community actively engaging in activities that work 
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against the invaders. The foundation must be laid before more in-depth research can be 

conducted and this work will help begin that process, enabling future work to deal with the 

actual construction of functioning synthetic communities. 

 

This project began with an investigation into the viability of bacteria added from one 

environmental niche into an established community derived from another environment. The 

intent was to see whether foreign bacteria could persist and when it was determined that they 

could not, identify what microbial community-based mechanisms were involved in the observed 

colonization resistance. Our lab identified a trio of bacteria, S. saprophyticus, S. infantis, and S. 

sanguinis, that appear to play a key role in the invasion resistance phenomenon displayed by an 

in vitro microbial community derived from the mouse oral cavity. We learned that the regulation 

of H2O2 production was an important element of this protective function. Each of the trio has an 

important function in invasion resistance. In the absence of S. saprophyticus, S. infantis inhibits 

the H2O2 production of S. sanguinis. S. saprophyticus can communicate with S. infantis and 

cause it to de-repress the H2O2 production of S. sanguinis when it detects a foreign bacterium, 

such as E. coli which was used as the representative foreign bacterium in our lab. For my 

thesis, I decided to specifically delve deeper into the inhibitory and regulatory relationship 

between S. infantis and S. sanguinis. 

 

Inhibition of S. sanguinis’ H2O2 production by S. infantis requires live cells and functions 

via gene regulation 

First, I had to lay the groundwork for this investigation and narrow down the potential 

explanation for the observed, reduced H2O2 production in a dual species co-culture of S. 

sanguinis and S. infantis. The simplest explanation for the decrease in H2O2 production is that 

the producer, S. sanguinis, is being killed resulting in the noted decrease. Perhaps S. infantis 
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engages in bactericidal activities and suppresses them when S. sanguinis is needed to engage 

in its protective role. This seems incredibly unlikely as this would kill a partner bacterium and 

disrupt the native community to achieve this goal. This would likely hurt the community’s ability 

to respond to future attempts at invasion. I show that, indeed this is not the case (Figure 1). 

When grown in co-culture with S. infantis I was able to examine the viability of S. sanguinis cells 

and show it survives those growth conditions. If S. infantis is not killing S. sanguinis, this 

phenomenon may be explained by enzymatic degradation of H2O2. There may be a tightly 

controlled expression of a catalase or peroxidase to break down H2O2 when it is deemed 

unnecessary for preventing the establishment of exogenous invaders. Incubating S. infantis with 

a known concentration of H2O2 and comparing the remaining amount of H2O2 with samples 

incubated with known catalase/peroxidase producers and non-producers suggested that 

enzymatic degradation was not involved in planktonic conditions (Figure 2).  

 

With cell death and enzymatic degradation considered unlikely mechanisms, I turned the 

investigations toward the impact of S. infantis on the transcriptional regulation of S. sanguinis 

genes related to H2O2 production. I used genetic approaches to tackle the question from two 

directions. One direction used real time PCR to examine the changes in expression of specific 

genes in different growth conditions (e.g. monoculture and co-culture). The other used a 

luciferase reporter to specifically examine changes in transcription of spxB, the gene 

responsible for producing H2O2. Both answered similar questions, but the luciferase reporter 

added a level of flexibility of what conditions were examined and how quickly the results could 

be collected and analyzed. The presence of S. infantis resulted in a decrease in expression of 

S. sanguinis spxB when using the luciferase reporrter assay. Furthermore, targeted qPCR also 

showed decreased expression of ackA in addition to spxB. Essentially, the data from both 

assays suggested the inhibition of H2O2 production is achieved via gene regulation (Figure 3).  
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Interspecies communication and interaction are common in the oral cavity. Different species 

communicate with each other to form biofilms and even establish the oral microbial community 

itself (Grenier and Mayrand, 1986; Mikx and van der Hoeven, 1975). Cooperation may not be 

rare, but it leads us to ask: ‘Why might S. infantis want to influence a community behavior such 

as invasion resistance by regulating H2O2 production?’ One well-known function for H2O2 is as a 

defense mechanism for eukaryotic cells against bacteria (Rada and Leto, 2008). Phagocytosed 

bacterial cells will be subject to a “respiratory burst” by being exposed to H2O2 leading to 

bacterial cell death (Rada and Leto, 2008). Many bacteria present in the oral cavity have a 

higher tolerance for H2O2 than cells from other communities (He et al., 2010). However, this is 

not a total immunity to H2O2. S. infantis, or even other endogenous oral bacteria, may benefit 

from a tighter control of H2O2 production to decrease unnecessary exposure and potential cell 

death.The ease and speed with which the luciferase reporter strain of S. sanguinis (S. sanguinis 

spxBp-luc) allowed me to test different experimental setups and conditions, provided me with a 

greater understanding of the mechanism of inhibition and what is required to facilitate inhibition. 

In addition, our data showed that live cells of S. infantis are required for the inhibition of S. 

sanguinis’ H2O2 production to occur (Figure 4). 

  

S. infantis mediates inhibition of S. sanguinis H2O2 production via diffusible molecule(s) 

Having shown that lives cells are required for inhibition, I wanted to determine if the inhibition 

occurs via cell-to-cell contact or through a diffusible signal. I filter-sterilized cultures of S. infantis 

and used the sterile supernatant as the media for growing S. sanguinis spxBp-luc and testing 

the effect on luciferase activity. Growing S. sanguinis spxBp-luc in filtered supernatant from S. 

infantis resulted in a decrease in luciferase activity (Figure 6A).Further experimentation showed 

that, despite heat treatment, the supernatant from S. infantis was able to inhibit H2O2 production 
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(Figure 6B). This data in conjunction with the requirement of live cells for inhibition suggests 

that the inhibitory compound is not constantly present on S. infantis’ cell surface and must be 

produced. This knowledge adds a layer of complexity to the interaction showing the signal might 

be a byproduct of a normal cell function that S. infantis is secreting. This hypothesis is 

supported by the trans-well data showing a contact-independent inhibition of luciferase activity 

in S. sanguinis (Figure 5). Contact between S. infantis and S. sanguinis is not required for 

either the production of the inhibitory molecule or the inhibition of H2O2 production. 

 

SpxB is pyruvate oxidase, a protein that converts pyruvate, oxygen, and phosphate into acetyl 

phosphate, CO2, and H2O2 (Carlsson and Kujala, 1984). Pyruvate is a key component in cellular 

metabolism and energy production, and it is possible that growing cells in co-culture puts them 

in competition and results in one or both species not obtaining enough nutrition. This, in turn, 

may lead to a decrease in expression of less essential genes to conserve energy. 

Supplementing mono- and co-cultures of S. sanguinis spxBp-luc with 1% sodium pyruvate has 

no significant effect on cell growth or luciferase activity, suggesting the reduction of luciferase 

activity is not due to the lack of pyruvate (Figure 7). While investigating the inhibitory 

relationship between S. infantis and S. sanguinis using the trans-well system, I wanted to 

determine if this inhibitory effect on S. sanguinis’ H2O2 production is unique to S. infantis. I 

expanded the panel of bacteria tested in the bottom well and curiously found that all tested 

species negatively impacted luciferase activity to varying degrees with S. infantis inducing the 

most drastic reduction in spxB gene expression (Figure 8). Not only is there some diffusible 

molecule being secreted resulting in a decrease in spxB transcription, but it is also produced by 

a variety of different bacteria, in this case specifically other Streptococci, does not appear to be 

linked to a deficiency in nutrition. The results continue to support a hypothesis that leads to a 
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byproduct from metabolic or other processes being the key molecule for this observed 

transcriptional inhibition of S. sanguinis spxB gene expression. 

 

S. infantis produces compound(s) that degrade H2O2 when grown on agar plates 

Most of this data was collected using planktonic cells, however the project was initiated using 

cells on agar plates to observe the phenotype. Given the differences in growth conditions, I 

returned to plate-based assays to determine if the phenomena I see in liquid culture is the same 

as I would observe on an agar plate. Using the hypothesis of a diffusible inhibitory molecule as 

the basis, I performed proximity inhibition assays on Prussian Blue agar plates to investigate the 

pattern of inhibition. Prussian Blue plates shift from a blue-green color to a dark blue when 

exposed to H2O2. S. infantis was plated adjacent to a wild type colony of S. sanguinis and a halo 

of light blue coloration is observed at the interface between the two colonies (data not shown). 

This result intrigued me, so I went a step further and looked at S. infantis and S. sanguinis 

ΔspxB plated next to a 10 µL spot of H2O2 (Figure 9A). A very clear halo around both species 

can be seen at the interface between the bacterial colony and the H2O2. Both species are 

clearly producing something that degrades H2O2. Around this time a paper was published 

showing that many spxB+ Streptococci secrete pyruvate as a means of detoxifying H2O2 

(Redanz et al., 2020). They only noticed this phenomenon when working with strains of S. 

sanguinis that were deficient in H2O2 production, possibly due to the innate production of H2O2 

obscuring the phenotype (Redanz et al., 2020). Using similar methods as those presented in 

their paper, I isolated filtrate from agar plates upon which S. infantis grew and measured the 

presence of pyruvate in the filtrate (Figure 9B). Using the strain of S. sanguinis ΔspxB they 

studied as my positive control, I found that neither the BHI negative control nor the S. infantis 

sample of filtrate had as much pyruvate present (Figure 9). With the knowledge that S. infantis 

secreted no more pyruvate than is present in a BHI plate and that S. infantis does not degrade 
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H2O2 in liquid culture conditions, I continued to follow their line of inquiry. I tested the agar filtrate 

from plates bearing S. infantis for the capacity to degrade H2O2 and found that contrary to the 

liquid culture data I gathered, the S. infantis filtrate noticeably degraded the H2O2 (Figure 10). 

 

These newest results seemingly contradict previous data I collected. In one case I show that S. 

infantis does not degrade H2O2 when incubated with it, but another set shows that just the 

supernatant is able to degrade H2O2. Additionally, recent literature shows that some 

Streptococcus species can degrade H2O2 via pyruvate secretion, however when S. infantis was 

tested I see degradation of H2O2, but no increased levels of pyruvate in the surrounding media. 

This may not be as contradictory as it appears. S. infantis’ differing ability to break down H2O2 

can be explained by the different culture conditions used to test its capability. Many bacteria in 

the oral community exist in biofilm conditions, growing in plaques or on the surface of teeth. 

Given this knowledge, growth on agar plates may more closely mimic their in vivo growth 

conditions than planktonic growth. The assay that shows no degradation was performed with S. 

infantis growing in liquid media, while H2O2-degrading activity was detected when using agar 

filtrate from plates S. infantis was grown on. The use of different growth conditions can result in 

differences in gene expression, potentially leading to a reduction or loss of H2O2 degradation. 

Another important consideration is the impact diffusion can have on the ability of the 

degradatory compound to perform its function. Unlike on agar plates, the compounds might not 

be concentrated enough in the planktonic conditions to effectively degrade H2O2. The length of 

time the cells were given to grow is also a factor. The cells in the liquid assay were grown from 

overnight cultures in fresh BHI for 2 h, while the plate-based assay had the S. infantis cells 

growing overnight. Another potential concern is the lack of pyruvate in the agar filtrate from S. 

infantis. Even though the spxB+ Streptococci used in the previous study (Redanz et al., 2020) 

showed pyruvate being the molecule that detoxifies H2O2, that does not guarantee S. infantis 
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will use the same molecule. S. infantis is typically spxB+, however the strain of S. infantis I use 

does not produce H2O2. If this strain is indeed spxB- it would make sense that a different 

compound is being secreted to combat H2O2.  

 

Redanz et al. also looked at this secretion of pyruvate for a protective effect provided to nearby 

species from H2O2-mediated killing. Using Staphylococcus epidermidis F as the indicator strain, 

they observed that growing S. sanguinis ΔspxB next to the indicator strain provided a decrease 

in the zone of inhibition caused by H2O2 (Redanz et al., 2020). I observed a similar phenomenon 

using S. infantis for a protector species (Figure 11). Despite not secreting pyruvate, S. infantis 

possesses the ability to protect adjacent S. epidermidis F from H2O2-mediated killing. This 

protection has a defined radius of effect, likely limited by diffusion of the protective compound so 

the cells distal to the colony of S. infantis do not benefit from its presence.  

 

Screening a S. sanguinis SK36 mutant library revealed genes potentially involved in the 

regulation of H2O2 production  

A S. sanguinis SK36 mutant library was generously provided to us by Dr. Ping Xu at Virginia 

Commonwealth University (Ge and Xu, 2012). I used this library to screen for S. sanguinis SK36 

with two phenotypes: 1) Mutants with reduced H2O2 production. 2) Mutants whose H2O2 

production is less inhibited by S. infantis. The schematics for the experiment and representative 

plates can be seen in Figures 12 and 13, while the mutants that consistently showed the 

phenotypes of interest are found in Table 2. The “Reduced H2O2 production mutants” list 

includes the ΔspxB mutant along with others, supporting the results. The other mutants that 

came up consistently with that phenotype do not indicate what relationship they bear to H2O2 

production, though they may play a role in modulating the expression of more directly related 

genes. The same can be said for the “Inhibition Escape” mutants. None of the identified genes 
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are obviously connected to H2O2 production. I looked at the expression of some of the genes 

with the “Reduced H2O2 production” phenotype using qPCR and found that the tested genes all 

increased in expression when grown in co-culture with S. infantis relative to the S. sanguinis 

monoculture (Figure 14). While many of the genes examined using qPCR may not have 

immediately obvious connections to regulation of H2O2 production, a trio of genes, ssaABC 

could have an interesting contribution. The ssaABC operon is involved in the transport of 

Mn2+/Zn2+ as ATP Binding Cassette-type (ABC) transporters (Crump et al., 2014). SodA, a 

protein involved in breaking down O
-
2 into O2 and H2O2, is dependent on Mn2+ to function. Since 

all three genes in the ssaABC operon are upregulated in the co-culture (Figure 14), I would 

hypothesize that you would see an increased presence of Mn2+ available for SodA. Increased 

SodA activity would result in a higher concentration of H2O2 and possibly a feedback loop 

resulting in an inhibition of genes involved in producing H2O2. However, further studies are 

warranted to look more closely at these genes and investigate their role in modulating H2O2 

production. 

 

Limitations 

Like all projects, there are limitations when it comes to conclusions that can be drawn from the 

data acquired. One important aspect to recognize is the simplified community composition used 

for these experiments. These experiments were conducted with a two species community while 

the oral microbiome is comprised of hundreds of different species. This simplified community 

does not allow us to make definitive conclusions or statements regarding the way this invasion 

resistance mechanism functions in the actual oral community. A much more informative 

approach would be to examine these interspecies interactions and mechanisms in a larger 

community derived from the oral microbiome. While the work done here is limited in scope, it 

provides the foundation for investigating this phenomenon in a more in vivo-like condition. 
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Understanding what occurs and how in the smaller community provides a starting point for 

experiments in a more complex community. Another limitation is that the strain of S. infantis I 

am using has not been sequenced. This is an issue as many strains of S. infantis are spxB+ 

while mine does not produce H2O2. Sequencing this strain may provide better insight into why S. 

infantis does not appear to use pyruvate to detoxify H2O2. Finally, given the global 

circumstances at the time of writing, I am unable to follow up with some of the larger future 

directions and limitations. 

 

Future Directions 

 

Identifying the diffusible molecule(s) 

I have elucidated several aspects of the inhibitory relationship between S. infantis and S. 

sanguinis with this project. S. infantis has two different mechanisms for regulating the presence 

of H2O2: Reducing the expression of spxB in S. sanguinis and degrading the H2O2 present in the 

local area using a secreted compound. The genetic inhibition appears to be at the 

transcriptional level and the affecting molecule is present in the supernatant of S. infantis. The 

secreted compound that breaks down H2O2 does not appear to be pyruvate as it is in a similar 

capacity in S. sanguinis (Redanz et al., 2020). The identity of both molecules S. infantis uses for 

the regulation of H2O2 production remains a mystery.  

 

A key to understanding the relationship between S. infantis and S. sanguinis is analyzing the 

mechanisms that control H2O2 production: the diffusible inhibitory molecule and the degradatory 

molecule. My next step would be to isolate this molecule to allow for further characterization. I 

have already shown that the molecule can be isolated from agar plates, but further 

characterization and refinement needs to be done to accurately identify it. I will use the agar 



57 
 

filtrate from S. infantis alone and subject it to conditions such as heat treatment and protease 

treatment and determine if it retains its H2O2 detoxifying capabilities. Additionally, since I have 

an experiment for testing the efficacy of the molecule, I can further filter the agar filtrate using 

size exclusion filters and polar and non-polar solvents to remove some of the potential 

background noise when identifying the inhibitory molecule. The isolated molecules can be 

characterized using Liquid Chromatography Mass Spectrometry (LCMS) to determine their 

molecular weight and charge. In conjunction with the LCMS, electrospray ionization will be used 

to generate an ion spectra of the different compounds found in these samples. The ion spectra 

can be compared to a database of known compounds in the UCSD Global Natural Products 

Social Molecular Networking Database (GNPS). This database contains information on over 

2,000 completely characterized compounds and more than 1 million compounds from unpurified 

fractions from over 4,000 different microbes. Once candidates are identified, the small 

molecules will be purchased from a vendor, if available, or purified using reversed-phase C18 

liquid chromatography and High-Performance Liquid Chromatography. Once, purchased or 

purified, the compounds will be tested for their ability degrade H2O2 in solution and on agar 

plates. The characterized filtrates can also be used to identify the molecule that reduces the 

gene expression of spxB by adding the filtrates to S. sanguinis spxBp-luc while growing and 

examining the luciferase activity. 

 

Examining the impact of inter-species interactions on the gene expression of the 

interacting partners 

A community has numerous components that shape the way it functions and what functions it 

can carry out. To truly understand a community activity such as invasion resistance or the 

inhibitory relationship between S. infantis and S. sanguinis, we need to examine the 

community’s expression and how it changes under different conditions. I can accomplish this by 
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performing a metatranscriptomic analysis of my in vitro model community: The S. infantis/S. 

sanguinis co-culture. 

 

To perform this metatranscriptomic study, I will first extract and purify total RNA from three 

conditions in triplicate: 1) S. sanguinis monoculture, 2) S. infantis monoculture, and 3) S. 

infantis/S. sanguinis co-culture. When I successfully identify and purify the diffusible molecule 

from S. infantis that causes inhibition of hydrogen peroxide production, I can add a fourth 

condition: 4) S. sanguinis grown in the presence of this inhibitory molecule. I can synthesize 

cDNA using reverse transcription and sequence the DNA for transcriptomic examination as 

previously described (Edlund et al., 2015; Guo et al., 2015). The genomes for some S. infantis 

and S. sanguinis strains are available on the Human Oral Microbiome Database (HOMD; 

www.homd.org), so the paired reads generated can be mapped onto the respective genomes 

with the Burrows-Wheeler Aligner (BWA) tool (Anders and Huber, 2010). The expression 

analysis package for R, DeSeq, will be used to normalize and compare the gene expression 

between the generated libraries (Giannoukos et al., 2012). The strain of S. infantis I am using is 

not available on HOMD, however this can be solved simply by sequencing my strain of S. 

infantis. Attention will be paid to genes that are down regulated in S. sanguinis in the co-culture, 

relative to S. sanguinis monoculture, and genes upregulated in S. infantis in co-culture, relative 

to S. infantis monoculture. Much of this data can be used to support or disprove the data I have 

already collected. Additionally, genes that are differentially expressed in some way between the 

co-culture and the two mono-cultures will be noted as they can provide insight into other 

changes that occur when S. infantis and S. sanguinis are grown in co-culture. If any intriguing 

genes show up in this metatranscriptomic screen, I can re-run some of the experiments I have 

performed during my thesis either using a mutant version of this gene or looking at the 
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expression of this new gene of interest. Some of these differentially regulated genes should be 

involved in the H2O2 regulatory events. 

 

Performing the S. sanguinis SK36 mutant screen allowed me to identify several candidate 

genes that may be involved in regulating H2O2 production. Armed with that information, I would 

examine the expression of a variety of genes in the different “Inhibition Escape” phenotype 

mutant backgrounds. This will help me gain greater understanding on what genes are involved 

in H2O2 production regulation and potential where those genes are involved in the regulation 

pathway. Some genes I would examine the expression of include spxB, the H2O2 producing 

gene, ccpA, spxR, and ackA. SpxR and ackA are positive regulators of H2O2 production while 

ccpA is a negative regulator. 

 

Conclusion 

In summary, this project has greatly expanded the knowledge of how the oral microbial 

community maintains its community and prevents invasion non-native bacteria. There are clear 

interspecies interactions at play, regulating the production of H2O2 to tightly control when 

bactericidal compounds are produced. The communication occurs via diffusible molecules and 

appears to modulate H2O2 production in two ways: 1) Genetic inhibition reducing transcription of 

spxB. 2) Degradation of already produced H2O2 via secreted, yet-to-be-identified compound.  

 

One of the biggest conclusions drawn from this work is the dual nature of the inhibition of H2O2 

production in S. sanguinis. S. infantis uses a combination of regulation of S. sanguinis H2O2 

production at the transcriptional level as well as secretion of a compound that degrades H2O2. 

This might strike someone as odd initially. Why would a bacterium want to spend extra energy 

to uses two methods for regulating one biological event? The most straightforward answer 
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would be for tighter control of this biologically relevant mechanism. Much of the heavy lifting can 

be done by the diffusible molecule that inhibits H2O2 production on a genetic level and this 

allows the degradatory compound can function as a protective element. While many 

endogenous oral species are more tolerant to H2O2 exposure than non-native bacteria, there is 

an upper limit. The compound that breaks down H2O2 can serve to mitigate the risk with using 

H2O2 as a defense mechanism for the oral community. S. infantis produces this protective 

compound that has a limit to its diffusibility resulting in the local bacterial species being safe 

from H2O2-mediated killing while the exogenous species die. Additionally, S. sanguinis’ H2O2 

production being inhibited after performing its invasion resistance function does not mean that 

the remaining H2O2 in the environment will simply disappear. S. infantis’ ability to detoxify H2O2 

allows it to “clean up” any remaining H2O2 further reducing the risk to the native community. The 

idea of S. infantis using H2O2 degradation as a protective function is not particularly farfetched 

either. A recent paper investigating the function of secreted pyruvate by H2O2 producing 

Streptococci proposes a similar idea (Redanz et al., 2020). In their work, they observed that 

spxB+ Streptococci secrete pyruvate and it can function as a protective agent for typically H2O2-

sensitive species such as S. epidermidis F (Redanz et al., 2020). 

 

This work has important information for synthetic ecology in general, but more specifically the 

oral microbial community. One of the goals of synthetic ecology is to design a community that 

can perform its intended function at an optimal level. Given how much the human body’s 

microbial communities contribute to the health of their host, creating a minimal community that 

excels at the behaviors that support human health would be a massive boon. This work 

provides a better understanding about what activities that oral community perform to protect the 

host from foreign bacteria. Replicating this exact activity with this exact set of bacteria is not 

particularly important. There may be a better community composition and a better protective 
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mechanism out there, but this work shows what community behaviors need to be considered for 

building these ideal microbial communities. 

 

Altogether, this work will set the foundation for future projects having a better understanding of 

community behaviors necessary for stability and how different oral species interact to facilitate 

these behaviors.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



62 
 

Anders, S., & Huber, W. (2010). Differential expression analysis for sequence count data. In Nature 

Precedings. https://doi.org/10.1038/npre.2010.4282.1 

Carlsson, J., & Kujala, U. (1984). Pyruvate oxidase activity dependent on thiamine pyrophosphate, 

flavin adenine dinucleotide and orthophosphate in Streptococcus sanguis. FEMS Microbiology 

Letters, 25(1), 53–56. 

Crump, K. E., Bainbridge, B., Brusko, S., Turner, L. S., Ge, X., Stone, V., Xu, P., & Kitten, T. (2014). 

The relationship of the lipoprotein SsaB, manganese and superoxide dismutase in 

Streptococcus sanguinis virulence for endocarditis. Molecular Microbiology, 92(6), 1243–1259. 

Edlund, A., Yang, Y., Yooseph, S., Hall, A. P., Nguyen, D. D., Dorrestein, P. C., Nelson, K. E., He, 

X., Lux, R., Shi, W., & McLean, J. S. (2015). Meta-omics uncover temporal regulation of 

pathways across oral microbiome genera during in vitro sugar metabolism. The ISME Journal, 

9(12), 2605–2619. 

Ge, X., & Xu, P. (2012). Genome-wide gene deletions in Streptococcus sanguinis by high throughput 

PCR. Journal of Visualized Experiments: JoVE, 69. https://doi.org/10.3791/4356 

Giannoukos, G., Ciulla, D. M., Huang, K., Haas, B. J., Izard, J., Levin, J. Z., Livny, J., Earl, A. M., 

Gevers, D., Ward, D. V., Nusbaum, C., Birren, B. W., & Gnirke, A. (2012). Efficient and robust 

RNA-seq process for cultured bacteria and complex community transcriptomes. Genome 

Biology, 13(3), R23. 

Grenier, D., & Mayrand, D. (1986). Nutritional relationships between oral bacteria. Infection and 

Immunity, 53(3), 616–620. 

Guo, L., McLean, J. S., Lux, R., He, X., & Shi, W. (2015). The well-coordinated linkage between 

acidogenicity and aciduricity via insoluble glucans on the surface of Streptococcus mutans. 

Scientific Reports, 5, 18015. 

http://dx.doi.org/10.1038/npre.2010.4282.1
http://dx.doi.org/10.3791/4356


63 
 

He, X., Tian, Y., Guo, L., Lux, R., Zusman, D. R., & Shi, W. (2010). Oral-derived bacterial flora 

defends its domain by recognizing and killing intruders--a molecular analysis using Escherichia 

coli as a model intestinal bacterium. Microbial Ecology, 60(3), 655–664. 

Mallon, C. A., van Elsas, J. D., & Salles, J. F. (2015). Microbial invasions: the process, patterns, and 

mechanisms. Trends in Microbiology, 23(11), 719–729. 

Mikx, F. H., & Van der Hoeven, J. S. (1975). Symbiosis of Streptococcus mutans and Veillonella 

alcalescens in mixed continuous cultures. Archives of Oral Biology, 20(7), 407–410. 

Rada, B., & Leto, T. L. (2008). Oxidative innate immune defenses by Nox/Duox family NADPH 

oxidases. Contributions to Microbiology, 15, 164–187. 

Redanz, S., Treerat, P., Mu, R., Redanz, U., Zou, Z., Koley, D., Merritt, J., & Kreth, J. (2020). 

Pyruvate secretion by oral streptococci modulates hydrogen peroxide dependent antagonism. 

The ISME Journal, 14(5), 1074–1088. 




