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Bacteria usually cause human infections as multispecies communities. These 

communities often spatially organize into surface-attached structures known as biofilms. 

Within biofilms, bacteria interact by exchanging metabolites and competing for nutrients, 

such as carbon and iron sources. These interactions can result in synergy, or enhanced 

bacterial persistence. Despite its clinical relevance, we lack approaches for understanding 

synergy. One of the most prevalent polymicrobial infections is periodontitis, or severe 

gum inflammation. This condition leads to tooth loss, and the associated bacteria also 

cause life-threatening abscesses. The most abundant bacteria in the oral cavity are 

streptococci. Streptococci release high amounts of lactate and peroxide as waste. 

Previously we showed that Streptococcus gordonii (Sg) enhances the persistence of the 

periodontal pathogen Aggregatibacter actinomycetemcomitans (Aa) in murine abscesses. 

Aa prefers lactate as a carbon source, and cross-feeding by Aa on lactate made by Sg is 

critical for synergy in abscesses. Unclear from these studies was how Aa simultaneously 

tolerates peroxide, an antimicrobial, in the abscess. Furthermore, Aa can only catabolize 

lactate if oxygen is available, but abscesses are generally considered anaerobic. Through 

3D spatial analysis of abscesses, I showed that Aa senses peroxide to localize to a 4-13 

µm distance from Sg, where it can presumably cross-feed on lactate but avoid peroxide. I 

then applied high-throughput genomic approaches to study Aa synergy with Sg. Through 
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transposon mutant fitness profiling (Tn-seq) on Aa in abscesses, I showed that Sg 

enhances oxygen availability, shifting Aa from a low- to high-energy metabolism where 

it can cross-feed on lactate. Through RNA-seq and chromatin immunoprecipitation 

followed by sequencing (ChIP-seq) on the Aa Ferric uptake regulator (Fur), I showed that 

in mono-abscesses Aa can access iron, an essential nutrient often sequestered by the host, 

but in co-culture abscesses Sg reduces iron availability. Furthermore, I showed that in 

human oral infections, the shift to disease also reduces Aa iron availability. Together, 

these studies reveal novel interactions that underlie synergy in model and human 

polymicrobial infections. 
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Chapter 1: Introduction1 

 

1.1 OVERVIEW 

 

Bacteria, including human pathogens, are generally found in spatially organized, 

multispecies communities. Despite knowing this, we have a poor understanding of how 

these factors affect bacterial pathogenesis. In Chapter 1, I give background on how 

bacteria spatially organize when establishing polymicrobial infections. Throughout this 

dissertation I use a model community, consisting of a pathogen and commensal, to study 

polymicrobial interactions. The main approaches used in this dissertation can be divided 

into spatial analysis (Chapter 2) and genomics (Chapters 3-4). In Chapter 2, I use spatial 

analysis to show that the biogeography of the model community is critical for virulence. 

In Chapter 3, I use Tn-seq to show that the commensal enhances oxygen availability to 

the pathogen. In Chapter 4, I use RNA- and ChIP-seq to show that the commensal 

reduces iron availability to the pathogen. In Chapter 5, I discuss future directions. 

 

1.2 THE BIOGEOGRAPHY OF POLYMICROBIAL INFECTION 

 

Rather than ‘bags of enzymes,’ microorganisms are social creatures that build 

complex communities such as biofilms. Similar to most cities, biofilms are multicultural 

and well-engineered, or – in the parlance of microbiologists – polymicrobial and spatially 

                                                
1This chapter was adapted from reference 1. All co-authors contributed equally. Stacy, A., McNally, L., 
Darch, S.E., Brown, S.P., Whiteley, M., The biogeography of polymicrobial infection. Nat Rev Microbiol, 
2016. 14(2): p. 93-105. 
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organized. Traditionally, biofilms are thought of as hundreds of thousands of cells 

encased in a matrix and attached to a surface [2], but they can also contain as few as tens 

of cells simply arranged as a small cluster or aggregate. Relevant to human health, 

polymicrobial biofilms are prevalent across the human body, both during health and 

disease. Although historically infections have been attributed to individual pathogens [3], 

polymicrobial interactions within biofilms also hugely impact disease [4]. For example, 

some infections require colonization with multiple interacting pathogens (e.g. 

Porphyromonas gingivalis and commensal oral microbes in periodontal disease [5]), 

while other infections are modulated in severity upon the presence of co-infecting species 

(e.g. Pseudomonas aeruginosa and Staphylococcus aureus in chronic wounds [6]). The 

timing of these interactions can also vary. As in the above examples, co-pathogens can 

appear in the host concurrently, or they can appear stepwise as a successional series of 

pathogen acquisitions (e.g. bacterial pneumonia following viral infection). Moreover, in 

some instances a well-known ‘pathogen’ may only be a minor player in disease 

progression, with commensal strains bearing the prominent role (e.g. Streptococcus 

mutans in dental caries [7]). 

‘Synergy’ is a positive interaction term often used to describe interactions 

between microbial strains or species that result in an outcome that is greater than the sum 

of the individual parts. In the context of infection, the primary outcome generally 

assessed is damage to the host. Polymicrobial infections are therefore classified as 

synergistic if they are more severe than infections with individual microorganisms [8]. 

Major clinical repercussions of synergy during polymicrobial infections include 

heightened antimicrobial resistance and prolonged time necessary for host recovery. 

Although mechanisms of synergy are often ill-defined, it is not necessary that all 

infecting species benefit from the polymicrobial interaction in order for the interaction to 
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be synergistic. In fact, one species can benefit at the expense of another as long as this 

results in an advantage during any of the major phases of infection: attachment, growth, 

host evasion and host damage [4]. Furthermore, synergistic interactions should not be 

thought of as randomly occurring, as simply combining any two pathogens in an infection 

does not always result in synergy [9, 10]. However, synergy is not always positively 

selected for over time and can instead seem ‘accidental.’ For instance, Pseudomonas 

aeruginosa (an environmental bacterium that usually resides in soil and water) and 

Staphylococcus aureus (a bacterium that usually resides in the respiratory tract and on the 

skin) competitively interact in wounds [6], leading to chronic infections that are 

recalcitrant to antimicrobial therapy [11], but the response of these bacteria to each other 

is unlikely to have evolved in the context of wounds and probably evolved due to 

interactions with other microorganisms that are present in their natural habitats [12]. By 

contrast, the oral cavity exemplifies a polymicrobial environment where interactions are 

highly evolved, since oral microorganisms usually exist only in that environment and in 

each other’s presence. Unfortunately, we still lack a thorough, mechanistic understanding 

of polymicrobial interactions in relation to disease, an alarming fact when considering 

that polymicrobial infections pose a considerable burden on society [13]. 

Biogeography is the study of species distributions through space and time. 

Traditionally, this discipline examines global distributions of plants and animals, a classic 

example being the Wallace Line, the boundary that separates Asian and Australian 

species [14]. The ecological and evolutionary forces that govern biogeographic patterns 

have been differentiated as selection, drift, diversification, and dispersal [15, 16] (Fig. 

1.1). Microbial spatial patterns have also inspired significant interest and research, not 

only those occurring over continents and oceans [17] but also over the landscape of a 

single human [18-20] to the scale of a single infection site. The most basic evidence for 
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this ‘biogeography of infection’ is the existence of endemic species, such as Helicobacter 

pylori, which is found only in the stomach. Further evidence, provided by the Human 

Microbiome Project, is that the same body sites on different individuals are often more 

similar in community composition than different sites on the same individual [18], which 

illustrates that microorganisms are not randomly distributed throughout the body. The 

processes generating these and other spatial patterns of microbial distribution can be 

understood using the same framework as the one developed in traditional biogeography 

(Fig. 1.1). 
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Fig. 1.1. Forces regulating biogeography. 

In traditional biogeography, four forces are described that primarily give rise to 
spatial patterns [15]. These forces also function in the context of human infections. 
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Fig. 1.1 (continued) 
 

Selection. As microorganisms vary widely in the stresses that they can tolerate, 
one of the strongest forces governing microbial spatial patterns is environmental 
selection. Within the host, different environments exert selective pressures that influence 
biogeography, as seen for example in the fact that the gut and oral microbiomes are more 
similar between people than they are within the same person [18], suggesting that these 
habitats exert unique but conserved selective pressures on the local microbial 
communities. As all microorganisms within the host must acquire nutrients to sustain 
growth, a major selective force determining biogeography of host-associated 
microorganisms is nutrient availability. One example of this can be seen in staphylococci 
that differentially colonize human surfaces. This bacterial group is prevalent across 
human skin [21], but in contrast to many other staphylococci, Staphylococcus aureus also 
persistently colonizes one third of human nasal cavities [22]. Supporting a nutritional 
basis for this pattern, S. aureus, but not skin-restricted staphylococci, can sustain growth 
in a synthetic nasal medium [23]. These experiments have revealed that acquisition of a 
specific nutrient, methionine, is a key trait for S. aureus to colonize the nose. 

Drift. Ecological drift describes changes in strain and species abundance that are 
due to chance. Currently, it is unknown how much drift, independent of selection, 
impacts microbial community composition [24, 25]. The enormous variability in the 
human microbiome [26] provides strong evidence that drift, with selection, affect within-
host biogeography. However, rather than drift or natural selection being the predominant 
force, it is more likely that their relative influence depends on body site and time of 
sampling. For example, spatial variation in drift occurs across skin regions. The forearm, 
an open site, is transiently colonized, whereas the inside of the ear, an occluded site, is 
stable over time [27]. Temporal variation is exemplified by the microbiomes of 
newborns. Caesarean-section babies have skin-like microbiomes, whereas vaginally 
delivered babies have vagina-like microbiomes [28], but over time both microbiomes 
converge. 
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Fig. 1.1 (continued) 
 

Diversification. Diversification is the divergence in phenotype among organisms 
that occurs through the addition, loss, or modification of traits via genetic adaptation (for 
example, due to horizontal gene transfer (HGT)). A notorious site of within-host 
diversification is the airway of patients with cystic fibrosis, where the sinuses and lungs 
within the same patient can harbor distinct sub-lineages of Pseudomonas aeruginosa 
[29]. Key to these and other diversification events is spatial structure, since it creates 
heterogeneity in resources and selective pressures. For example, the specific nutrients 
present in a specific infection site can preferentially direct evolution towards virulence. 
This is seen for S. aureus, which can infect many tissues, including magnesium-rich 
bones and kidneys, where during infection this nutrient accelerates evolution of 
bacteremia and drug resistance [30]. Furthermore, diversification though HGT can lead to 
an expansion in the biogeography of a pathogen. For example, S. aureus primarily 
colonizes the nose, but after acquiring a single gene from Staphylococcus epidermidis, a 
skin commensal, S. aureus became able to withstand the harsh conditions associated with 
residing on skin [31]. 

Dispersal. Perhaps the strongest evidence for a ‘biogeography of infection’ is that 
many infections stem from microorganisms that migrate between host compartments. 
Globally, microorganisms are dispersed by water, wind, and other long-range forces, and 
a common debate in traditional biogeography is the scale over which this actually takes 
place. Dispersal has been argued as both completely unlimited (summarized in the 
statement ‘Everything is everywhere, but, the environment selects’ [32, 33]) and severely 
limited [25, 34]. It has also been proposed that microorganisms exhibit a range of 
dispersal capacities [35]. This is likely the scenario in host environments, where dispersal 
is dynamic and regulated by the status of host barriers, such as along the skin, gut, or 
blood-brain barrier. These barriers maintain body sites that are sterile (representing 
limited dispersal), but when compromised, can no longer prevent microorganisms from 
entering infection sites (representing unlimited dispersal). An example of unlimited 
dispersal-mediated infection, where microorganisms of many varieties can passively 
enter a breached infection site, is represented by open wounds, such as following a 
traumatic skin injury that compromises barrier function. These infections accumulate 
microorganisms from the skin, gut, oral cavity, and environmental reservoirs [36], 
leading to ‘unusual’ polymicrobial interactions that likely occur in few other places in 
nature, such as that between S. aureus (a bacterium that usually resides in the respiratory 
tract and on the skin) and P. aeruginosa (a bacterium that usually resides in soil and 
water). 
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Our understanding of polymicrobial infections has benefitted not only from 

asking ‘who is there?’ (which can be addressed using metagenomics) and ‘what are they 

doing?’ (which can be addressed using metatranscriptomics) but also ‘who is next to 

whom?’ (i.e. ‘what is the biogeography?’). Because of their spatial arrangement, two 

species found within the same infection site may not even directly interact. Therefore, it 

is beneficial to preserve native spatial organization when studying infectious 

communities. While this may be a difficult task, efforts to do so are worthwhile since 

gaining insight from a disturbed or homogenized ecosystem is ‘similar to asking a plant 

ecologist to make sense out of a giant heap of plants harvested from an entire landscape’ 

(adapted from [37]). 

The characterization and manipulation of microbial spatial arrangements have 

provided insight not only into pathogenesis but also, more broadly, into biodiversity [38], 

community stability [39], and evolution [40, 41], further highlighting the importance of 

understanding the biogeography of microbial communities. In this Review, we focus on 

individual infection sites and examine, at the cellular level, how these communities are 

spatially organized and how this organization in turn impacts virulence. Although 

biogeography is traditionally discussed at the macro-scale, we feel that, from the 

perspective of a microorganism, even an isolated infection site is a landscape, with 

microscopic features equally diverse as those across the human body. These micro-

environments encompass attachment sites, the physicochemical environment, nutrients 

and the host immune system, and these factors can vary in how well they support or 

suppress microbial growth, ultimately leading to complex microbial spatial patterns, or 

what we describe as ‘microbiogeography’. In addition to reviewing the importance of 

these factors during infection, we discuss the specific role of polymicrobial interactions 

in determining spatial organization and highlight potential therapeutic interventions that 
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can be derived from studying microbiogeography. Our goal is to highlight the impact of 

spatial organization on virulence and disease progression (Fig. 1.2). 
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Fig. 1.2. Factors that influence microbiogeography. 

(A) Attachment. Binding to specific host receptors can enable microbes to attach 
to surfaces. Therefore, the spatial distribution of such receptors may have an important 
role in determining the initial organization of microbial communities. For example, the 
insert shows streptococci (labelled in red; nonspecific nucleic acid stain labeled in green), 
which are initially sparse in human dental plaque communities, suggesting that the host 
receptors that streptococci adhere to are also sparse [42].  
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Fig. 1.2 (continued) 
 

(B) Aggregation. Following attachment, microorganisms usually grow and 
organize into aggregates. Aggregation can involve collective behaviors (left panel) or can 
arise from single-cell founding events followed by clonal growth (right panel, where the 
cyan shaded cell is the founding cell). For example, the insert shows Pseudomonas 
aeruginosa (labelled in red) forming micro-colonies on the surface of epithelial cells 
(labelled in blue), in a process that is regulated by collective behavior and depends on 
expression of the type III secretion system (T3SS) [43]. The aggregate exhibits biofilm-
like characteristics, such as staining positive for the matrix exopolysaccharide Psl 
(labelled in green). Scale bar, 10 µm. 

(C) The physico-chemical environment. Gradients, such as in pH and oxygen, can 
influence the distribution of bacteria within communities. For example, the insert shows 
P. aeruginosa (labelled in red) concentrated around a vein (host cells are labelled in pink 
and blue) in a cross-section of a murine burn wound, in a process that may be regulated 
by oxygen availability. [44]. PaB, P. aeruginosa biofilm. Scale bar not included. 
(D) Nutrients. The ability to access and utilize certain nutrients in specific locations can 
also influence microbiogeography. For example, the insert shows Bacteroides fragilis 
(labelled in red), which carries a specific polysaccharide utilization locus that mediates its 
localization deep within an intestinal crypt (labelled in green; the top arrow indicates the 
crypt entrance) [45]. Scale bar, 10 µm. 

(E) The immune system. Immune molecules, such as the lectin RegIIIγ, influence 
the distribution of microbial communities. For example, the insert shows how secretion 
of the lectin RegIIIγ by small intestine epithelial cells (labelled in blue) leads to the 
establishment of a 50 µm wide gap between the intestinal surface and the microbiota 
(labelled in green) [46]. 
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1.2.1 Factors that influence microbiogeography 

 

Multiple factors influence the spatial patterns of microbial communities during 

infection, including the ability of microorganisms to attach and aggregate, the 

physicochemical environment and nutrient levels surrounding the communities, and the 

host immune response. 

1.2.1.1 Attachment 

The first requirement for successfully colonizing the host is attachment. While 

microorganisms can attach non-specifically to abiotic surfaces – a behavior that is 

important in the context of implanted medical devices (e.g. catheters or stents) [47] – in 

the context of host tissue, attachment often occurs through highly specific interactions 

between microbial cell surface structures (adhesins) and host receptors. The spatial 

distribution of such receptors may therefore have an important role in determining the 

initial organization of microbial communities on host surfaces. 

The oral cavity is an environment that illustrates how attachment can influence 

colonization. Early colonizers of dental plaque, such as oral streptococci, can adhere to 

many of the receptors displayed on the acquired enamel pellicle that coats tooth surfaces. 

Despite this capability, spatial mapping of ‘pioneer’ species on human teeth shows that 

these initial communities are strikingly sparse, appearing mostly as solitary cells and 

dense micro-colonies [42] (Fig. 1.2A). This suggests that the receptors bound by the 

streptococci are themselves sparse, implicating a direct role for the biogeography of host 

receptors in structuring surface-attached communities. Alternatively, these receptors 

could be abundant on tooth surfaces, and the biogeographic pattern could arise via the 

gradual transfer of streptococci from neighboring sites. Further insight into the factors 

regulating the microbiogeography at these sites may be gained from spatially mapping 
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the receptors themselves, similar to what has been done for the distribution of host 

receptors in the gut mucus [48]. 

An important advantage of attachment in both the oral cavity as well as other 

infection sites is that it affords protection from flow and washout. For example, 

uropathogenic strains of E. coli (UPEC) can successfully colonize the kidney, despite the 

presence of high flow rates. To do so, UPEC expresses multiple types of highly adhesive 

fimbriae; these surface appendages firmly adhere UPEC to the walls of filtration tubules 

as well as to other UPEC cells, causing these populations to span and obstruct the lumen 

of the tubules. Ultimately, this spatial organization blocks urine flow, heightening the 

severity of kidney infection. As kidney tubules are narrow (their width is <50 µm), 

bacterial attachment patterns at even very small spatial scales can easily block them, 

triggering the onset of symptomatic infection [49]. 

1.2.1.2 Aggregation 

Once attached to the host, microorganisms generally grow and organize 

themselves into small (5-200 µm wide) clusters (Fig. 1.2B). These structures, also known 

as aggregates, have been termed in vivo biofilms [50], and they directly contrast the large 

(sub-mm to cm scale), mushroom-shaped structures often observed in in vitro biofilm 

studies. Many, if not most, infections are colonized with aggregates, including wounds 

[44, 51], abscesses [52], and the cystic fibrosis lung [53], although exceptions have been 

noted, such as the thick biofilms associated with middle ear infections [54]. Like in vitro 

biofilms [55], the formation of in vivo biofilms is highly regulated, with the genetic 

determinants for many species beginning to be dissected [43, 56, 57]. An important 

insight from these studies has been that determinants for in vivo biofilm formation are not 

always the same as those identified in vitro, and vice versa. Biofilm studies with 
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Pseudomonas aeruginosa illustrate this principle. P. aeruginosa requires quorum sensing 

to form mushroom-like structures in flow chambers [58] but not in murine burn wounds 

[44]. Similarly, P. aeruginosa requires a type III secretion apparatus to form aggregates 

in murine lung infections but not on abiotic surfaces [43] (Fig. 1.2B). 

Aggregates can also arise from single-cell founding events followed by clonal 

growth [59], rather than through a collective microbial behavior. In these events, a single 

cell replicates until it forms a multicellular aggregate; this contrasts with the active 

recruitment of microorganisms into an aggregate, which can occur independently of cell 

division. Computer simulations that model clonal growth from single cells have shown 

that spatial structure is an emergent property of basic cell division and crowding. While 

these models have yet to perfectly reproduce the shape and size of aggregates found in 

vivo, they give insight into fundamental parameters that govern cellular organization in 

structured communities. For example, simulation studies have revealed that nutrient 

limitation fosters spatial segregation of cell lineages [60] (see below). 

As with in vitro biofilms, pathogenic microorganisms that are in aggregates 

display enhanced virulence-related phenotypes, including accelerated growth [61], 

increased stress resistance [62, 63], immune evasion [57, 64-66], and transmission [56, 

67]. Therefore, it is important for the host to physically disperse these populations in 

order to eliminate them. Host factors that disrupt this microbiogeography include two 

major components of mucus, lactoferrin [68] and mucin [69]. These molecules promote 

motility in P. aeruginosa and thereby prevent it from aggregating. However, in immuno-

compromised cystic fibrosis patients, P. aeruginosa thrives as aggregates embedded in 

mucus layers lining the lung. Furthermore, in these patients, P. aeruginosa aggregates are 

thought to release toxic molecules that stave off immune cells. One such toxin, 

rhamnolipid, forms a protective shield around P. aeruginosa aggregates, evidenced as a 
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sharp, impenetrable interface against host neutrophils [70]. Although neutrophils cannot 

invade these populations, aggregate growth rates in the lungs of patients with cystic 

fibrosis negatively correlate with the density of surrounding neutrophils because these 

host cells restrict oxygen levels. As a result, P. aeruginosa grows at higher rates in the 

respiratory zone (high in oxygen) than in the conducting zone (low in oxygen) of the 

respiratory tract [65]. Therefore, local interactions between aggregates and neutrophils 

impact the macro-scale biogeography in the lungs of patients with cystic fibrosis. 

1.2.1.3 The physicochemical environment 

Gradients, such as in pH and oxygen, provide landmarks for microbial spatial 

organization. For example, in the stomach, H. pylori burrows deep into the mucus layer, 

where it precisely localizes to a segment that is 25 µm above the epithelial surface [71]. 

Rather than relying on absolute pH or other cues of location within the mucus, such as 

urea or ammonia, H. pylori achieves its specific orientation in the stomach by sensing a 

pH gradient that guides it away from the lumen (where pH»3) and towards the epithelium 

(where pH»5.5) [71]. This mechanisms enables H. pylori to colonize a precise region 

where it achieves high local densities that likely contribute to the very high rates of 

recombination among H. pylori strains [72] and promote chronic bacterial persistence in 

one of most extreme, acidic environments in the human body. 

Gradients in oxygen levels also impart spatial organization to microbial 

communities. For example, in the gut, oxygen that diffuses out from the epithelium 

creates an adjacent oxic zone where strict anaerobes are depleted but facultative 

anaerobes are enriched [73]. Oxygen therefore provides a useful cue for proximity to the 

epithelial layer, and this information can be leveraged by pathogens such as Shigella 

flexneri. This intracellular pathogen secretes effectors for epithelial invasion when it 
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senses precise oxygen levels in vivo (within 70 µm of the epithelial surface) [74]. At a 

smaller scale, gradients of oxygen can develop even within individual bacterial 

aggregates, due to consumption of oxygen by bacteria at the surface of the aggregate 

[75]. This raises the possibility of multispecies organizations where strict anaerobes can 

persist in the center of aggregates, away from the source of oxygen [76], similar in 

concept to that which has been described in the gut [73]. 

Despite being exposed to air, skin wounds are also highly heterogeneous in 

oxygen levels. In chronic, surgical wounds, this results from poor vasculature, which 

creates a low-oxygen environment that allows the persistence of many strict anaerobe 

[77]. However, oxygen is not completely absent, as oxygen consumers such as P. 

aeruginosa also commonly thrive in these infections. A motile bacterium, P. aeruginosa 

can move to the periphery of the wound [51], a spatial niche where it potentially gains 

greater access to oxygen. P. aeruginosa is also highly migratory in acute, burn wounds. 

In these infections, P. aeruginosa forms dense aggregates around arteries and veins, a 

spatial organization known as perivascular cuffing [44] (Fig. 1.2C). A potential regulator 

of this organization is the oxygen that may leak into the infection site from the oxygen-

rich blood in the vasculature. This oxygen may locally accumulate around arteries and 

veins and provide a chemo-attractant for P. aeruginosa motility. Supporting this notion, 

aerotaxis and motility are required for full fitness of P. aeruginosa in burn wounds [78], 

although many other blood-derived cues could also serve as chemo-attractants in these 

infections. Furthermore, cuffing immediately precedes transit of P. aeruginosa from the 

wound bed into the bloodstream, leading to sepsis and potentially death, highlighting the 

importance of these structures in driving pathology. However, visualization of P. 

aeruginosa in human wounds is still needed in order to extend the importance of these 

spatial organizations to P. aeruginosa infections in humans. Nonetheless, the described 
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murine-based studies demonstrate that microbial responses to physicochemical cues 

within infections can result in spatial organization that ultimately promotes virulence. 

1.2.1.4 Nutrients 

As mentioned above, computer models have revealed that nutrient limitation 

fosters spatial segregation of cell lineages [60]. For example, agent-based modeling of 

microbial growth in biofilms shows that, while different strains of bacteria often intermix 

during growth when nutrients are plentiful, in nutrient-deplete conditions strains 

segregate along the growing front. This segregation occurs because as nutrient 

availability is reduced, the number of dividing cells is also reduced, increasing the 

potential for stochastic separation of lineages into distinct sectors. This formation of 

separate genotypic sectors has important consequences for social interactions in 

microorganisms as it allows strains that produce secretions to avoid exploitation by non-

producing ‘cheat’ strains [60]. Therefore, since microorganisms in infection sites are 

often starved for nutrients, nutrient-derived spatial segregation may be a powerful source 

of genotype patterning in vivo. 

Furthermore, nutrients in the host are highly heterogeneous, as seen in the gut 

where host secretions can appear as patches, forming ‘hotspots’ along the gut epithelium 

[79], and gradients, decreasing in richness away from the epithelium [80]. Because of this 

nutrient richness closer to the epithelium, this location is the preferred niche for many 

enteric pathogens; when present in this location, these pathogens upregulate virulence 

factors that damage the host and release nutrients, ultimately enhancing bacterial growth 

[81-83]. This nutrient heterogeneity can give rise to spatial organization, which can be 

driven by motility [59] and chemotaxis [83]. For example, motility is required for 

Salmonella enterica subsp. enterica serovar Typhimurium to infect the inflamed gut. In 
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this environment, the host epithelium generates alternative electron acceptors that enable 

S. Typhimurium to outgrow the native gut microbiota [84, 85]. Respiration with these 

electron acceptors serves as a signal for motility in S. Typhimurium, a behavior known as 

energy taxis. As a result, S. Typhimurium chemotaxes towards, and closely associates 

with, the gut epithelial surface, which is the source of the electron acceptors [83]. 

Therefore, host-derived nutrients give rise to a spatial organization that underlies 

inflammatory pathogenesis [83]. 

Spatial structure can also emerge through local growth enrichment [86], 

independent of motility, as non-motile bacteria can acquire specific biogeographies that 

are linked to nutrition. For example, in the colon, Bacteroides fragilis localizes to the 

crypt spaces between intestinal villi (Fig. 1.2D). The colonization of this spatial niche 

requires the expression of a specific polysaccharide utilization locus [45]. This locus, 

termed ccf (for commensal colonization factors), shows homology to the Sus family of 

proteins, suggesting that the uptake and use of glycans may regulate the ability of B. 

fragilis to colonize this niche. Interestingly, Vibrio cholerae also localizes to crypt 

spaces, but despite being motile, it does not require motility or chemotaxis for this spatial 

organization. This suggests that a motility-independent mechanism, perhaps similar to 

that used by B. fragilis to colonize this region, also regulates the ability of V. cholerae to 

penetrate crypt spaces [81]. 

1.2.1.5 The immune system 

The immune system also contributes to microbiogeography, most notably at 

epithelial surfaces where the host is at greater risk of direct contact with the microbiota. 

Therefore, physical separation at epithelial surfaces is critical for the host to avoid 

persistent inflammation. In the intestine, the immune system establishes a narrow 
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microorganisms-free layer directly above the epithelium that is only 50 µm wide [46, 87] 

(Fig. 1.2E). To maintain this barrier, the small and large intestine employ mechanisms 

that are each distinct and suited for the physiological roles of these organs [88]. The small 

intestine mucus layer is highly permeable in order to promote absorption, rendering it 

susceptible to the overlying microbiota. To limit growth of this population, small 

intestine epithelial cells secrete many antimicrobial factors into the lumen, but 

remarkably, a single antimicrobial, the lectin RegIIIg, is responsible for locally excluding 

bacteria at the surface [46]. By contrast, a physical rather than a chemical barrier is 

established at the large intestine mucosal surface. The mucus lining of the large intestine 

is organized into two layers. The outer layer is loosely attached, while the inner layer is 

highly stratified and dense, containing a much higher concentration of mucin 2 (Muc2), a 

major component of mucus. As a result, the inner layer is normally impenetrable to large 

intestine microbiota, whereas pathogens that infect the colon can penetrate this layer by 

expressing Muc2-degrading enzymes [89]. However, some commensal bacteria, such as 

B. fragilis, can closely associate with the epithelial surface without triggering an overt 

immune response. To achieve this spatial localization, B. fragilis signals to the host 

through Toll-like receptor 2 (TLR2), a receptor that is normally associated with microbial 

clearance but is likely manipulated by many commensals (as well as some pathogens, 

such as S. aureus [90]) to promote immune tolerance. TLR2 signaling by B. fragilis 

depends on polysaccharide A (PSA), as a B. fragilis strain that lacks the ability to make 

this polysaccharide de-localizes entirely to the lumen and is not found in tight association 

with the epithelial surface [91]. 

The importance of the large intestine mucus layer to host health is emphasized by 

the fact that genetically deficient hosts (such as mice that lack Muc2) are more 

susceptible to infection by enteric pathogens. One such pathogen, Citrobacter rodentium, 
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can penetrate the mucosal barrier even in Muc2-expressing mice, after which it forms 

largely clonal aggregates at the epithelial surface, but in Muc2-deficient mice, this spatial 

organization is altered to where C. rodentium forms mixed-species aggregates with the 

commensal flora, leading to higher epithelial invasion and reduced host survival [92]. 

Muc2-deficient mice also show elevated rates of microbially induced colitis and colon 

cancer [87, 93]. In humans, most cancers of the ascending colon are associated with 

biofilms [94]. These cancer-linked biofilms are both highly invasive, with bacteria 

penetrating into crypts, and polymicrobial. Interestingly, when comparing the 

composition of paired communities from cancerous mucosa to normal mucosa within the 

same patient, it was found that they are highly overlapping, indicating that it is not the 

enrichment of particular pathogenic species but rather the spatial organization of the 

community into a biofilm that can intimately associate with the epithelium that may be 

responsible for carcinogenesis [94]. However, it is important to note that to date these 

studies are correlative. It is also possible that changes that occur, independent of the 

microbiota, in environments where tumors develop are conducive both to tumorigenesis 

and to re-organization of the microbiota into biofilms. Future studies in animal models, 

where the spatial organization of the colon microbiota can be directly manipulated, may 

establish biofilms as etiological agents of colon cancer. 
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1.2.2 Polymicrobial infections 

 

Just as in a city, where an inhabitant of an infection chooses to live depends not 

only on the real estate (the host) but also the neighbors (polymicrobial interactions). As a 

result of such interactions between neighboring microorganisms, multispecies 

communities can develop highly intricate spatial organizations, such as layers [95], inter-

digitations [42, 96, 97], and even ‘corn cobs’ [98]. Moreover, the spatial structure that 

emerges from these interactions can in turn affect the interactions that generate it, namely 

by tuning the spatial proximity of the interacting microorganisms as lineages expand. 

Mutualistic microbial lineages that grow towards each other will therefore enhance their 

metabolic interactions and preserve their mutualistic relationship, whereas competitive 

lineages that grow apart will segregate in space and attenuate their interaction. In broad 

terms, community organization can be classified as either spatially segregated or mixed 

(Fig. 1.3). In terms of infection, both classes of spatial structure and associated 

interactions can influence virulence. Below, we describe four prominent examples of 

polymicrobial interactions that lead to emergent spatial structure. We categorize these 

interactions as ‘physical’ and ‘chemical’ (Fig. 1.3). Physical interactions are mediated by 

cell-cell contact or components of the biofilm matrix. Chemical interactions are mediated 

by diffusible molecules such as excreted metabolic by-products. 
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Fig. 1.3. Polymicrobial interactions contribute to microbiogeography. 

Chemical and physical polymicrobial interactions generate spatially mixed and 
segregated community patterns in infections. (A) Coaggregation, or intercellular binding, 
can cause spatial mixing. (B) Excess biofilm polysaccharide production (green and 
orange halos) can cause spatial segregation. (C) Production of a beneficial metabolite 
(purple halo) can cause spatial mixing. (D) Production of a harmful metabolite (purple 
halo) can cause spatial segregation. 
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1.2.2.1 Coaggregation 

Coaggregation, or intercellular binding between distinct taxa, is especially 

prevalent in the oral cavity. Most, if not all, oral species have at least one coaggregation 

partner [99], and these interactions are highly predictive of ‘nearest neighbors’ in human 

dental plaque [100] (Fig. 1.3A). For example, streptococci coaggregate with Veillonella 

and Actinomyces species in vitro, and these species also form mixed, inter-digitated 

aggregates on tooth surfaces [42, 96]. As a result of these close associations, metabolic 

benefits are gained. Veillonella atypica cannot grow alone in saliva but can grow if co-

aggregated with streptococci [96, 101], and Streptococcus gordonii cannot grow alone in 

low-arginine media but can grow if co-aggregated with Actinomyces naeslundii [102]. 

Importantly, coaggregation is not always indicative of mutualism. For example, an 

extremely small (200-300 nm) TM7 phylotype (TM7x) only grows attached to 

Actinomyces odontolyticus, from which it derives amino acids, but TM7x kills A. 

odontolyticus when starved; however, this interaction is not strictly parasitic, since TM7x 

strongly suppresses host immune signaling, which may benefit the growth of A. 

odontolyticus [103]. As enrichment of the TM7 group is associated with oral infections, 

the obligate coaggregation between TM7x and A. odontolyticus suggests that, in addition 

to promoting metabolite exchange, coaggregation can have immuno-suppressive 

functions that impact virulence [103]. 

1.2.2.2 Biofilm remodeling 

Another physical structuring interaction that regulates microbiogeography is 

biofilm remodeling. Biofilms are held together by extracellular matrix components such 

as polysaccharides, and therefore biofilm remodeling refers to the production or 

breakdown of these components. In contrast to coaggregation, biofilm remodeling often 

acts to increase the separation between community members (Fig. 1.3B). For example, 
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when growing on an agar surface, Pseudomonas fluorescens regularly mutates de novo 

into mucoid variants that overproduce polysaccharide. These variants push themselves to 

the top of the biofilm, where they gain greater access to oxygen, and this repositioning 

occurs at the expense of ‘smothered’ competitors [104]. Furthermore, direct disturbance 

of the structure of biofilms during competition experiments showed that remodeling of 

the biofilm structure to alter its position and reach the growing edge is the key to the 

mucoid variant’s success. Analysis of the genetic basis of this phenotype in 565 

independently evolved mucoid variants showed that all variants had mutations in a single 

locus. This notable consistency in both phenotypic and genotypic parallel evolution 

highlights how traits involved in biofilm remodeling may be under very strong selection 

and show rapid evolution on short timescales. 

Similarly, P. aeruginosa variants that over-produce the polysaccharide alginate 

appear in the lungs of patients with cystic fibrosis, where the infecting community is also 

highly spatially organized, both at the macro-scale as regionally isolated populations [29] 

and at the micro-scale as aggregates [53]. Many pressures are likely to select for mucoid 

variants of P. aeruginosa in the lungs of these patients, including interspecies 

competition. Supporting this idea, mucoidy confers a fitness advantage to P. aeruginosa 

in competition with S. aureus [105]. Furthermore, the other major P. aeruginosa 

polysaccharides, Pel and Psl, have distinct structural roles in organizing multispecies 

biofilms with S. aureus. In these biofilms, a juxtaposed structure, where P. aeruginosa 

and S. aureus are in close proximity, requires Pel, while a layered structure, where P. 

aeruginosa forms ‘caps’ on top of S. aureus, requires Psl [106]. These ‘caps’ are 

reminiscent of the smothering phenotype exhibited by P. fluorescens mucoid variants 

(described above), and incidentally, the polysaccharide mediating this organization, Psl, 

is strongly selected for in the lungs of patients with cystic fibrosis [107]. 
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Furthermore, polymicrobial interactions that modulate the architecture of P. 

aeruginosa biofilms are not limited to competition with S. aureus. Burkholderia 

cenocepacia is a soil bacterium that, like S. aureus, is often co-isolated with P. 

aeruginosa from the lungs of patients with cystic fibrosis [108], where B. cenocepacia 

and P. aeruginosa are thought to compete [109]. In mixed-species biofilms, P. 

aeruginosa responds to a fatty acid secreted by B. cenocepacia by spatially reorganizing 

as filaments [110, 111]. Similar structural changes may occur in the lungs of patients with 

cystic fibrosis, potentially dictating interactions between these two species. In a murine 

lung co-infection model, P. aeruginosa outcompetes B. cenocepacia, with a major 

consequence to the host in this model being higher inflammation [109]. However, in-

depth spatial analyses are still needed to attribute biofilm remodeling to competitive 

interactions in these communities. Nonetheless, it is becoming clear that re-positioning of 

community members in polymicrobial biofilms can influence both community 

interactions and disease progression. 

1.2.2.3 Local growth inhibition 

‘Chemical’ interactions via interspecies signals or metabolites also affect spatial 

structure. Interspecies signals, such as autoinducer-2 [112], can spatially regulate biofilm 

formation [113] and dispersion [114] as well as stimulate other virulence properties, such 

as antibiotic resistance [110, 115] and persistence [112]. As these signals are often 

restricted to very short-range (<10 µm) effects [116], they have potential to generate fine-

scale spatial structure. However, signaling is restricted to only those species with an 

appropriate receptor, suggesting that non-discriminatory metabolic interactions may be 

even more widespread as a force that generates spatial structure. For example, metabolic 

waste products can act as broad-spectrum toxins, impacting bacterial growth near the 
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producer (Fig. 1.3C). Many streptococci exemplify this behavior since they generate 

abundant lactate and hydrogen peroxide as waste products, molecules that respectively 

cause acid and oxidative stress. As these by-products are most concentrated in the 

producer’s immediate vicinity, they are most effective at eliminating competitors locally, 

which has the potential to regulate fine-scale segregation patterns. For example, hydrogen 

peroxide made by S. gordonii reaches only micro-molar levels in bulk solution, but can 

reach milli-molar levels at only 100 µm above a S. gordonii biofilm [117]. Similarly, 

Streptococcus mutans, a frequent contributing agent of tooth cavities [7], forms isolated 

‘pockets’ of strong acid along the substratum of a mixed-species biofilm, corresponding 

to a loss in community diversity. Ironically, creation of these pockets is stimulated by the 

surrounding oral species, at their own demise [118]. As this acid stress occurs only 

locally (in the ‘pockets’), S. mutans does not fully displace the community. Rather, a 

relatively diverse microbiota is associated with cavities, suggesting a polymicrobial 

origin of disease [7]. Furthermore, ex vivo human dental biofilms rapidly acquire steep 

pH gradients (in which pH varies from 7.1 to 4.4) when exposed to sucrose, a carbon 

source that S. mutans preferentially converts to acid [118]) [119], further highlighting that 

inhibitory chemical gradients mediate polymicrobial interactions in the human 

microbiome. 

A highly segregated spatial arrangement also manifests itself in human chronic 

wound infections, where P. aeruginosa inhabits much lower depths (50-60 µm from the 

wound surface) than S. aureus (only 20-30 µm from the wound surface) [120]. In murine 

wound infection models, these species also rarely intermix, instead inhabiting discrete, 

largely clonal aggregates (Marvin Whiteley, unpublished observations). A likely source 

of this spatial segregation is growth inhibition of S. aureus by P. aeruginosa since, even 

at low cell densities, the doubling time of cells of S. aureus positioned near P. aeruginosa 
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(<6 µm apart) is shorter than those positioned farther away (>30 µm apart) on glass 

surfaces [121]. A specific toxin that potentially mediates the spatial segregation between 

these species is pyocyanin. P. aeruginosa increases production of pyocyanin when it 

senses cell wall fragments shed by S. aureus [6], suggesting that P. aeruginosa kills S. 

aureus when these species are in close proximity. Despite this, S. aureus stably persists in 

wounds that contain P. aeruginosa, possibly because the wound environment is highly 

viscous and restrictive of cell migration. After spatial segregation is established, this 

viscosity may act to prevent mixing and therefore any further interspecies killing. 

Supporting this notion, P. aeruginosa quickly eliminates S. aureus in well-shaken 

laboratory media but not in a gelatinous in vitro wound model [122]. Many other 

experimental systems also sustain higher biodiversity when viscosity is imposed [38, 39, 

123]. 

1.2.2.4 Local growth promotion 

Whereas growth suppression causes spatial segregation, growth promotion causes 

spatial mixing. This can occur either by metabolic cross-feeding, whereby one species 

consumes the by-products of another, or it can occur by antimicrobial ‘cross-protection,’ 

whereby one species shields another from a stress. Often, these interactions result in 

clustering of the benefit receiver around the benefit giver [124-126] (Fig. 1.3D), although 

this spatial interaction can also be reversed, where the giver instead surrounds and 

thereby shields the receiver [127]. Single-cell studies show that these interactions can 

generally occur only across very short distances. For example, an aggregate of S. aureus 

can be protected from the antibiotic ampicillin when closely surrounded by a shell of 

ampicillin-resistant P. aeruginosa but not when the same P. aeruginosa population is 

present at low density [127]. Importantly, the level of mixing resulting from these 
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interactions depends on the strength of the interactions themselves; species that are 

strongly interdependent mix more than species that are weakly interdependent and even 

more so than species that conflict [95, 97]. This concept is exemplified by the ‘food for 

detoxification’ interaction between the oral bacteria Aggregatibacter 

actinomycetemcomitans and S. gordonii. S. gordonii produces a nutrient, lactate, that A. 

actinomycetemcomitans cross-feeds on, and in exchange A. actinomycetemcomitans 

detoxifies peroxide, the other major by-product of S. gordonii metabolism. This 

metabolic synergy results in a mutualistic relationship within an abscess co-infection in 

which both bacteria reach higher burdens together than apart. In these abscesses, A. 

actinomycetemcomitans strongly co-localizes around S. gordonii, promoting cross-

feeding while also maintaining a >4 µm gap from S. gordonii to avoid inhibition by 

peroxide. A. actinomycetemcomitans acquires this spacing by sensing peroxide, 

whereupon it activates an enzyme, known as Dispersin B, that dissolves its biofilm 

matrix. Inactivation of this enzyme disrupts the spacing, placing A. 

actinomycetemcomitans directly next to S. gordonii and disturbing co-infection synergy 

[52]. Similar fine-scale spatial patterns are also seen for other synergistic oral pathogens, 

such as Fusobacterium nucleatum and Tannerella forsythia [128, 129]. These studies 

firmly link microbial positioning to community virulence as well as demonstrate the basic 

role of growth promotion by secreted metabolic products in generating community spatial 

structure. 
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1.2.3 Targeting biogeography as a therapeutic strategy 

 

So far this Review has highlighted the importance of biogeography to microbial 

virulence, raising the possibility of manipulating the spatial organization of pathogens as 

a viable therapeutic (Fig. 1.4). Here we present four, independent strategies focused on 

manipulating biogeography to dampen pathogenesis: dispersing pathogen biofilms; 

strengthening host epithelial barriers; depleting commensal microbiota that enhance 

pathogen virulence; and altering factors that guide pathogens to spatial patterns linked to 

virulence. An additional therapeutic approach is to analyze the structure of complex 

communities to discern (or ‘reverse-engineer’) the polymicrobial interactions within, 

such as whether they are mutual or competitive, as a diagnostic for disease severity or 

potential (Fig. 1.5). 
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Fig. 1.4. Targeting biogeography as a therapeutic strategy. 

(A) Dispersing pathogen biofilms. Spatially organizing into biofilms can make 
microbes resistant to challenges, such as host immune responses, so dispersing biofilms 
of pathogens can provide a therapy against infections. For example, Staphylococcus 
epidermidis (blue rods) can destroy biofilms of Staphylococcus aureus (yellow rods) via 
production of the serine protease Esp. Furthermore, Esp enhances the susceptibility of S. 
aureus to human beta-defensin 2 (hBD2), an antimicrobial peptide released during 
inflammation of the nasal cavity [130].  
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Fig. 1.4 (continued) 
 

(B) Strengthening host epithelial barriers. Manipulating biogeography can also be 
used to prevent pathogens from crossing host barriers. For example, Shiga toxin (Stx) 
made by enterohemorrhagic Escherichia coli (EHEC) can cross the gut epithelium, but 
introduction of commensal bifidobacteria can protect against fatal EHEC infection. 
Protective bifidobacteria can consume fructose and produce acetate, which induces an 
anti-inflammatory response in colon epithelial cells that lowers susceptibility to Stx 
[131]. 

(C) Depleting commensal microbiota. Some commensal microorganisms can 
exacerbate infection by promoting pathogen virulence. Therefore, in situations where 
targeting the pathogen directly has proven ineffective, depleting these commensals could 
represent an alternative therapeutic strategy. The feasibility of this approach is 
demonstrated by the synthetic antimicrobial peptide, C16G2, which selectively kills 
Streptococcus mutans, a commensal known to be involved in caries progression. Treating 
oral biofilms with C16G2 not only depletes these communities of S. mutans (red cocci) 
but also of other community members that directly interact with S. mutans [132]. 

(D) Altering factors that regulate community assembly. Masking microbial 
attachment sites, or reversing or eliminating the molecular gradients that give rise to 
virulence-associated spatial organizations, can eliminate microbiogeography. For 
example, a vaccine designed against the FimH adhesin used by uropathogenic strains of 
E. coli to adhere to the bladder epithelium is highly effective at limiting attachment and 
colonization of this pathogen in bladder infection models [133]. 
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Fig. 1.5. Reverse-engineering polymicrobial interactions from spatial structure. 

The spatial structure of infections caused by mixed species is an emergent 
consequence of the nature of the metabolic interactions among the infecting 
microorganisms. In model microbial systems, the effects of different metabolic 
interactions on spatial structure can be decomposed using experimental manipulations to 
directly observe their effects on spatial structure and ultimate consequences for disease 
outcomes. However, for most polymicrobial infections we do not know the nature of the 
interactions among species and their consequences for spatial structure. For example, it is 
still unclear if the spatial structure of natural infections is a consequence of competition 
or mutualism among constitutive species. Similarly, how the spatial structure varies 
among different infections is also largely unknown. We suggest that methods applied to 
analyze the biogeography of macro-organisms can also be applied to elucidate the nature 
of interactions in natural polymicrobial infections. 
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Fig. 1.5 (continued) 
 

One of the most common ways to study the distribution of macro-organisms is 
using the species-area curve [134, 135]. This curve describes the accumulation of species 
as larger areas within a habitat are sampled, typically modeled as a log-log regression of 
the number of species present in a sample on the size of the area from which that sample 
comes. The slope of this ‘species-area curve’ indicates the nature of microbial spatial 
organization. Strong competition among species is expected to lead to species segregating 
in space, while mutualism and inter-reliance is expected to lead to spatial mixing of 
species [97]. If species show strong segregation owing to competition, then sampling 
larger areas within an infection will lead to the accumulation of more species (steeper 
slope. On the other hand, if species show intermixing owing to mutualism, then there will 
be little accumulation of species as larger areas of an infection site are sampled 
(shallower slope. 

While this curve is obviously a great simplification of the complex distributions 
of biodiversity, it has become a cornerstone of biogeography studies, playing an 
important part in current debates regarding the roles of both local processes (such as 
competition, predation, and population dynamics) and regional processes (such as 
speciation, extinction, and colonization) in driving the spatial distributions of biodiversity 
[136-138]. Species-area curves have also begun to be applied to microbial biogeography, 
giving insights into the drivers of spatial patterns of microbial diversity in the 
environment [139-141], although they have not been applied at the fine spatial scales 
over which bacteria typically interact. Of note, when doing so this tool would need to be 
adapted for the three-dimensional structures that microorganisms are often found in (e.g. 
biofilms) since species-area curves were originally developed for two-dimensional 
biodiversity studies (e.g. the positioning of plant species across a field). 
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1.2.3.1 Dispersing pathogen biofilms 

The biofilm lifestyle confers resistance to components of the host immune system, 

so probiotics that perturb this spatial organization may be generally therapeutic [130]. 

This was found to be the case for strains of Staphylococcus epidermidis that destroy S. 

aureus biofilms [130] (Fig. 1.4A). In an epidemiological study, a negative correlation 

was discerned between the presence of S. aureus in the nasal cavity and strains of S. 

epidermidis that destroy S. aureus biofilms. The biofilm-destroying factor, identified as 

the serine protease Esp, disrupts even pre-formed S. aureus biofilms, including of 

methicillin-resistant S. aureus (MRSA) and vancomycin-intermediate resistant S. aureus 

(VISA). Furthermore, Esp enhances the susceptibility of these strains to human beta-

defensin 2 (hBD2), an antimicrobial peptide released during inflammation of the nasal 

cavity. Although hBD2 has low bactericidal activity against Gram-positive bacteria such 

as S. aureus, in combination with Esp it shows enhanced killing of S. aureus biofilms. S. 

epidermidis may therefore act in concert with the innate immune system to perturb S. 

aureus biogeography and subsequently eliminate S. aureus from the nasal cavity [130]. 

1.2.3.2 Strengthening host epithelial barriers 

Disease often results when pathogens cross host barriers, indicating that inhibiting 

this process could serve as another biogeography-oriented therapeutic. The gut 

epithelium is a host barrier that, when crossed by the Shiga toxin (Stx) made by 

enterohemorrhagic E. coli (EHEC) O157:H7, causes potentially fatal infections. Certain 

species of commensal bifidobacteria of the gut protect against fatal EHEC infection in 

mice. Compared to non-protective species, probiotic bifidobacteria reduce serum levels 

of Stx without affecting EHEC viability or virulence gene expression. These species 

encode ABC-type transporters, which are not present in non-protective bifidobacteria, 

that enable fructose consumption and conversion to acetate. Acetate induces an anti-
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inflammatory response in colon epithelial cells, lowering susceptibility to Stx (Fig. 1.4B). 

Mice fed acetylated starch are also protected from fatal EHEC infection, further 

supporting the role of a probiotic metabolite, acetate, in reducing pathogen virulence 

[131]. Therefore, probiotics can assist the host in defending against pathogens by simply 

increasing barrier function and confining pathogens to a non-virulent biogeography. 

1.2.3.3 Depleting commensal microbiota 

Another potential biogeography-focused therapeutic is specifically depleting 

commensal microbiota within infections that, though they themselves might not directly 

harm the host, exacerbate the infection by promoting pathogen virulence. Synthetic 

antimicrobial peptides make this approach feasible since they can be designed to have 

very specific targets. One such peptide, C16G2 [132], selectively kills S. mutans (Fig. 

1.4C). Despite its very narrow-spectrum activity, C16G2 was found to have a very large 

community-wide impact on a saliva-derived oral community, where many of the species 

no longer detected in the C16G2-treated community were metabolically or physically 

dependent on S. mutans. C16G2 therefore serves as a proof-of-concept that targeting of 

individual species can have an effect that spreads to the entire community and, in the case 

of targeting S. mutans, reduces the community to a non-virulent state [132]. 

1.2.3.4 Targeting factors that regulate community assembly 

Finally, it may be of therapeutic value to manipulate factors that modulate 

microbial spatial patterning. These unique therapeutic opportunities could include 

masking microbial attachment sites, or reversing or eliminating the molecular gradients 

that give rise to virulence-associated spatial organizations (Fig. 1.4D). For example, a 

vaccine designed against the FimH adhesin displayed by uropathogenic strains of E. coli 

is highly effective at limiting attachment and colonization of this pathogen in murine 
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bladder infection models [133]. Although not yet applied therapeutically, altering 

molecular gradients has been demonstrated experimentally to disrupt the biogeography of 

pathogens, notably of Helicobacter pylori in stomach infection models, where 

eliminating the pH gradient across the mucus layer abolishes its normal spatial 

orientation [71]. 

All of these examples highlight the more general role of biogeographic thinking in 

discovering new targets for therapeutic interventions. The spatial distributions of 

pathogens and commensals at disease sites contain vast amounts of information on the 

progression of infection. Studying these patterns to understand not only where and with 

whom pathogens are located, but also how these patterns develop, offers the prospect of 

identifying the key biogeographic events during infections that can be targeted for 

therapeutic intervention. 
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1.2.4 Conclusions and future directions 

 

As described in this Review, microbial communities can be highly spatially 

organized across the human body and within infections. This ‘biogeography’ arises due 

to both host-microorganism and microorganism-microorganism interactions, many of 

which have been shown to directly or indirectly affect virulence. Although the infections 

discussed here cover a wide range of organisms and niches within the host, one message 

is clear, and that is that spatial structure is key to virulence. In future directions, studies of 

polymicrobial infections should continue to focus on manipulating the structure of 

microbial communities to explore its effects on virulence [142]. Technologies available 

for creating and visualizing small bacterial aggregates will allow us to understand both 

mono- and co-culture interactions at relevant scales in the host. These studies would 

blend well with the consistent advancement in high-throughput genomic techniques, 

allowing transcriptomics and spatial organization of infections to be observed in parallel, 

opening many new avenues of research. Overall, there is a lot to gain from studying the 

biogeography of infection, whether that be from a molecular, evolutionary, or clinical 

viewpoint. In order to stop the progression of or eradicate an infection, we must first 

understand how and why microorganisms assemble and persist within microbial 

communities. Therefore, studying the spatial organization of any community both in vivo 

and in nature will contribute to halting and eliminating infections. 
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Chapter 2: Bacterial fight-and-flight responses enhance virulence in a 
polymicrobial infection2 

 

2.1 INTRODUCTION 

Bacteria rarely live in isolation but instead form mixed-species communities in 

most environments including the human body [2]. Interactions within these communities 

can be cooperative and competitive, and bacteria have evolved highly defined responses 

to sense and adapt to cues from neighboring species [143]. These relationships are 

relevant to human health because they can have significant consequences on the outcome 

and etiology of microbial infections [144]. While many well-studied infections, such as 

cholera and tuberculosis, are often described as being caused by a single organism, 

interactions between pathogens and the commensal flora, in addition to pathogen-host 

dynamics, shape disease outcomes [6]. Furthermore, a number of infections, such as otitis 

media [112], chronic wounds [51], and periodontitis [145-147], only manifest themselves 

or are exacerbated if more than one microbe colonizes the infection site. The etiology of 

such infections can be attributed to interspecies interactions that enhance microbial 

colonization and persistence at the infection site. Even though bacterial interactions have 

been observed since Pasteur’s era [148], our knowledge of specific mechanisms that 

mediate these interactions is limited. 

To better understand how interspecies interactions impact virulence, we are 

investigating a two-species model community containing a pathogenic and commensal 

member of the human oral microbiome. The pathogen, the non-motile Gram-negative 

facultative anaerobe Aggregatibacter actinomycetemcomitans (Aa), is a contributing 
                                                
2This chapter was adapted from reference 52. All co-authors contributed equally. Stacy, A., Everett, 
J., Jorth, P., Trivedi, U., Rumbaugh, K.P., Whiteley, M., Bacterial fight-and-flight responses enhance 
virulence in a polymicrobial infection. Proc Natl Acad Sci U S A, 2014. 111(21): p. 7819-24. 
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agent of periodontitis (gum disease) [149], one of the most prevalent infectious diseases 

worldwide [150]. Aa elaborates an array of virulence factors that enhance its survival and 

directly harm the host during infection, including leukotoxin [151], cytolethal distending 

toxin [152], CagE [153]), fimbriae [154], and lipopolysaccharide [155]. Several of these 

virulence factors contribute to bone loss, a signature of aggressive periodontitis, in 

various animal models [155, 156]. However, despite Aa living in a microbe-rich 

environment, Aa-host interactions are less frequently investigated in the context of other 

oral microbes. In our two-species model community, a commensal, the non-motile Gram-

positive facultative anaerobe Streptococcus gordonii (Sg), serves as a representative of 

the genus Streptococcus, a numerically abundant group within oral microbial populations 

[157]. In the oral cavity, Aa and Sg inhabit the gingival crevice [158], a niche defined as 

the narrow pocket between the gum and the tooth; however, these organisms can also 

spread systemically and contribute to extra-oral infections, including polymicrobial 

abscesses [159, 160]. Similar to other oral streptococci, Sg rapidly consumes 

carbohydrates and excretes two primary metabolic end-products, L-lactate and hydrogen 

peroxide (H2O2), which can accumulate to high (mM) concentrations within mixed-

species biofilms [117, 118]. Rapid sugar consumption and H2O2 production render the 

streptococci extremely competitive by respectively limiting carbon source availability 

and causing oxidative stress to surrounding microbes. The question thus arises of how Aa 

is able to persist and cause disease in the context of highly competitive streptococci. 

We are pursuing the idea that Aa displays defined responses to L-lactate and H2O2 

that are crucial for it to proliferate with Sg in the host. In previous studies, we showed 

that Aa can cross-feed on Sg-produced L-lactate and actually prefers this carbon source 

over sugars [161]. In a murine abscess infection model, co-culture of Aa and Sg results in 

enhanced Aa cell numbers in the abscess compared to mono-culture infections, and the 
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ability of Aa to catabolize Sg-produced L-lactate is required for this benefit [162]. While 

it is clear from these data that Aa benefits from Sg production of its preferred carbon 

source (L-lactate) during co-infection, the question remains as to how this interaction is 

accomplished in the presence of high levels of the Sg-produced antimicrobial H2O2. 

In this study, we sought to better understand how Aa has evolved to tolerate the 

presence of the antimicrobial H2O2 in co-culture infections. Since it is well-established 

that streptococci require oxygen to produce H2O2 [163], we reasoned that identifying 

genes that respond to oxygen would lead to the discovery of novel factors used by Aa to 

cope with H2O2. While previous in vitro studies showed that Aa responds to H2O2 by 

expressing catalase (KatA), an H2O2-detoxifying enzyme [164], we hypothesized this 

may not be sufficient to promote Aa co-culture benefits due to the extremely high levels 

of H2O2 produced by Sg.  Here we show that in addition to katA, a gene (dspB) encoding 

the enzyme Dispersin B is also highly induced under oxic conditions. DspB is an 

extracellular enzyme that promotes dispersal of Aa biofilms [165] by hydrolyzing the 

polysaccharide poly-N-acetylglucosamine (poly-GlcNAc), a major component of the 

extracellular matrix of Aa biofilms. Further studies showed that Sg-produced H2O2 

induces expression of dspB during co-culture and that DspB ameliorates oxidative stress 

by allowing Aa to disseminate further away from Sg in vivo. We propose a model where 

Aa senses H2O2 from streptococci to modulate its position within an infection site such 

that its exposure to H2O2 is minimized while its access to L-lactate, its preferred carbon 

source, is maximized.  
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2.2 MATERIALS AND METHODS 

 

2.2.1 Strains and media 

Strains and plasmids are listed in Table 2.1. Aa and Sg were cultured in filter-

sterilized tryptic soy broth + 0.5% yeast extract (TSBYE) medium. E. coli was cultured 

in LB medium. Cultures were grown at 37°C with shaking at 250 rpm either oxically in a 

5% CO2 atmosphere, micro-oxically in a chamber (Coy, USA) with a 5% O2, 10% CO2, 

85% N2 atmosphere, or anoxically in a chamber (Coy, USA) with a 5% H2, 10% CO2, 

85% N2 atmosphere. Where appropriate, antibiotics were used at previously described 

selection and maintenance concentrations [161]. Agar plates containing bovine liver 

catalase (Sigma-Aldrich) were made by equilibrating concentrated agar media to 42°C 

and adding lyophilized catalase (suspended in 50 mM potassium phosphate buffer, pH 

7.0) to give a final catalase activity concentration of 10,000 U mL-1. Plates with X-Gal (5-

bromo-4-chloro-3-indolyl-β-D-galactopyranoside) were made by spreading 40 µL of a 40 

mg mL-1 solution onto the agar surface. Aa biofilms for mono-culture experiments were 

formed by spotting 100 µL of dense cell suspensions (OD = 0.5) onto 0.2-µm-pore-size 

polycarbonate filters (Whatman) placed onto the surface of TSAYE plates. Colony 

biofilms were moved to a fresh location on the plate after 24 hours and further incubated 

anoxically for a total of 48 hours before conducting experiments. 
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Table 2.1. Strains and plasmids used in this study. 

Strain or plasmid Description Source 
A. actinomycetemcomitans 
VT1169 Wild type, NalR RifR [166] 
VT1169 oxyR- oxyR null mutant, SpcR [164] 
624 Wild type [167] 
624 oxyR- oxyR deletion mutant, SpcR This study 
624 dspB- dspB deletion mutant, SpcR This study 
E. coli 
DH5a endA1 hsdR17 supE44 thi-1 

recA1 Δ(lacZYA-argF) 
U169, deoR {Φ80dlac 
Δ(lacZ)M15} 

[168] 

S. gordonii 
Challis DL1.1 Wild type ATCC 49818 
Challis spxB- spxB null mutant, SpcR [169] 
Challis GFP Constitutive GFP This study 
Plasmids 
pYGK- βGal pYGK expression vector 

with 
promoterless lacZ, KanR 

[170] 

pYGK-pepB-β pYGK-βGal with pepB 
promoter region, KanR 
 

This study 

pYGS-OxyRC oxyR complementation 
vector 

[164] 

pGEM-T Easy TA cloning vector, AmpR Promega 
pVT1461 Source of aad9 [171] 
pmCherry Source of mCherry Clontech 
pJAK16 Expression vector [172] 
pPJ002 lysT promoter-mCherry 

fusion 
This study 
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2.2.2 Colony biofilms 

Aa biofilms for mono-culture experiments were formed by spotting 100 µL of 

dense cell suspensions (OD = 0.5) onto 0.2-µm-pore-size polycarbonate filters 

(Whatman) placed onto the surface of solid rich media plates. Colony biofilms were 

incubated under anoxic conditions, and after 24 hours, they were moved to a fresh 

location on the plate and further incubated for a total of 48 hours before conducting 

experiments. 

2.2.3 DNA manipulations 

DNA manipulations were performed according to standard procedures [173]. 

DNA was sequenced at the University of Texas Institute for Cellular and Molecular 

Biology DNA Sequencing Facility. 

2.2.4 RNA manipulations 

RNA was isolated and assessed for DNA contamination and integrity as 

previously described [174]. 

2.2.5 Microarray analysis 

RNA for transcriptional profiling was isolated from Aa VT1169 grown to mid-

exponential phase (OD = 0.4) in oxic or anoxic rich liquid cultures. Microarrays were 

performed in duplicate using a custom Affymetrix GeneChip® as previously described 

[161]. 

2.2.6 Strain construction 

The promoter fragment for generating the dspB transcriptional reporter construct 

(pYGK-pepB-β) was amplified from Aa 624 genomic DNA, digested, and ligated into 

pYGK-βGal (primers and restriction enzymes listed in Table 2.2). The construct was 

electroporated into Aa 624 as previously described [175]. Constructs for deleting dspB 
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and oxyR from Aa 624 via natural transformation and homologous recombination were 

generated by using overlap extension PCR to fuse the 5’ and 3’ flanking regions of the 

target gene to a SpcR cassette (aad9). 100 ng of each fragment were mixed and amplified 

using the following conditions: (i) 5 min at 94°C, (ii) 3 cycles of 45 sec at 94°C, 45 sec at 

40°C, 3 min at 68°C, (iii) 10 cycles of 45 sec at 94°C, 45 sec at 45°C, 3 min at 68°C, (iv) 

15 cycles of 45 sec at 94°C, 45 sec at 50°C, 3 min at 68°C, (v) 10 cycles of 45 sec at 

94°C, 45 sec at 55°C, 3 min at 68°C, (vi) 10 min at 68°C. Natural transformation of 624 

was performed as previously described [176]. Briefly, a 5-10 mL culture of 624 was 

pelleted, de-clumped by pestling, and spotted onto TSAYE + 5% heat-inactivated horse 

serum (Life Technologies). Spots were incubated for 24 hours, collected, and 

resuspended in TSBYE. Cyclic AMP (adenosine 3’,5’-cyclic monophosphate, Sigma-

Aldrich) was added to a final concentration of 2 mM, and the suspension was re-spotted 

onto a fresh TSAYE + serum plate and incubated anoxically for 2 hours to increase 

intracellular cyclic AMP concentrations [177]. The spot was then overlaid with 1 µg of 

the appropriate gene deletion construct and further incubated for 24 hours before being 

resuspended and plated onto TSAYE with spectinomycin. Transformants were confirmed 

by PCR for replacement of the target gene with aad9. The lysT [178] promoter fragment 

for generating the constitutive mCherry construct (pPJ002) was amplified from Aa Y4 

genomic DNA and fused via overlap extension PCR to mCherry amplified from 

pmCherry (Clontech). The fusion was digested and ligated into pJAK16 (primers and 

restriction enzymes listed in Table 2.2). The construct was electroporated into Aa 624 as 

previously described [175]. 
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Table 2.2. Primers used in this study. 

Function Name Sequence (5’->3’) Underlined 
region* 

Operon RT-PCR 
Region 1 operon-1-F ACTGCCACCGCTTTTTTATCC  
 operon-1-R TTTGGCAGCGTTCTCAGGGTTAG  
Region 2 operon-2-F CACGATTCGCCGTGATTTTGC  
 operon-2-R CCGCACGTTGATTAAGTAAATGGC  
dspB transcriptional reporter 
pepB 
promoter pepB-pro-F GGGGTACCCCACTGCCTTTATTGATGC

GCAG KpnI 

 pepB-pro-R CGGGATCCCGAACTTCTCCCATTGGAA
ACAAATG BamHI 

oxyR deletion construct 
5’ flanking 
region oxyR-UP-F AAGTGCGGTACGCTTCTAAATCATCAC

TGC USS 

 oxyR-UP-R CATGTATTCACGAACGAAAATCGAGAT
CCTCAATTATAGAAGGTAGC 

overlaps 
with aad9 

3’ flanking 
region oxyR-DN-F GAAAACAATAAACCCTTGCATATGTGG

GGTAAGCTATGGTCG 
overlaps 
with aad9 

 oxyR-DN-R AAGTGCGGTCCGAAATGGGGAACAAC
C USS 

dspB deletion construct 
5’ flanking 
region dspB-UP-F AAGTGCGGTATGGATGATAACTTGGTC

GGC USS 

 dspB-UP-R CATGTATTCACGAACGAAAATCGTGTC
CAGCATTAATCCGGTCT 

overlaps 
with aad9 

3’ flanking 
region dspB-DN-F GAAAACAATAAACCCTTGCATATGAA

ATAGATTGCTAACGCGTGTTCA 
overlaps 
with aad9 

 dspB-DN-R AAGTGCGGTACGGCAATGTGATTCAA
GGTT USS 

SpcR 
cassette 
(aad9) 

SpcR-F CGATTTTCGTTCGTGAATACATG  

 SpcR-R CATATGCAAGGGTTTATTGTTTTC  
Constitutive mCherry 
lysT 
promoter lysT-pro-F TGACGGATCCACTTGTGTAGAGGTGCA

AAC BamHI 

 lysT-pro-R CCTCCTCGCCCTTGCTCACCATTTGTTC
TTCCTAATATTAAGGGAGAAC  
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Table 2.2 (continued) 
 

mCherry cherry-F CCCTTAATATTAGGAAGAACAAATGGT
GAGCAAGGGCG  

 cherry-R TGACAAGCTTCGCTACTTGTACAGCTC
GT HindIII 

Semi-quantitative RT-PCR 
dspB dspB-F TATTTTATCTCTTTTCCTACTGGG  
 dspB-R CACTCATCCCCATTCGTC  
clpX clpX-F GCAGAAACCATGGCGCGTATG  
 clpX-R CAATTCGCTTAATGGCGCCAC  
*Represents either the restriction site, overlap extension sequence, or uptake signal 
sequence (USS). 
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2.2.7 β-galactosidase assays 

Biofilms were transferred to test tubes with rich media (tryptic soy broth + yeast 

extract; TSBYE) and vortexed to remove attached cells. β-galactosidase activity was 

quantified using a luminescence assay (Galacto-Light PlusTM, Life Technologies) and 

microplate luminometer (Luminoskan Ascent, ThermoFisher Scientific). Raw 

luminescence values were normalized by total protein concentration determined using a 

standard Bradford assay on cells washed and boiled in 6 M urea. 

2.2.8 Test tube dispersal assay 

Aa 624 was inoculated to an OD of 0.01 into test tubes with 2 mL of rich media 

(TSBYE) and incubated anoxically with shaking for 24 hours to form ring biofilms. 

Biofilms were gently washed, replaced with 4 mL of media, and further incubated, either 

anoxically or oxically, with shaking for 48 hours before being stained with crystal violet 

for visualization. 

2.2.9 Microtiter dish dispersal assay 

Logarithmic Aa 624 was adjusted to an OD of 0.5 in rich media (TSBYE), and 

500 µL was inoculated into individual wells of a 12-well microtiter dish. Dishes were 

incubated anoxically for 2 hours without shaking to promote cell attachment and biofilm 

formation. Biofilms were then replaced with 1 mL of fresh media and incubated oxically 

with shaking for a total of 4 hours. During this period, the media was refreshed at each 

30-minute interval either with or without the addition of 1 mM H2O2. Afterwards, 

biofilms were rinsed with water to remove loosely attached cells and stained for 10 

minutes with 1 mL of a 0.1% crystal violet solution. Unbound crystal violet was removed 

by repeated rinsing in water. Bound crystal violet was solubilized for 30 minutes with 1 

mL of 95% ethanol. The absorbance (A620) was measured twice for each biofilm on a 
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Synergy Mx microplate reader (Biotek). Two technical replicates of each strain (wild 

type or dspB-) and condition (0 or 1 mM H2O2 addition) combination were performed and 

averaged within each individual experiment. 

2.2.10 Murine abscess infection model 

Abscesses were formed as previously described [162] by inoculating each animal 

with 107-108 CFU. In vivo persistence was assessed by serial dilutions and plate counts on 

selective media as previously described [162]. Experimental protocols involving mice 

were approved by the TTUHSC Institutional Animal Care and Use Committee. 

2.2.11 Microscopy 

Abscess samples were resected from mice at the specified time point and 

immediately placed in coverwell imaging chambers (Electron Microscopy Sciences, 

Hatfield, PA, USA). For each chamber, approximately 50-100 µL of Prolong® Gold 

antifade reagent (Invitrogen, Eugene Oregon, USA) was placed on the sample and sealed 

with a 45x50mm coverglass (Fisherbrand 12-544-F) and then analyzed by confocal laser 

scanning microscopy (CLSM). All samples were visualized using an A1 confocal (Nikon, 

Louisville, KY, USA) on a Ti-E inverted microscope (Nikon) equipped with a Plan Apo 

10x/0.45 NA DIC N1 objective (Nikon). Images were acquired using an N-STORM 

super resolution camera (Nikon) controlled with NIS-Elements Ar 4.13 software (Nikon). 

For each sample, multiple Z-stacks were taken from distinct areas within the abscess and 

optical sections within each Z-stack were collected using a step size of 4.0-10.0 µm. All 

instrument settings were uniformly consistent and maintained between each set of 

experimental conditions. Z-stack images were then adjusted for gamma, brightness, and 

contrast (identically, for compared image sets) using NIS-Elements 4.0 software (Nikon) 
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before spatial distribution analysis. Images were generated in the Image Analysis Core 

Facility supported by TTUHSC. 

2.2.12 Spatial analysis 

daime [179, 180] can determine whether one population (the ‘analyzed 

population’) co-localizes with another (the ‘reference population’) by calculating the 

proportion of total analyzed population biomass that is contained within defined 

micrometer ranges away from the reference population. These proportions are referred to 

as positional fractions. To account for sample-to-sample differences in biomass, 

positional fractions are normalized by the fractions obtained when the analyzed 

population has been randomly distributed. Thus, fractions that are above one at small 

distances indicate that co-localization occurs more than randomly at small distances, 

whereas fractions that are above one at large distances indicate that co-localization occurs 

more than randomly at large distances. 

Images were analyzed using daime version 2.0 [128]. Raw images were converted 

to the tagged image file format (TIFF) and imported into daime as Z-stacks. The red and 

green channels of each Z-stack were combined using the addition operation of the Image 

calculator. Background was removed using the Blur and subtract function (filter radius = 

122 pixels), faint pixels were eliminated by stretching the intensity histogram of each 

stack (minimum threshold = 5, maximum threshold = 255) using 3D filtering options, and 

noise was reduced (non-zero voxel neighbors = 5). Large, clearly non-bacterial objects 

were manually defined as 2D regions of interest for each slice within a given Z-stack and 

removed by permanently deleting these specified regions from the entire stack. Images 

were segmented semi-automatically in three dimensions using the color-based magic 

wand tool (red object tolerance = 70%, green object tolerance = 75%). 3D spatial 
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arrangement was analyzed using the Inflate Algorithm. A reference mask was generated 

for spatial analysis of each Z-stack by extracting the object layer from the Z-stack after it 

was processed to remove background and segmented using automatic 3D local 

thresholding. Mean aggregate size was measured for each Z-stack by using the Measure 

Objects function to calculate total volume of each red and green segmented object. 

Results were exported and analyzed further in Excel. 

2.2.13 Microarray data accession number 

Microarray data are available at the ArrayExpress database under accession 

number E-MTAB-2213. 

2.2.14 Operon analysis 

RNA from Aa VT1169 and 624 oxic liquid cultures was isolated for RT-PCR. 

cDNA synthesis with N6 random primers and PCR on genomic DNA, cDNA, and RNA 

templates was performed as previously described [174] using primers targeting co-

transcribed coding regions (Table 2.2). 

2.2.15 RNA-seq 

RNA isolation, next-generation sequencing library preparation, and computational 

methods were conducted as previously described [181]. 
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2.3 RESULTS 

 

2.3.1 dspB is induced by oxygen 

Aa experiences fluctuating oxygen levels in the gingival crevice [182] and in 

abscess infections [146, 162, 181, 183]. Furthermore, oxygen is a major factor 

influencing Aa-Sg metabolic interactions [162, 163], and it is required for H2O2-mediated 

Aa growth inhibition by Sg (Fig. 2.1). Since reactive oxygen species (e.g., H2O2) are 

generated via aerobic respiration [184] in respiring bacteria such as Aa, we characterized 

the Aa transcriptome of Aa strain VT1169 during oxic and anoxic growth using DNA 

microarrays, providing insight into how this bacterium responds to oxygen. As expected, 

genes known to respond to H2O2, including katA (encoding catalase) and apiA (encoding 

an adhesin) [164], were induced by oxygen. Interestingly, the gene (dspB) encoding the 

Aa biofilm-dispersing enzyme Dispersin B [165] was co-regulated with katA and apiA. 

To verify our microarray results, we constructed a dspB transcriptional reporter by 

cloning the dspB promoter (Fig. 2.2A) upstream of the reporter gene lacZ (encoding β-

galactosidase). Based on recent RNA-seq data from our lab [181], the promoter 

controlling dspB was mapped upstream of pepB, the first gene in an operon including 

pepB, ndk, and dspB (Fig. 2.2CD). The dspB reporter construct was introduced into two 

strains of Aa, 624 and VT1169. When grown as colony biofilms, both reporter strains 

showed significant β-galactosidase activity under oxic conditions, but little activity under 

anoxic conditions (Fig. 2.3). Interestingly, induction in both strains could be mitigated by 

exogenous addition of the H2O2-detoxifying enzyme catalase (Fig. 2.3). These data 

indicate that dspB transcription is activated during growth with oxygen and that the 

activating factor is likely H2O2.  
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Fig. 2.1. Growth of Aa is inhibited by Sg in an H2O2-dependent manner. 

An overnight anoxic culture of Aa 624 was struck out as lawns onto rich media. Paper 
discs were placed onto the lawns and inoculated with 107 CFU of exponential-phase Sg 
wild type or spxB-, a mutant that does not produce H2O2. Images were acquired after co-
culturing the bacteria overnight under anoxic or oxic growth conditions. Images are of a 
representative experiment. 
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Fig. 2.2. The dspB promoter region and operon. 

(A) DNA sequence of the dspB promoter region. The start codon is in bold, the 
transcriptional start site is denoted by +1, putative s70 promoter elements are underlined, 
and a putative OxyR operator is boxed. (B) Alignment to the consensus sequence shows 
that dspB has a degenerate OxyR binding sequence. (C) Structure of the dspB operon. 
Regions 1 and 2 correspond to the fragments amplified for the co-transcription analysis in 
(D). (D) RT-PCR was used to show that dspB is in an operon with pepB and ndk. RNA 
for cDNA synthesis was extracted from oxic cultures of Aa strains VT1169 and 624. 
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Fig. 2.3. dspB is induced by oxygen. 

(A) β-galactosidase activity was quantified for anoxically grown colony biofilms of Aa 
strain 624 that were transferred to media alone or media supplemented with exogenous 
catalase (10,000 U mL-1) and incubated under anoxic or oxic conditions for 6 hours. Fold 
difference in dspB expression (y-axis) was determined by dividing the expression value 
for each condition by the corresponding anoxic value. The dashed line represents anoxic 
expression (normalized to 1 within each replicate). Error bars represent standard error of 
the mean, n=3. *P < 0.03 by a two-tailed Student’s t test. (B) Same as (A) except with Aa 
strain VT1169. **P < 0.01 by a two-tailed Student’s t test. 
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Fig. 2.4. dspB is regulated by OxyR. 

(A) β-galactosidase activity was quantified for anoxically grown Aa strain 624 wild type 
(wt) or oxyR- colony biofilms that were transferred to media alone or media 
supplemented with exogenous catalase (10,000 U mL-1) and incubated under anoxic or 
oxic conditions for 6 hours. Fold difference in dspB expression (y-axis) was determined 
by dividing the oxic expression value for each strain by its corresponding anoxic value. 
The dashed line represents anoxic expression (normalized to 1 within each replicate). 
Error bars represent standard error of the mean, n=3. *P < 0.025 by a two-tailed Student’s 
t test. Bottom: Semi-quantitative RT-PCR was used to measure oxic dspB expression in 
wt, oxyR-, and complemented oxyR- (oxyR- + oxyR) strains. RNA for cDNA synthesis 
was harvested from anoxic biofilms that were transferred to oxic conditions for 6 hours. 
The constitutively expressed clpX gene served as a loading control. (B) Same as (A) 
except with Aa strain VT1169. †P < 0.06 by a two-tailed Student’s t test. 
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In Aa, the transcriptional regulator OxyR activates katA and apiA gene expression 

in response to H2O2 [164]. Based on our observations that catalase mitigates dspB 

induction and that the dspB promoter contains a DNA sequence similar to the OxyR 

consensus binding site [185] (Fig. 2.2B), we hypothesized that dspB is regulated by 

OxyR. Supporting this hypothesis, inactivation of oxyR eliminated activation of dspB 

under high oxygen growth conditions, and expression could be restored by expressing 

oxyR in trans (Fig. 2.4). 

2.3.2 dspB mediates biofilm dispersal in response to oxygen and H2O2 

To determine whether dspB expression results in dispersal of Aa biofilms, we 

developed assays to monitor this phenotype. For these assays onward, we used only strain 

624 because, unlike VT1169, 624 is highly fimbriated and as a result forms much more 

robust biofilms. Strains of Aa that are freshly isolated from infections, such as 624, are 

typically fimbriated; however, repeated passage results in loss of fimbrial expression, 

such as in VT1169 [186]. Thus, 624-like strains are more relevant for Aa biofilm studies 

In addition, our expression studies (Fig. 2.3) indicate that dspB in strain 624, as compared 

to VT1169, is more sensitive to oxygen, providing further rationale for using only this 

strain in the following biofilm experiments. 

We first used a qualitative test tube assay to examine whether oxygen can trigger 

dispersal (Fig. 2.5A). This assay takes advantage of the fact that in shaking liquid 

cultures 624-like strains grow solely attached to surfaces [186], forming a ring of 

attached aggregates, or a ‘ring biofilm,’ at the maximum height reached by the shaking 

media. Knowing this, we hypothesized that if a ring biofilm were initially formed in a test 

tube culture under anoxic conditions and subsequently grown under oxic conditions in the 

presence of a larger volume of media, a second biofilm ring would develop above the 
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initial ring due to the detachment and reattachment of Aa aggregates. As expected, 

introducing oxygen into anoxic Aa ring biofilms led to biofilm dispersal, and importantly, 

this behavior depended on dspB (Fig. 2.5B). 

Since our major focus was on H2O2, we next developed a quantitative microtiter 

dish assay to determine whether H2O2 can enhance Aa biofilm dispersal (Fig. 2.6A). This 

assay compares dispersal after oxic culture with or without H2O2 treatment. A key 

component of this assay is to use a sub-inhibitory concentration of H2O2 that does not kill 

Aa. Since H2O2 is rapidly decomposed by Aa catalase activity [117], biofilms received 

regular pulses of H2O2 to simulate continuous H2O2 exposure, and with each pulsing, we 

refreshed the liquid medium to remove any detached cells from the supernatant. At the 

end of treatment, remaining biofilm mass was assessed through crystal violet staining. 

Decreased crystal violet staining was observed for H2O2-treated biofilms relative to 

untreated biofilms, indicating that dispersal occurred upon H2O2 addition (Fig. 2.6B). 

Importantly, H2O2 addition did not cause dispersal of Aa dspB- biofilms (Fig. 2.6B). 

Collectively, these results indicate that H2O2 induces Aa biofilm dispersal in a dspB-

dependent manner. 
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Fig. 2.5. dspB mediates dispersal in response to oxygen. 

(A) Qualitative test tube assay for monitoring biofilm dispersal. (1) Aa is initially grown 
as an anoxic shaking culture to form a ring biofilm (brown), (2) the media is replaced 
with a larger volume, (3) the culture is further incubated under anoxic (-O2) or oxic (+O2) 
conditions, (4) detachment is assessed after crystal violet staining (purple). Biofilm 
dispersal is indicated by the development of a second ring biofilm (#2) located above the 
initial biofilm (#1). (B) Representative result of the test tube assay. 
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Fig. 2.6. dspB mediates dispersal in response to H2O2. 

(A) Quantitative microtiter dish assay for measuring biofilm dispersal. (1) Aa is 
incubated statically under anoxic conditions to promote attachment to the bottom of 
microtiter dish wells, (2) biofilms are incubated under oxic shaking conditions either with 
(+H2O2) or without H2O2 addition, (3) biofilm mass is quantified using crystal violet. (B) 
Crystal violet incorporated into biofilms was solubilized and quantified by measuring 
absorbance. The y-axis represents the absorbance reading for H2O2-treated biofilms 
divided by the reading for untreated biofilms. A value less than 1 thus indicates that 
dispersal occurred, while a value close to 1 indicates that dispersal was absent. Error bars 
represent standard error of the mean, n=4. *P < 0.015 by a two-tailed Student’s t test. 
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2.3.3 dspB transcription is enhanced during co-culture with Sg 

After establishing environmental stimuli and genetic factors that control dspB 

activity, we next set out to explore the role this regulation may have in the context of 

other oral microbes. Because Sg produces high (mM) levels of H2O2 [117], we reasoned 

that dspB, like the similarly regulated gene katA [164], is upregulated during co-culture 

with Sg. To examine this, we measured dspB transcription after growing Aa with Sg in 

mixed-species biofilms. Transcription of dspB was significantly enhanced during co-

culture growth compared to mono-culture growth under oxic but not anoxic conditions 

(Fig. 2.7). This enhanced transcription was primarily due to H2O2 production by Sg as an 

Sg spxB mutant, in which the pyruvate oxidase gene responsible for H2O2 production has 

been inactivated [169], did not show a statistically significant increase in transcription 

during co-culture (Fig. 2.7). These data implicate the Sg-produced antimicrobial H2O2 as 

an inducer of Aa biofilm dispersal. 
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Fig. 2.7. dspB transcription is enhanced during co-culture with Sg. 

Anoxically grown mono- and co-culture colony biofilms were transferred to fresh media 
and incubated for 1 hour under oxic or anoxic conditions prior to measuring β-
galactosidase activity. Co-culture biofilms were formed by thoroughly mixing equal 
volumes of exponential-phase cultures of either Aa and Sg or Aa and Sg spxB- that were 
each adjusted to an OD of 1.  Fold difference in dspB expression (y-axis) was calculated 
by dividing the expression value for each condition by the anoxic mono-culture value 
(normalized to 1). Error bars represent standard error of the mean. **P < 0.002 (n=5), †P 
< 0.07 (Aa+Sg n=5, Aa+Sg spxB- n=4) by a two-tailed Student’s t test. The oxic Aa+Sg 
spxB- co-culture value was not significantly larger than the oxic Aa mono-culture value (P 
> 0.13 by a two-tailed t test). 
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Fig. 2.8. katA and dspB transcription are enhanced during co-infection with Sg. 

RNA-seq was used to measure katA and dspB gene expression within mono- and co-
infected abscesses. Data analysis was performed as previously described (see Materials 
and Methods). Aa, mono-infection. Aa+Sg, co-infection. Errors bars represent standard 
error of the mean. **P < 0.0065, †P < 0.075 by a two-tailed Student’s t test (n=3). 
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2.3.4 dspB is required for synergy with Sg in vivo 

H2O2 has been shown to be a potent antimicrobial against Aa both in vitro (Fig. 

2.1) and in vivo [187]; thus, to successfully receive a benefit from co-culture with Sg, Aa 

must have mechanisms to resist killing by H2O2. We hypothesized that both katA and 

dspB are important for this resistance during co-culture infection. To test this hypothesis, 

we used a murine abscess infection model [162] to assess the ability of Aa and Sg to 

persist in an infection site. This model is biologically relevant because oral bacteria 

initiate polymicrobial abscesses both inside [160] and outside [188, 189] the mouth, and 

both Aa [188] and Sg [189] have been cultured from these infections. A concern with this 

infection model may be that abscesses are too anoxic to permit oxygen-mediated bacterial 

interactions; however, many studies support the viewpoint that these infections contain 

multiple oxygen environments [146, 162, 181, 183]. Significantly, Aa can only consume 

L-lactate when oxygen is present, and previous work [162] showed that this process is 

essential for Aa to grow to higher yields during co-infection with Sg, indicating that 

abscesses contain sufficient oxygen to support aerobic metabolism in Aa. To confirm this, 

we used RNA-seq to measure katA and dspB transcription in the abscess. We found that 

both genes are expressed in single-species infections and upregulated in mixed-species 

infections containing Sg (Fig. 2.8). Since these genes respond to oxygen and H2O2 (Fig. 

2.3) [164] and since H2O2 production by Sg requires oxygen [163], the fact that they are 

expressed in vivo suggests that the abscess is at least partially oxic. Moreover, katA [164] 

and dspB (Fig. 2.7) are activated by H2O2 during co-culture, so these data also suggest 

that Sg causes oxidative stress to Aa in our infection model. 

Abscesses were formed with either Aa wild type, Aa katA-, or Aa dspB- alone or in 

combination with Sg. Following three days of infection, the number of bacteria within 

abscesses was assessed. As noted previously, Aa substantially increased in cell number 
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during co-infection, but strikingly, this enhanced persistence no longer occurred when 

either katA or dspB was absent (Fig. 2.9, Fig. 2.10A). Importantly, the katA and dspB 

mutants established similar or better single-species infections compared to wild type (Fig. 

2.9, Fig. 2.10A), eliminating a mono-infection defect as a possible explanation for the 

loss of synergy. Although not the major focus of this report, we also measured Sg fitness 

in the abscess, and to our surprise, found that Sg is also attenuated in co-infections with 

either Aa katA- or dspB- (Fig. 2.10B). One explanation for this may be that Aa cross-

protects Sg, which does not make its own catalase, from self-inflicted oxidative stress. In 

support of this idea, Sg was most impaired for cell survival when co-cultured with Aa 

katA- (Fig. 2.10B). Together, these results suggest that the response of Aa to H2O2 imparts 

community-wide fitness benefits during synergistic infections with Sg.  
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Fig. 2.9. dspB and katA are required for polymicrobial synergy with Sg. 

Murine abscesses were formed using Aa wild type (Aa), katA-, dspB-, and Sg. At 3 days 
post-infection, abscesses were harvested for enumerating viable bacteria on selective 
media. Each data point represents a single animal, and at least two biological replicates 
were performed for each condition. Aa % survival (y-axis) was calculated by dividing the 
number of viable bacteria recovered from the abscess by the number of viable bacteria 
measured in the inoculum (107-108 CFU). Horizontal bars represent the mean. **P < 
0.01, ***P < 0.001, ns (not significant) by a two-tailed Mann-Whitney U test. 
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Fig. 2.10. dspB and katA enhance community-wide fitness in vivo. 

(A) dspB and katA are required for polymicrobial synergy with Sg. Murine abscesses 
were formed using Aa wild type (Aa), katA-, dspB-, and Sg. At 3 days post-infection, 
abscesses were harvested for enumerating viable bacteria on selective media. Each data 
point represents a single animal, and at least two biological replicates were performed for 
each condition. Horizontal bars represent the mean. Five katA- data points with values 
less than 104 CFU/abscess are not shown for visualization purposes. *P < 0.015, **P < 
0.005, †P < 0.075, ns (not significant) by a two-tailed Mann-Whitney U test. (B) Sg is 
less fit during co-infection with Aa katA- and dspB-. Co-infected murine abscesses were 
harvested at 3 days post-infection to enumerate viable bacteria on selective media. Each 
data point represents a single animal, and at least two biological replicates were 
performed for each condition. Horizontal bars represent the mean. *P < 0.04, **P < 0.005 
by a two-tailed Mann-Whitney U test.  
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2.3.5 DspB modulates community spatial structure in vivo 

While the role of KatA during co-culture is to protect Aa from H2O2 via 

detoxification, the role of DspB in mediating synergy is unknown. We hypothesized that 

the function of DspB is to allow Aa to move away from H2O2-producing bacteria such as 

Sg; thus, the dspB mutant fails to exhibit synergy because it cannot spatially segregate 

itself from Sg. If this is true, we predicted that the average distance between Aa dspB- and 

Sg would be smaller than that between Aa wild type and Sg. To test this hypothesis, we 

formed abscesses using strains of Aa and Sg expressing the fluorescent proteins GFP and 

mCherry, respectively, and conducted three-dimensional (3D) spatial analyses of intact, 

unfixed abscesses following imaging with confocal microscopy (Fig. 2.11A). A distinct 

advantage of this approach is that it removes the need to chemically fix abscesses prior to 

imaging, a procedure that may disrupt native spatial structure. For spatial analyses, we 

used the digital image analysis software daime [179]. In short, daime allowed us to 

determine the size of bacterial populations within the abscess and quantify the spatial 

organization of the microbial community (see Materials and Methods). Examination of 

confocal images revealed that both wild type Aa and Sg grow in small (<0.5 pL, or ~250 

to 1,000 cells), highly dense aggregates in co-culture abscesses, while Aa dspB- 

aggregates are about twice as large as wild type Aa aggregates (Fig. 2.12A). Examination 

of the spatial organization of these aggregates revealed that while Aa wild type 

aggregates range between 4-13 µm away from Sg aggregates, Aa dspB- aggregates are on 

average either immediately adjacent to or within 4 µm of Sg (Fig. 2.11B, Fig. 2.12B). 

These results show that Aa responds to an antimicrobial produced by commensal Sg by 

changing its spacing, ultimately impacting the organization of the community in the 

infection site. 

  



 68 

 

Fig. 2.11. DspB modulates community spatial structure in vivo. 

(A) Overlays of representative confocal Z-stacks from the indicated co-infections. Aa 
wild type (Aa) or dspB- expressing mCherry is red, and Sg expressing GFP is green. Co-
localization appears yellow. Scale bars, 100 µm. (B) Aa positional fraction is plotted as a 
function of distance from Sg. Positional fraction here is defined as the proportion of total 
Aa biomass that is found at each distance away from Sg. Positional fractions have been 
normalized such that fractions above 1 (log2 of 0) occur more than expected, while 
fractions below 1 (log2 of 0) occur less than expected. Continuous lines represent means, 
shaded regions represent 95% confidence intervals, and the dashed line represents 
random spatial distribution. Data represent the results for two biological replicates. Each 
replicate consisted of 2-3 abscesses, where 2-4 Z-stacks were acquired from each abscess 
(Aa+Sg n=12, dspB-+Sg n=16). 
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Fig. 2.12. DspB modulates community spatial structure in vivo. 

(A) Bacterial aggregates in vivo are larger when Aa cannot disperse. Each data point 
represents the mean aggregate size of either Aa or Sg within a single confocal Z-stack 
(Aa+Sg n=12, dspB-+Sg n=16). For each species, aggregate sizes in dspB-+Sg infections 
were compared to aggregate sizes in Aa+Sg infections to determine statistical 
significance. *P < 0.03 by a two-tailed Mann-Whitney U test. (B) Aa that cannot disperse 
is located closer to Sg. Aa positional fraction is plotted as a histogram. Positional fraction 
here is defined as the proportion of total Aa biomass that is contained within defined 
micrometer ranges away from Sg aggregates. Positional fractions have been normalized 
such that fractions above 1 (log2 of 0) occur more than expected, while fractions below 1 
(log2 of 0) occur less than expected. Each column represents the mean, and the tested 
distances from Sg are indicated. The light gray region indicates positional fractions that 
were more than expected, and the dark gray region indicates positional fractions that were 
less than expected. Error bars represent 95% confidence intervals. Aa+Sg n=12, dspB-+Sg 
n=16. *P < 0.05, **P < 0.01 by a two-tailed Student’s t test.  
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2.4 DISCUSSION 

 

Bacteria more often than not exist in polymicrobial communities in which 

interactions between community members impact individual as well as group fitness and 

virulence. Such interactions are especially prevalent in the human oral cavity, where the 

microbiome assorts itself into spatially structured, mixed-species biofilms. Many 

pairs/groups of species in this community are known to form close physical associations 

that ultimately benefit one or all interaction partners [99]. A closest-neighbor proximity 

analysis of dental plaque recently revealed that the Pasteurellaceae (the taxonomic family 

that includes Aa) strongly co-localize with streptococci [100]. Similarly, we found that 

during an abscess infection Aa localizes within a 4-13 µm radius around Sg (Fig. 2.11B). 

Since L-lactate catabolism enhances Aa cell yield during co-culture [162], the benefit Aa 

receives from physically associating with Sg is likely an abundant source of carbon, L-

lactate. 

The goal of this research was to define the role of Aa H2O2-responsive genes 

during synergistic infections with Sg. Prior in vitro studies pointed to the likely 

importance of catalase. Catalase is strongly upregulated during co-culture [164] and is 

responsible for locally depleting H2O2 levels in mixed Aa-Sg biofilms [117]. In light of 

these previous findings, we anticipated catalase would be an essential Aa fitness 

determinant during co-infections with Sg. As expected, Aa lacking katA no longer 

exhibited co-infection synergy (Fig. 2.9, Fig. 2.10A). Similarly, Aa fails to display 

synergy when it cannot catabolize L-lactate. However, an L-lactate catabolic mutant is 

not only deficient for synergy but also shows a >100-fold reduction in persistence relative 

to the wild type strain when the wild type is singly infecting the host [162]. In contrast, 

Aa katA- is equally fit as the wild type in both mono- and co-infection environments (Fig. 
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2.9, Fig. 2.10A). To us, this indicates that while cross-feeding on L-lactate is the leading 

nutritional requirement for Aa to achieve synergy, its resistance to Sg-produced H2O2 is a 

multifactorial phenotype that does not depend solely on detoxification by KatA. 

A major finding of this report is that the response of Aa to H2O2 encompasses not 

only detoxification but also dspB-mediated dispersion. Heretofore, signals and genetic 

factors controlling dspB expression were unknown. We found that, similar to katA [164], 

dspB is induced by H2O2 during co-culture with Sg (Fig. 2.7), and when exposed to H2O2, 

Aa biofilms disperse in a dspB-dependent manner (Fig. 2.6). Remarkably, this dispersion 

response is essential for Aa-Sg polymicrobial synergy (Fig. 2.9, Fig. 2.10A). Since 

biofilms containing streptococci develop highly acidic [118] and/or oxidative 

microenvironments [117], we hypothesize that when it cannot disperse, Aa becomes 

trapped within oxidative zones surrounding Sg, decreasing its fitness and abolishing 

synergy. Supporting our hypothesis, we showed that wild type Aa localizes further away 

from Sg than Aa dspB- (Fig. 2.11B, Fig. 2.12B). Since Aa is not known to be motile, it is 

unclear how dispersal is accomplished following DspB production; however, studies 

have shown that, even without a mechanism for motility, microbial communities can 

acquire unique spatial patterns based on the degree of cooperation or competition 

between community members [60, 95, 190, 191]. In such cases, cell movement can be 

due to the effect of cell division and crowding [191]. Alternatively, dispersal may rely on 

convection [192] or a source of flow. Various host tissue compartments are known to 

contain flow [2, 193, 194], and in some cases, the flow rate has been directly measured 

(e.g., <10 µL h-1 in the gingival crevice) [195]. Furthermore, poly-GlcNAc is known to 

mediate intercellular adhesion during biofilm formation [196], so disassembly of this 

molecule by DspB could increase the likelihood of Aa being transported by flow or other 

possible mechanisms. 
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Many streptococci are known to produce H2O2 at amounts sufficient to inhibit the 

growth of surrounding microbes [117]. For instance, H2O2 production by Streptococcus 

pneumoniae reduces the prevalence of other pathogens within the upper respiratory tract, 

including Haemophilus influenzae [197]. H2O2-mediated antagonism has also been 

documented between peroxidogenic oral streptococci and Streptococcus mutans [169], 

Actinomyces naeslundii [198], and Aa [187]. Unlike S. pneumoniae, most oral 

streptococci are commensals that are not associated with pathogenesis. Instead, they are 

highly abundant, primary colonizers of tooth surfaces that lay a foundation for later 

colonizers of the community [199]. H2O2 is thus ubiquitous in this ecosystem, and it has 

likely driven oral bacteria to evolve highly specific behaviors for sensing and responding 

to H2O2-induced stress. 

Often, bacterial regulatory circuits are wired to anticipate an impending stress 

[164], so in addition to H2O2 itself, oral microbes may express responses to 

environmental conditions known to stimulate streptococcal H2O2 production. Notably, 

oxic conditions favor higher H2O2 production, while anoxic conditions favor higher L-

lactate production by streptococci [163]. Oxygen-induced dispersion in Aa (Fig. 2.3, Fig. 

2.5) may therefore represent a preemptive measure to avoid regions containing oxygen 

and, potentially, streptococci-produced H2O2. However, migration towards regions 

lacking oxygen, despite containing presumably higher levels of streptococci-produced L-

lactate [163], would prevent Aa from consuming this beneficial carbon source, due to 

Aa’s strict oxygen requirement for L-lactate consumption [162]. A possible solution to 

this problem may lie in KatA. By converting H2O2 to water and oxygen, KatA may 

provide Aa with the co-substrate it requires for L-lactate consumption. Thus, H2O2 may 

not be a purely inhibitory molecule in the context of Aa-Sg interactions. We propose a 

model (Fig. 2.13) where inhibitory H2O2 levels trigger KatA-mediated detoxification as 
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well as DspB-mediated dispersion to low-oxygen environments, where Sg-produced L-

lactate is abundant and where enough Sg-produced H2O2 is present to be converted to 

oxygen by Aa KatA activity and enhance Aa growth within synergistic infections with Sg. 

In summary, our findings show that Aa survives H2O2 stress through 

detoxification of the antimicrobial via KatA and dispersal away from antimicrobial-

producing bacteria via DspB, responses reminiscent of the ‘fight-or-flight’ response 

observed when animals are exposed to threats. While this microbial response is more 

accurately a ‘fight-and-flight’ response, it provides a novel mechanism by which a 

pathogen responds to an antimicrobial produced by commensal microbiota to modulate 

its spatial orientation and enhance its virulence. Similar behaviors may underlie the 

development of synergy and spatial structure in other infections and natural habitats 

[200]. 
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Fig. 2.13. Model for H2O2-supported L-lactate consumption by Aa. 

Oxygen levels control H2O2 and L-lactate production by Sg. In highly oxic regions, H2O2 
is inhibitory towards Aa and induces detoxification by KatA and dispersal by DspB. In 
less oxic regions, KatA converts H2O2 to oxygen and enables Aa L-lactate consumption. 
In anoxic regions, L-lactate is abundant but unavailable to Aa as a carbon source. 
  



 75 

Chapter 3: A commensal bacterium promotes virulence of an 
opportunistic pathogen via cross-respiration3 

 

3.1 INTRODUCTION 

 

The history of microbiology is marked by discoveries of the causative agents of 

devastating human infections. In many cases, such as cholera [202] and anthrax [203], the 

causative agents are a single pathogen, which can be demonstrated using Koch’s 

postulates [204]. While studies of pathogens are often focused on how they overcome 

host-associated stresses and the immune system, it is also clear that to establish an 

infection pathogens must also compete with the host microbiome for space and nutrients. 

This is especially clear for infections of the large intestine [205, 206], as this organ is 

home to a stable microbiome [207]. Many other human infections are also polymicrobial 

in nature, such as wounds [208], abscesses [10], and the lungs of cystic fibrosis patients 

[209]. Interspecies interactions within these infections are therefore a major component 

of pathogenesis [4]. These interactions can be both indirect, such as when one species 

manipulates the host immune system to the (dis)advantage of another species [210], or 

direct, such as when two or more species in close proximity vie for nutrients [211]. An 

open question is to what extent polymicrobial interactions are antagonistic [207] or 

mutualistic [212], as examples can be found for both [9]. An emerging paradigm from 

microbiome studies is that specific community structures can increase susceptibility to 

infection [213, 214]. This phenomenon can be partly explained by synergistic 

interspecies interactions that enhance the virulence of pathogens [8]. Mechanistic studies 
                                                
3This chapter was adapted from reference 201. All co-authors contributed equally. Stacy, A., 
Fleming, D., Lamont, R.J., Rumbaugh, K.P., Whiteley, M., A Commensal Bacterium Promotes Virulence of 
an Opportunistic Pathogen via Cross-Respiration. MBio, 2016. 7(3). 
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with simplified communities have shown that synergy can stem from both antagonistic 

[6] and mutualistic [161, 162] interactions. These studies are important because they form 

building blocks in our progress towards understanding the complex network of 

interactions that lead to infection. However, before we can dissect more complex 

communities, it is first necessary to determine the full requirements for a pathogen to 

coexist with each individual species that it may encounter at its site of infection. 

Two of the most common infectious diseases occur in the oral cavity – caries [7] 

and periodontitis [215] – both of which are polymicrobial. We previously established a 

model bacterial community consisting of the opportunistic oral pathogen Aggregatibacter 

actinomycetemcomitans (Aa) and the commensal oral bacterium Streptococcus gordonii 

(Sg). These bacteria not only co-exist in the human oral cavity but also in infections of 

the heart [216] and in abscesses of the skin [189], brain [188], and lung [217]. Aa and Sg 

are both facultative anaerobes that can proliferate both in high- and low-oxygen 

environments, which has important consequences for their metabolisms. The two major 

modes of energy production are metabolic fermentation and respiration. As Sg is an 

obligate fermenter, it only produces ATP by substrate-level phosphorylation, and 

therefore its metabolism is largely unchanged in the presence of oxygen. An exception to 

this is the relative abundance at which Sg produces it two major metabolites, L-lactate 

and hydrogen peroxide, since hydrogen peroxide production by Sg requires oxygen [163]. 

In contrast, Aa can both ferment and respire, where it can also gain energy from reducing 

an electron acceptor (such as oxygen) via an electron transport chain. This electron 

transport chain establishes a proton motive force that can be used to produce ATP by 

oxidative phosphorylation. Notably respiration is a higher energy-yielding metabolism 

than fermentation, producing ~15-fold more ATP per molecule of glucose. 
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A major discovery from our studies of the Aa-Sg community is that Sg promotes 

the virulence of Aa. This disease synergy depends on multiple factors, including 

metabolic cross-feeding and spatial organization. The metabolite L-lactate produced by 

Sg is a preferred carbon source for Aa [161], and catabolism of L-lactate in co-infection 

with Sg is required for synergy in abscesses [162]. In response to Sg-produced hydrogen 

peroxide, Aa produces a biofilm-degrading enzyme that allows it to maintain a precise 

distance from Sg, which is also required for synergy in abscesses [52]. Key to both of 

these interactions is the presence of oxygen, since only in the presence of oxygen can Aa 

consume L-lactate [162] and Sg produce hydrogen peroxide [163]. However, RNA-seq 

examination of mono-infected Aa abscesses revealed that Aa metabolism in vivo is 

primarily anaerobic [181]. These seemingly conflicting observations raise questions 

about the role of oxygen in Aa-Sg infections. Are oxygen levels constant but high enough 

to allow Aa L-lactate catabolism/Sg hydrogen peroxide production? Or alternatively, are 

oxygen levels dynamic, increasing in availability during co-infection? 

In this study, we used an open-ended genome-wide approach, transposon-

sequencing (Tn-seq), to assess how Aa physiology is altered by co-infection with Sg. 

Using this approach, we can simultaneously test the fitness of thousands of mutants en 

masse. We decided on Tn-seq to investigate mutant fitness directly over another common 

genomic approach, RNA-seq, since previous studies by our group [78, 218] and others 

[219] have found that transcriptomic data is a poor predictor of mutant fitness. In 

addition, our goal was not to examine how Aa responds to Sg, but instead to identify bona 

fide fitness determinants that Aa needs to survive with Sg. Knowing the importance of 

oxygen to Aa-Sg interactions, our strategy was to first use Tn-seq to expand our 

knowledge of oxygen-influenced processes in Aa and then to leverage this data to assess 

oxygen levels in the infection site.  
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3.2 MATERIALS AND METHODS 

 

3.2.1 Strains, media, and growth conditions. 

Strains and plasmids are listed in Table 3.1. Aa strains VT1169 and 624 were used 

for all experiments. Aa was routinely grown in filter-sterilized [220] tryptic soy broth 

(BD Difco) supplemented with 0.5% (w/vol) yeast extract (Fluka) (TSBYE) or on 

autoclaved tryptic soy agar (BD Difco) supplemented with 0.5% yeast extract (Fluka) 

(TSAYE). Aa grown under oxic conditions was incubated in a 5% CO2 atmosphere at 

37ºC with shaking at 250 rpm. Aa grown under anoxic conditions was incubated in an 

anaerobic chamber (Coy) in an 85% N2, 10% CO2, 5% H2 atmosphere at 37ºC with 

shaking at 250 rpm. Sg was routinely grown in TSBYE in a 5% CO2 atmosphere at 37ºC 

without shaking. E. coli was routinely grown in LB at 37ºC with shaking at 250 rpm. 
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Table 3.1. Strains and plasmids used in this study. 

Strain or plasmid Description Source 

A. actinomycetemcomitans VT1169 
wild type, nalidixic acidR, 
rifampicinR, smooth colony 
morphology 

[221] 

A. actinomycetemcomitans VT1169 
ΔatpB ATP synthase mutant, kanamycinR This study 

A. actinomycetemcomitans 624 wild type, naturally competent, 
rough colony morphology  

A. actinomycetemcomitans 624 
ΔtorYZ 

TMAO reductase mutant, 
kanamycinR This study 

A. actinomycetemcomitans 624 
ΔdmsABCD 

DMSO reductase mutant, 
kanamycinR This study 

A. actinomycetemcomitans 624  
ΔtorYZ ΔdmsABCD 

TMAO/DMSO reductase double 
mutant, kanamycinR, 
spectinomycinR 

This study 

E. coli DH5α cloning strain  
E. coli S17-1 λpir conjugative strain  
S. gordonii Challis DL1.1 wild type, streptomycinR ATCC 49818 

pVT1542 mini-Tn10 mutagenesis vector, 
spectinomycinR [166] 

pYGK source of aphA [170] 
pGEM-T Easy TA cloning vector, ampicillinR Promega 

pMRKO Aa suicide vector, spectinomycinR, 
source of aad9 [162] 

pMRKO-ATP Aa suicide vector for deleting atpB This study 
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3.2.2 Generation of the Aa mutant pool. 

Aa VT1169 was mutagenized with mini-Tn10 by conjugation with E. coli largely 

as described [166]. Conjugations were carried out for up to 24 hours or more, plated onto 

selective media, and incubated under oxic conditions for 3-6 days. Resulting colonies 

were pooled together with a cell spreader into TSBYE, aliquotted, and frozen. Aliquots 

from separate conjugations were combined, grown under oxic conditions in TSBYE with 

antibiotics, and aliquotted ~100x to generate the final mutant pool (available upon 

request). 

3.2.3 Selection experiment to identify anoxic and oxic fitness determinants. 

An aliquot of the mutant pool was thawed, and ~100 µl was diluted to OD600 = 

0.005 per 50 ml volume of TSBYE in a 250 ml flask. Cultures were grown with shaking 

at 250 rpm under either anoxic or oxic conditions and monitored for up to ~27 hours until 

they reached an OD600 of ~1-1.5 (after 7-8 doublings). Biological replicates were repeated 

on separate days. 

3.2.4 Construction of the Aa ATP synthase mutant. 

An ATP synthase mutant (ΔatpB) was constructed in Aa VT1169 by replacing the 

subunit A gene, atpB (VT1169_1844), with aphA (encoding kanamycin resistance) by 

double homologous recombination. The knockout construct was made by fusing ~1 kb 

DNA fragments upstream and downstream of atpB to aphA by overlap extension PCR as 

previously described [52] (see Table 3.2 for primer sequences). The resulting ~3 kb 

fragment was gel extracted, ligated into pGEM-T Easy (Promega), and transformed into 

DH5α using the TSS method [222] and selecting on 40 µg/ml kanamycin. A purified 

plasmid was double-digested with NotI (to release the knockout construct) and XmnI (to 

cut the vector and distinguish it from the construct, as they were approximately the same 
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size). The NotI-digested construct was gel extracted, ligated into NotI-digested/CIP-

treated pMRKO [162], and transformed into E. coli S17-1 λpir using the TSS method 

[222] and selecting on 40 µg/ml kanamycin. The knockout vector (pMRKO-ATP) was 

conjugated into Aa from S17-1 λpir largely as described [166]. E. coli was counter-

selected with 50 µg/ml nalidixic acid, and Aa recombinants were selected with 40 µg/ml 

kanamycin. 48 colonies were screened for sensitivity to 50 µg/ml spectinomycin. Allelic 

replacement in a sensitive clone was confirmed by PCR with primers ATP-UP-F and 

ATP-UP-R (Table 3.2). Tn-seq data confirmed that several genes in the ATP synthase 

operon are required for fitness during anoxic growth (Table 3.3). 
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Table 3.2. Primers used in this study. 

Target or 
Library prep Name Sequence (5’->3’) Underlined 

region 

ATPase 
upstream 
fragment 

ATP-UP-F GAAGATCTAAGTGCGGTGCCTAT
AATTTAACCTCCGTGC BglII 

ATP-UP-R 
GTCATTGGATGATTCAGCGTATAA
TTAAGACCTATTCAGCAGAAATG
G 

overlap 
extension 
(aphA) 

ATPase 
downstream 
fragment 

ATP-DN-F GGTATGAGTCAGCAACACCTTCA
ATTTTTTATTAACCGGCTCTAGG 

overlap 
extension 
(aphA) 

ATP-DN-R GAAGATCTAAGTGCGGTTTGAAT
ACTGCCGGAAGG BglII 

aphA 
(kanamycin 
resistance 
gene) 

Kan-F TTATACGCTGAATCATCCAATGAC  

Kan-R GAAGGTGTTGCTGACTCATACC  

torYZ upstream 
fragment 

TorY-UP-F AAGTGCGGTCGAGCTGCCGTAAC
G  

TorY-UP-R GTCATTGGATGATTCAGCGTATAA
TCAGGCAAAGTGCGG 

overlap 
extension 
(aphA) 

torYZ 
downstream 
fragment 

TorZ-DN-F GGTATGAGTCAGCAACACCTTCC
GTATAAAAAAACAACCGCAC 

overlap 
extension 
(aphA) 

TorZ-DN-R AAGTGCGGTGCAAGATGTTAAGA
TGAAAAGC  

check primer TorZ-check-R TCATATGTCTATCTTCGCAAG  

dmsABCD 
upstream 
fragment 

DmsA-UP-F AAGTGCGGTCATGCGTCGCAAAG
G  

DmsA-UP-R GTCATTGGATGATTCAGCGTATAA
TGCATACGTAACGGACAG 

overlap 
extension 
(aphA) 

dmsABCD 
downstream 
fragment 

DmsD-DN-F GGTATGAGTCAGCAACACCTTCC
GTTCGTTTTTATCGTTAACG 

overlap 
extension 
(aphA) 

DmsD-DN-R AAGTGCGGTGCCGTAAGTGGTTTT
GC  

check primer DmsD-check-
R TCGTTCTGATGGAACACG  
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Table 3.2 (continued) 
 

aad9 
(spectinomycin 
resistance 
gene) 

Spc-F-Kan TTATACGCTGAATCATCCAATGAC
CGATTTTCGTTCGTGAATACATG 

overlap 
extension 
(aphA) 

Spc-R-Kan GAAGGTGTTGCTGACTCATACCCA
TATGCAAGGGTTTATTGTTTTC 

overlap 
extension 
(aphA) 

INSeq INSeq-Tn10 
biotin-
GGCCGCGATTTTTACCAAAATCAT
TAGG 

NotI 

INSeq Illumina 
primer 1 (P5) AATGATACGGCGACCACCGAGA  

INSeq Illumina 
primer 2 (P7) ATCTCGTATGCCGTCTTCTGCTTG  

2-PCR Tn10-1 
biotin-
TTTACACTGATGAATGTTCCGTTG
CGCTGC 

 

2-PCR olj376 
GTGACTGGAGTTCAGACGTGTGCT
CTTCCGATCTGGGGGGGGGGGGG
GGG 

 

2-PCR Tn10-2 

AATGATACGGCGACCACCGAGAT
CTACACTCTTTCCCTACACGACGC
TCTTCCGATCTNNNNNAGATGTGT
ATCCACCTTAACTTAATGATTTTT
ACC 

random 
bases 

2-PCR BC-- 
CAAGCAGAAGACGGCATACGAGA
TXXXXXXGTGACTGGAGTTCAGA
CGTGTG 

Illumina 
barcode 

Highlighted regions correspond to the Aa uptake signal sequence for natural 
transformation [176]. 
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Table 3.3. Transposon insertions in the ATP synthase locus. 

locus tag name avg count strand log2FC padj sites 
VT1169_1846 gidB 344 - -0.5 0.803 0 
VT1169_1845 atpI 27 - -2.1 1.000 0 
VT1169_1844 atpB 1084 - -2.4 0.000 2 
VT1169_1843 atpE 115 - -1.1 0.577 0 
VT1169_1842 atpF 7139 - -1.6 0.000 1 
VT1169_1841 atpH 50 - -5.3 1.000 1 
VT1169_1840 atpA 1938 - -1.9 0.000 5 
VT1169_1839 atpG 962 - -0.9 0.095 0 
VT1169_1838 atpD 3060 - -2.9 0.000 2 
VT1169_1837 atpC 11 - 0.3 1.000 0 
VT1169_1836 potD 13835 + 0.2 0.828 0 
Data shown are from the anoxic vs. oxic comparison. Average (avg) count is mean read 
count (sequencing depth). Log2 fold change (FC) is negative for genes impaired for 
anoxic growth. Adjusted p value (padj) is the p value corrected for multiple testing. 
Orange, ATP synthase genes. Gray, up- or down-stream genes. Red, log2FC < -1 or padj 
< 0.05 or >0 insertion sites with padj < 0.05. 
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3.2.5 Growth yield experiments. 

The Aa VT1169 wild type and ATP synthase mutant were grown under oxic 

conditions overnight (for 16-20 hours) in TSBYE with 25 µg/ml nalidixic acid and, for 

the mutant only, 20 µg/ml kanamycin. Overnights were diluted 1:100 into fresh media 

without antibiotics and grown under oxic or anoxic conditions for ~24 hours. Cultures 

were vigorously vortexed (to disperse clumps), and the OD600 of 1 ml of undiluted culture 

was measured to quantify growth yield. Media for electron acceptor experiments was 

filter-sterilized TSBYE ± 40 mM electron acceptor. TMAO and DMSO (Sigma) stock 

solutions were made up at 2.5 M in diH2O and TSBYE, respectively. Media for pH 

experiments was TSBYE buffered with 20 mM MOPS and adjusted to pH 6.4, 7, or 8 

before being sterilized by autoclaving. MOPS-buffered TSBYE was used within a few 

days after autoclaving (because of increasing inhibition towards Aa). 

3.2.6 Generation time experiments. 

The Aa VT1169 wild type and ATP synthase mutant were grown under oxic 

conditions for 12 hours in TSBYE. Strains were diluted to an OD600 of 0.02 in a 6-7 ml 

volume of TSBYE, TSBYE + 40 mM TMAO or DMSO, or TSBYE pH 6.4, 7, or 8 (20 

mM MOPS-buffered, filter-sterilized). Cultures were grown under oxic or anoxic 

conditions. Growth rate was monitored by measuring the OD600 of 0.7 ml aliquots of the 

cultures at 1.5 hour intervals. 

3.2.7 Construction of Aa TMAO/DMSO reductase mutants. 

TMAO/DMSO reductase mutants were constructed in Aa strain 624 using the 

same strategy as described for the ATP synthase mutant, except that allelic replacement 

constructs were introduced into 624 via natural transformation rather than conjugation. 

Knockout constructs for single mutants were made by fusing ~1 kb DNA fragments 



 86 

upstream and downstream of a target locus to aphA (encoding kanamycin resistance) by 

overlap extension PCR as previously described [52]. Target loci were torYZ 

(D7S_00103-00104) and dmsABCD (D7S_01379-01382) (see Table 3.2 for primer 

sequences, designed using the Aa strain D7S-1 genome sequence). Primers for building 

knockout constructs were designed to introduce the Aa uptake signal sequence [176] onto 

the 5’ and 3’ ends of constructs to promote uptake of the constructs by Aa. After overlap 

extension, knockout constructs were gel purified, and natural transformation of Aa with 

the purified constructs was performed largely as described [52, 176]. The double mutant 

was constructed by fusing the up- and down-stream regions of dmsABCD to aad9 

(encoding spectinomycin resistance), instead of aphA, and naturally transforming the 

purified overlap extension product into the kanamycin-resistant torYZ single mutant. 

Antibiotic-resistant clones were confirmed by PCR with primers TorY-UP-F and TorZ-

check-R for torYZ mutants and with primers DmsA-UP-F and DmsD-check-R for 

dmsABCD mutants. 

3.2.8 TMAO reduction experiments. 

The Aa 624 wild type or TMAO/DMSO reductase mutants were diluted into fresh 

TSBYE ± 50 mM TMAO in 1.5 ml microcentrifuge tubes and incubated statically in an 

anaerobic chamber for 2 days. Supernatants were collected, and the concentration of 

TMA (a readout for how much TMAO was reduced) was measured using a modified 

spectrophotometric method [223]. Briefly, TMA was extracted from culture supernatants 

with toluene, picric acid was added to the extracts, and absorbance was measured at 410 

nm on a plate reader. A standard curve made using known amounts of TMA was used to 

calculate TMA concentrations in the supernatants. 
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3.2.9 Murine thigh abscess infection model. 

The abscess model for Tn-seq experiments was performed as previously described 

[162]. The mutant pool for these experiments was prepared as follows. 150 µl to 2 ml of 

the mutant pool was revived in TSBYE with spectinomycin, resuspended in fresh media 

with or without Sg, and injected in 100-200 µl volumes (representing 107-108 CFU) into 

each of 4 mice per biological replicate. After 3 days, abscesses were extracted and stored 

in RNAlater (Ambion). 

The abscess model for experiments with the ATP synthase and TMAO/DMSO 

reductase mutants was performed as previously described [162] with minor 

modifications. 6 week old, female, Swiss Webster mice were ordered from Charles River 

and allowed to acclimate after shipment for at least 3 days. Aa and Sg were prepared for 

injection as follows. Aa strain VT1169 was grown under oxic conditions overnight (for 

16-20 hours) in liquid TSBYE. Sg was grown without shaking overnight in liquid 

TSBYE. In contrast, Aa strain 624 (a strain with ‘rough’ colony morphology) was spread 

onto solid TSAYE and grown overnight into a lawn. This lawn was then scraped off the 

plate with a cell spreader and pooled into TSBYE, producing a suspension of cells that 

was much less clumpy than if it were grown in liquid. Cultures were gently washed, 

resuspended in fresh TSBYE, and adjusted to the appropriate density. Aa for mono-

infections was adjusted to an OD600 = 0.3-0.4 (corresponding to ~1 x 107 CFU/100 µl). Aa 

and Sg for co-infections were adjusted, respectively, to an OD600 = 0.6-0.8 (~2 x 107 Aa 

CFU/100 µl) and OD600 = 0.4 (~2 x 107 Sg CFU/100 µl), and prior to injection were 

mixed at a 1:1 ratio to give a final concentration of ~1 x 107 CFU of each species per 100 

µl. 

Mice were prepared for injection as follows. Mice were anesthetized with 

isoflurane delivered by a precision vaporizer (Patterson Veterinary) that was set to flow 
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oxygen at 1-2 L/min. Mice were initially induced with 5% isoflurane, and once 

anesthetized, they were maintained for the procedure with 1-2% isoflurane. The left inner 

thigh of each mouse was shaved, and Nair was massaged into the infection site for 1 

minute to fully remove hair from the infection site. The infection site was then 

disinfected with 70-75% ethanol. While the ethanol was allowed to fully dry, the cell 

suspension serving as the inoculum was gently mixed by pipetting and drawn into a 

syringe through a 30G needle. 100 µl of the inoculum was then subcutaneously injected 

into the left inner thigh, making sure to pull the needle out slowly to avoid leakage. After 

3 days, mice were sacrificed by CO2 asphyxiation and cervical dislocation, and abscesses 

were harvested to count viable CFU. Each abscess was placed into a BeadBug tube pre-

filled with 2.8 mm steel beads (Sigma) to which 900 µl TSBYE had been added, and 

homogenized for 30 seconds in a Mini-Beadbeater (Biospec). Homogenized abscesses 

were then serially diluted and plated onto TSAYE with 5 µg/ml vancomycin to count 

viable Aa CFU or TSAYE with 50 µg/ml streptomycin to count viable Sg CFU. Plates 

were incubated under oxic conditions for 2 days. 

3.2.10 Tn-seq sequencing libraries. 

DNA from in vitro samples was extracted with the DNeasy Blood & Tissue kit 

(Qiagen). DNA from abscesses was extracted with phenol:chloroform largely as 

described [78, 224]. Purified DNA was sheared in either a S220 Focused-ultrasonicator 

(Covaris) or Q880R Sonicator (Qsonica) until it reached a size distribution that centered 

between 0.3-1 kb.  

Purified, sheared DNA was prepared for Illumina sequencing largely as described 

(2-PCR method) [224, 225]. For in vitro samples, 2.5 µg of sheared DNA per sample was 

C-tailed in a 50 µl volume, purified with AMPure XP beads, and eluted in 25 µl H2O. For 
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in vivo samples, 20 µg of sheared DNA per sample was C-tailed in a 400 µl volume, 

purified with a spin column, and eluted in 40 µl H2O. For in vitro samples, 1 PCR-1 

reaction was set up per sample using 5 µl (250-500 ng) of C-tailed template, purified with 

AMPure XP beads, and eluted in 50 µl H2O. For in vivo samples, 4 PCR-1 reactions were 

set up per sample, each PCR using 10 µl (2.5-5 µg) of C-tailed template, purified with a 

single spin column per sample, and eluted in 50 µl H2O. The remainder of the protocol 

was identical for in vitro and in vivo samples. 

Although not discussed in this manuscript, the initial Aa VT1169 mutant pool, 

prior to anoxic/oxic selection or abscess infection, was also sequenced and analyzed. 

DNA purified from mutant pool aliquots was prepared for Illumina sequencing largely as 

described (INSeq method) [78, 226]. 

As previously described [78], the transposon-specific primer (Tn10-2 in the 2-

PCR protocol, INSeq-Tn10 in the INSeq protocol) was designed to anneal close to the 

transposon’s 5’ and 3’ ends and direct DNA replication outwards into genomic DNA 

flanking the transposon. This design provided a source of quality control in downstream 

computational analyses. If a sequencing read was truly derived from the transposon, a 

known transposon sequence (23 bases long for 2-PCR libraries, 11 bases long for INSeq 

libraries) should appear in the read upstream of genomic DNA sequence. 

Libraries were sequenced at the Genome Sequencing and Analysis Facility at the 

University of Texas at Austin on a HiSeq 2500 (Illumina). 2-PCR libraries were 

sequenced on 1x100 single end runs, and INSeq libraries were sequenced on 2x100 

paired end runs. Raw sequencing files were deposited into the NCBI Sequence Read 

Archive under accession no. SRP070130. 
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3.2.11 Aa VT1169 genome sequencing, assembly, and annotation. 

The genome of Aa strain VT1169 was sequenced to a depth of ~410x on a 

PacificBiosciences RS II sequencer using P5-P3 chemistry at the University of Michigan 

DNA sequencing core. Reads were assembled into a closed genome using the SMRT 

Analysis pipeline v2.3 [227]. The genome was annotated with the NCBI Prokaryotic 

Genome Annotation Pipeline (PGAP) [228] and KEGG Automatic Annotation Server 

v2.0 [229]. BRITE hierarchy annotations were obtained from the annotation of Aa strain 

ANH9381 [230] available on the KEGG website (http://www.genome.jp/kegg-

bin/show_organism?org=aao) [231]. Annotations were curated to reduce redundancies 

and inaccuracies. Raw PacBio sequences were deposited into the NCBI Sequence Read 

Archive under accession no. SRP059980. The genome assembly and curated annotation 

were deposited into Genbank under accession no. CP012958.  

3.2.12 Computational analyses. 

Tn-seq data were analyzed largely as described [78]. Analyses were performed on 

the Texas Advanced Computing Cluster and are described below. 

As described above, Tn-seq libraries were prepared such that sequencing reads 

derived from the transposon should contain a known transposon sequence. Reads were 

therefore first filtered, using fqgrep v0.4.3 (https://github.com/indraniel/fqgrep), for those 

that contain the transposon sequence in its expected location within the read. Reads were 

then trimmed, using cutadapt v1.8.3 

(http://cutadapt.readthedocs.org/en/stable/index.html), of 3’ low-quality bases and 

Illumina adapter sequences (for INSeq libraries) or poly-C-tails (for 2-PCR libraries). 

Reads less than 20 bases long after trimming were also removed (to improve mapping 

efficiency). Reads were then mapped to the VT1169 genome using bowtie2 v2.1.0 [232] 

with default -end-to-end parameters (requiring the entire read to map to the genome). 
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Reads mapping with high quality and only to one location (MAPQ > 39) were then used 

to determine unique insertion sites, and the read count at each of these sites was tallied. 

Importantly, in determining insertion site locations, the 9 bp duplication associated with 

Tn10 insertion events [233] was accounted for, dramatically reducing the number of 

unique insertions identified. In examining the distribution of insertion site counts, it was 

observed that many sites with low counts lie adjacent to sites with high counts. As 

previously noted [234], this can arise from DNA polymerase slipping during DNA 

replication. To correct for this, the read counts of adjacent sites were collapsed onto the 

site with the highest count (the local maximum) using a custom script. Correcting for 

slippage removed up to 1,175 sites per sample (see Table 3.4). 
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Table 3.4. Summary of Tn-seq analysis. 

Condition Rep Library 
prep Total reads 

Reads 
containing 
the Tn (%)† 

Reads after 
processing 
(%)† 

Reads 
mapping to 
Aa (%)† 

Total 
insertions 
identified 

Insertions 
after 
correcting 
slippage 

Input* 1 INSeq 3,227,246# 3,007,840 
(93.2) 

2,923,261 
(97.2) 

2,236,064 
(76.5) 9,819 8,644 

Anoxic 
1 

2-PCR 

16,480,451 16,044,302 
(97.4) 

15,483,223 
(96.5) 

14,614,798 
(94.4) 11,839 11,016 

2 16,192,551 15,843,294 
(97.8) 

15,396,663 
(97.2) 

14,507,760 
(94.2) 10,987 10,161 

Oxic 
1 18,125,356 17,602,993 

(97.1) 
17,033,391 
(96.8) 

16,072,395 
(94.4) 10,568 9,720 

2 17,835,468 17,350,457 
(97.3) 

16,773,686 
(96.7) 

15,855,074 
(94.5) 11,675 10,789 

Mono-
infection 

1 53,360,274 35,536,166 
(66.6) 

18,105,657 
(50.9) 

15,535,124 
(85.8) 8,662 7,969 

2 44,834,420 34,634,582 
(77.2) 

20,745,381 
(59.9) 

18,593,809 
(89.6) 16,366 15,273 

Co-
infection 

1 53,431,462 43,070,778 
(80.6) 

27,341,608 
(63.5) 

23,011,272 
(84.2) 12,368 11,369 

2 45,767,739 39,389,554 
(86.1) 

28,537,459 
(72.4) 

24,640,277 
(86.3) 13,987 12,922 

 ‘Reads containing the Tn’ is how many reads contained the transposon sequence in its 
expected location within each read. ‘Reads after processing’ is how many reads remained 
after trimming 3’ low-quality bases, trimming 3’ non-genomic DNA sequences, and 
removing reads less than 20 bases long. ‘Reads mapping to Aa’ is how many reads 
mapped to the Aa genome with high quality. ‘Insertions identified’ is how many unique 
insertions were identified after accounting for the 9 bp duplication associated with Tn10 
insertion events. ‘Insertions after correcting slippage’ is how many insertions remained 
after correcting for polymerase slippage. 
*Input is an aliquot of the Aa VT1169 mutant pool, prior to any growth conditions. 
#The original fastq file for the INSeq sample was corrupted, so ‘total reads’ for this 
condition is how many raw reads contained the transposon sequence. 
†Percentages are relative to the value in the adjacent left column. 
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 As previously noted [235], multifork replication can inflate read counts for 

insertions close to the origin of replication. To correct for this, local smoothing (LOESS) 

was used as previously described [78, 235]. At most, insertions close to the origin (the 

maximum value in the LOESS regression) were found to be inflated 2.3 fold relative to 

the terminus (the minimum value in the LOESS regression). Insertion site locations were 

then mapped to genetic elements (genes and intergenic regions) using the intersect 

function in the BEDTools suite v2.25.0 [236]. Insertion sites were mapped to both full-

length features and features where the 3’ 10% of genes were trimmed (to exclude analysis 

of insertions that may not disrupt gene function). Reference files for mapping to these 

features were built using Microsoft Excel. The read count per feature, excluding counts 

contributed by sites mapping to multiple features, was then tallied using the sumif 

function in Microsoft Excel. Finally, differential fitness was calculated for LOESS-

corrected sites, full-length genetic elements, and 3’ 10% trimmed genetic elements using 

DESeq2 v1.10.0 [237] with default parameters, except for incorporating normalization 

factors to remove biases related to gene length, which were calculated using EDASeq 

v2.4.0 [238]. Features were considered differentially fit if they met one of the following 

criteria: (1) the adjusted p value for the full-length feature was less than 0.05, (2) the 

adjusted p value for the 3’ 10% trimmed feature was less than 0.05, or (3) at least 1 site 

was present with an adjusted p value less than 0.05, and the fold change of the site(s) had 

the same sign as the full-length feature (and the trimmed feature, when considering non-

intergenic regions). The only exception was that in the mono- vs. co-infection 

comparison, non-adjusted p values were used for criteria (1) and (2). 
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3.2.13 Determining Aa biosynthetic requirements in vivo. 

A metabolite was considered not available, or biosynthesized in vivo, if at least 1 

biosynthetic gene for the metabolite was required in vivo. A metabolite was considered 

available, or not biosynthesized in vivo, if all differentially fit biosynthetic genes for the 

metabolite were required only in vitro. Many metabolites could not be assessed for 

availability because the known biosynthetic genes were not present in the Aa genome 

(indicating auxotrophy), or because mutants in those genes were not present in the mutant 

pool (indicating essentiality). A list of these metabolites is provided in Table 3.5. 
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Table 3.5. Potential Aa auxotrophies and essential biosynthetic pathways. 

Metabolism 
(potentially essential) 

Menaquinone/2-Demethyl-Menaquinone 
Cytochrome bd complex 

Amino acids 
(potentially essential) 

Glycine (from serine) 
Lysine (from aspartate) 
S-adenosyl-methionine 

Chorismate (Shikimate pathway) 

Amino acids 
(potentially auxotrophic) 

Histidine (from PRPP) 

Leucine 

Nucleotides 
(potentially auxotrophic) 

Inosine monophosphate (from glutamine + PRPP) 

Uridine monophosphate (from glutamine + PRPP) 

Cofactors, vitamins, and 
other compounds 

(potentially essential) 

FMN 
FAD 

Coenzyme A (from pantothenate) 
Lipoic acid 

Tetrahydrofolate 

Cofactors, vitamins, and 
other compounds 

(potentially auxotrophic) 

Thiamine 
Pantothenate 

Spermidine/Putrescine 
Auxotrophies and essential pathways were determined by examining the completeness of 
pathways in Aa VT1169 via the Reconstruct Pathway feature on the KEGG website 
(http://www.genome.jp/kegg/tool/map_pathway.html). Auxotrophies are those where 
several steps in a pathway appeared to be missing, and essential pathways are those 
where several steps in a pathway appeared to be essential (that is, 0 mutants detected in 
any of the tested conditions). PRPP, phosphoribosyl pyrophosphate. 
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3.3 RESULTS 

 

3.3.1 Identifying signatures of anoxic and oxic growth in Aa. 

To perform Tn-seq in Aa, we generated a pool of ~10,000 transposon mutants, 

corresponding to ~1 insertion per 200 bp along the 2.1 Mbp Aa genome. As one of our 

goals was to understand the role of oxygen in Aa pathogenesis, we first used Tn-seq to 

identify Aa fitness determinants under defined oxygen levels in vitro. To do this, we 

compared the mutant pool after it was grown in the absence of oxygen to the pool after it 

was grown in the presence of oxygen. We used a complex medium for these experiments 

since a minimal medium would deplete many of the mutants from the input pool, and we 

wanted to maximize the number of genes we could assess that are affected by oxygen. 

Overall, 214 genes and intergenic regions were identified as fitness determinants (Table 

3.6), of which oxic fitness determinants made up a larger proportion. 
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Table 3.6. Summary of Aa fitness determinants identified by Tn-seq. 

Condition Fitness determinants % genome 
Anoxic (vs. Oxic) 81 (70/11) 3.8 
Oxic (vs. Anoxic) 133 (119/14) 6.3 

Mono-infection (vs. in vitro) 480 (312/168) 18.6 
Co-infection (vs. in vitro) 434 (267/167) 16.6 

Mono-infection (vs. Co-infection) 173 (128/45) 6.3 
Co-infection (vs. Mono-infection) 157 (107/50) 6.0 

The numbers in the fitness determinants column (middle) follow the format: number of 
genetic elements (number of genes/number of intergenic regions). For example, ‘81 
(70/11)’ indicates that 81 genetic elements, of which 70 were genes and 11 were 
intergenic regions, were fitness determinants in the anoxic condition. 
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To identify enriched functions in these fitness determinants, we used the Clusters 

of Orthologous Groups (COGs) classification system [239]. The most enriched COGs 

among anoxic fitness determinants were ‘Energy production’ and ‘Signal transduction’ 

(Fig. 3.1A). The enrichment of ‘Energy production’ was not surprising since Aa is known 

to use different modes of energy production, either fermentation or respiration, depending 

on the presence of oxygen [162]. As many of the pathways determining whether Aa is 

fermenting or respiring are found in central metabolism, we reconstructed central 

metabolism in vitro (Fig. 3.2A) to help in later distinguishing anoxic and oxic 

environments in vivo. We saw that known anaerobic enzymes such as pyruvate formate-

lyase and the hydrogenase-linked formate dehydrogenase complex are important for 

anoxic growth, whereas a respiratory formate dehydrogenase was required for oxic 

growth. These findings agree with expectations based on previous metabolite profile 

measurements [162], where it was found that anaerobically Aa produces a mixture of 

mostly formate and acetate (via pyruvate formate-lyase) and succinate, whereas 

aerobically Aa produces a mixture of mostly acetate and D-lactate. Global regulators of 

central metabolism, FNR and CRP, were also required for anoxic growth, contributing to 

the enrichment of the COG ‘Signal transduction’ among anoxic fitness determinants. 
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Fig. 3.1. Enrichment of functional groups (COGs) among fitness determinants. 

Fold enrichment (y-axis) is defined as the percent of fitness determinants made up by a 
COG divided by the percent of the genome (excluding potentially essential genes) made 
up by the same COG. †, P < 0.1; *, P < 0.01 (one-tailed Fisher’s exact test). COG 
enrichment analyses were performed on fitness determinants identified from (A) the 
anoxic vs. oxic comparison, (B) the mono-infection vs. oxic and mono-infection vs. 
anoxic comparisons, (C) the co-infection vs. oxic and co-infection vs. anoxic 
comparisons, and (D) the mono-infection vs. co-infection comparison. 
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Fig. 3.2. Metabolic pathways required for anoxic and oxic growth in vitro. 

(A) Blue arrows/shapes are required for anoxic growth. Orange arrows/shapes are 
required for oxic growth. Each arrow represents an enzyme(s). The thick gray line 
represents the inner membrane. The box embedded in the membrane represents the 
electron transport chain (ETC). The structure labeled ATP represents ATP synthase. 
TMAO, trimethylamine N-oxide. DMSO, dimethyl sulfoxide. (B) An abbreviated list of 
cellular processes required for anoxic and oxic growth. 
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Based on fold change, the most important genes for anoxic growth encoded 

components of ATP synthase (Fig. 3.2A). This was surprising since ATP synthase is the 

primary producer of ATP in respiring cells, where it acts to couple the import of protons 

to the generation of ATP. However, Aa can switch between fermentation and respiration, 

depending on the availability of electron acceptors, and therefore like in other facultative 

anaerobes [240, 241], ATP synthase can be disrupted. During fermentative growth in 

these bacteria, ATP synthase can also be used in reverse to break down ATP, acting to 

export protons from the cells, which can be beneficial for either establishing a proton 

gradient or resisting acid stress [242], either of which could be its roles in Aa during 

anoxic growth. 

Many other cellular processes were also fitness determinants in the absence or 

presence of oxygen (Fig. 3.2B). Studying this list, it was notable that the biosynthesis or 

transport of many cofactors is required for oxic growth, reflected in the enrichment of the 

‘Coenzyme metabolism’ COG among oxic fitness determinants (Fig. 3.1A). These 

cofactors fulfill different needs during oxic growth, such as the electron transport chain 

(quinones and heme), oxidative stress resistance (glutathione and spermidine [243]), and 

the respiratory formate dehydrogenase (selenocysteine and molybdopterin [244]). From 

these data, we conclude that reconstruction of central metabolism from Tn-seq data can 

reveal biomarkers for Aa aerobic/anaerobic growth. 

3.3.2 Aa mono-infections contain both anoxic and oxic environments. 

We next used a murine thigh abscess model to identify fitness determinants for 

the persistence of Aa in vivo. We formed abscesses with the Aa mutant pool and extracted 

DNA directly from these abscesses to perform Tn-seq. Comparing the abscess to both the 

anoxic and oxic in vitro growth conditions, we found that over 18% of the genome is 
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required for fitness in the abscess (Table 3.6). To determine whether the abscess is more 

like anoxic or oxic growth in vitro, we examined whether anoxic or oxic fitness 

determinants are enriched among mono-infection fitness determinants (Fig. 3.3A). Our 

results revealed that the percentage of total anoxic fitness determinants overlapping with 

mono-infection (54.3%) is higher than the percentage of total oxic fitness determinants 

overlapping with mono-infection (30.1%). However, both anoxic and oxic fitness 

determinants are significantly enriched among mono-infection fitness determinants (Fig. 

3.3A), suggesting the abscess has both anoxic and oxic zones. 
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Fig. 3.3. Anoxic growth is important for Aa mono-infection. 

(A) The Venn diagrams represent the overlap between mono-infection and anoxic (left) 
or oxic (right) growth in vitro. The percentages above the Venn diagrams represent the 
percentage of total anoxic (left) or oxic (right) fitness determinants that overlap with 
mono-infection. The P values represent the significance of the enrichment of anoxic (left) 
or oxic (right) fitness determinants (one-tailed Fisher’s exact test). (B) Spearman’s rank 
correlation (r) between P values for the enrichment of COGs among mono-infection and 
anoxic (left graph) or oxic (right graph) fitness determinants (one-tailed Fisher’s exact 
test). Each point corresponds to an individual COG. (C) A list of biosynthetic 
requirements for mono-infection determined as described in Materials and Methods. 
Metabolites in blue and orange are required for anoxic and oxic growth in vitro, 
respectively. NAD, nicotinamide adenine dinucleotide. PABA, para-aminobenzoate. 
SAM, S-adenosyl-methionine. PLP, pyridoxal phosphate. (D) Central metabolic 
pathways required for mono-infection. Green arrows/shapes are required for growth in 
the abscess. Red arrows/shapes are required for growth in vitro. Abbreviations are the 
same as in Fig. 3.2. 
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We next looked for enriched functions among abscess fitness determinants, using 

the same COG classification system as before. We separately investigated enriched 

COGs among fitness determinants identified from the mono-infection vs. oxic 

comparison and the mono-infection vs. anoxic comparison (Fig. 3.1B). The two most 

significantly enriched COGs in the mono-infection vs. oxic comparison, ‘Energy 

production’ and ‘Signal transduction,’ were also the most enriched COGs among anoxic 

fitness determinants, suggesting that persistence in the abscess is functionally similar to 

anoxic growth in vitro. To expand this analysis, we also examined the correlation in 

terms of the relative importance of all COGs, using the P values from the enrichment test 

(Fig. 3.3B). This analysis revealed that mono-infection COGs are more positively 

correlated with anoxic fitness determinants (Spearman’s r = 0.50) than oxic fitness 

determinants (Spearman’s r = 0.010), supporting the hypothesis that the abscess is more 

anoxic than oxic, both in terms of overlapping genes and enriched functions. 

After gaining this initial overview of enriched functions in mono-infection, we 

next focused on specific virulence factors, carbon sources, and transported substrates 

(Fig. 3.4). We found that many virulence factors are required for Aa to persist in vivo. 

Notable among these were leukotoxin, cytolethal distending toxin, and 

lipopolysaccharide metabolism, some of the most widely studied virulence factors in Aa 

[245]. Less recognized Aa virulence factors required in the abscess included type IV 

secretion [246] and multiple toxin-antitoxin (TA) systems [247]. Other virulence factors 

important in the abscess were related to attachment (e.g. tight adherence [154]), the 

biofilm lifestyle (e.g. the polysaccharide poly-GlcNAc [248]), detoxification of reactive 

oxygen/nitrogen species (e.g. nitroreductases [249]), and the envelope stress response 

(e.g. the CpxAR two-component system [250]). 



 105 

 

Fig. 3.4. Requirements for mono-infection. 

Names in blue and orange are required for anoxic and oxic growth in vitro, respectively. 
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Our genomic data set also allowed us to query the global biosynthetic 

requirements for Aa in the abscess (Fig. 3.3C). As expected, many biosynthetic genes are 

required for Aa to persist in vivo, indicating several metabolites are unavailable in the 

infection. However, in many cases the transporter(s) for a metabolite was instead required 

(Fig. 3.4), and the biosynthetic genes were dispensable, indicating that the metabolite was 

available for import into Aa. Transporters for many others substrates were also fitness 

determinants during mono-infection. These substrates include metals and reveal, for 

example, important iron sources for Aa in mono-infection, such as ferric iron (Fig. 3.4). 

Finally, we also assessed which requirements for Aa to persist in vivo also occurred in 

vitro under anoxic or oxic growth conditions. What stood out most from this analysis was 

that many of the biosynthetic/transport pathways that Aa did not need in mono-infection 

were needed for oxic growth in vitro. Examples of this include selenocysteine 

biosynthesis (Fig. 3.3C and Fig. 3.2B) and spermidine transport (Fig. 3.4 and Fig. 3.2B). 

A possible reason for this overlap could be that anoxic conditions in the abscess alleviate 

the requirement for oxic growth-associated metabolites, again suggesting the abscess is 

primarily anoxic. 

Due to our success reconstructing central metabolism in vitro to gauge oxygen 

levels, we reconstructed central metabolism in vivo and found in that in general, 

pathways and global regulators that were fitness determinants for anoxic growth (Fig. 

3.2B) are also fitness determinants in the abscess (Fig. 3.3D). Chief among these were 

pyruvate formate-lyase, the anaerobic formate dehydrogenase, and the global regulators 

FNR and CRP. However, central metabolic pathways were not completely anaerobic 

since pyruvate dehydrogenase, an aerobic complex, was required in the abscess, as well 

as a quinone biosynthetic gene that was also an oxic fitness determinant. These findings 

again support the notion that the abscess contains both anoxic and oxic properties. 
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Similar to anoxic growth in vitro, the most important fitness determinants in 

mono-infection were components of ATP synthase. We therefore decided to make a 

defined mutant of ATP synthase through allelic replacement of the first gene in the ATP 

synthase operon, atpB. Using this mutant, we first confirmed its fitness defect under 

anoxic growth conditions by measuring final growth yields (Fig. 3.5A). As expected, the 

mutant reached a significantly lower yield compared to the wild type. As discussed 

earlier, possible roles of ATP synthase during anoxic growth are to export protons in 

order to establish a proton gradient or to resist acid stress. We first explored the idea that 

ATP synthase is required during anoxic growth in order to establish a proton gradient. 

We reasoned that, if so, provision of an electron acceptor should alleviate this 

requirement since this would allow Aa to export protons via its electron transport chain. 

As expected, providing either oxygen or the alternative electron acceptors TMAO or 

DMSO increased growth yields of the ATP synthase mutant to levels of the wild type 

grown under the same conditions (Fig. 3.5A). We also explored the idea that ATP 

synthase is required during anoxic growth in order to resist acid stress. To support this 

idea, we first measured the final pH of anoxic and oxic cultures, revealing that anoxic 

cultures reach a lower pH than oxic cultures (Fig. 3.5B). This suggests that Aa may 

experience greater acid stress during anoxic growth than during oxic growth. We then 

reasoned that buffering the pH would rescue the anoxic growth defect of the ATP 

synthase mutant. As expected, the mutant reached significantly higher anoxic growth 

yields when the culture was buffered to pH 8 as compared to pH 6.4 (Fig. 3.5C). 

However, yields of the mutant, though increased in buffered media, did not reach wild 

type levels, such as we saw when we provided an electron acceptor. Furthermore, growth 

rates of the mutant were highest when supplied with oxygen (Fig. 3.5D). These data 

indicate that, while ATP synthase can be important to Aa for resisting acid stress, its 
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primary role is likely establishing a proton gradient since we observed that only 

respiratory conditions fully rescued the mutant’s growth defect. 
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Fig. 3.5. Aa ΔatpB is rescued by providing electron acceptors or buffering the pH. 

(A) Growth yields (OD600) of the Aa strain VT1169 wild type (wt) and ATP synthase 
mutant (ΔatpB) under fermentative and respiratory conditions. TMAO (trimethylamine 
N-oxide) and DMSO (dimethyl sulfoxide) were provided at 40 mM. Error bars, SD (n ≥ 
3). *, P < 0.001 (two-tailed Student’s t test, comparing to the anoxic ΔatpB growth yield). 
(B) Final pH of oxic and anoxic Aa VT1169 cultures compared to a blank (no cells) 
control. Error bars, SD (n = 3). *, P < 0.001 (two-tailed Student’s t test). (C) Growth 
yields (OD600) of the Aa VT1169 wt and ΔatpB under anoxic conditions in media 
buffered (with 20 mM MOPS) to pH 8, 7, or 6.4. Error bars, SD (n ≥ 3). *, P < 0.01; †, P 
< 0.1 (two-tailed Student’s t test, comparing to the pH 6.4 ΔatpB growth yield). (D) 
Generations times (in minutes) of Aa VT1169 wt and ΔatpB. Growth conditions are 
indicated. -O2, anoxic. +O2, oxic. TMAO, 40 mM trimethylamine N-oxide. DMSO, 40 
mM dimethyl sulfoxide. 6.4-8, pH 6.4-8 (20 mM MOPS buffer). ±, SD (n ≥ 3). 
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3.3.3 Sg promotes Aa respiratory metabolism in vivo. 

We next sought to examine how fitness determinants in Aa are altered by the 

presence of Sg in the abscess. Sg is relevant because it is commonly found with Aa in 

multispecies infections, and it is known to synergistically promote the virulence of Aa in 

abscesses [162]. We hypothesized that Sg increases the amount of oxygen in the abscess 

because production of hydrogen peroxide requires oxygen and underlies many of its 

synergistic interactions with Aa [52, 164]. To test this hypothesis, we examined 

correlations and functional overlaps between co-infection Tn-seq results and the in vitro 

anoxic and oxic growth conditions. As with mono-infection, co-infection correlated more 

with the anoxic than oxic in vitro condition (Fig. 3.6A), but also like mono-infection, was 

significantly enriched for both anoxic and oxic fitness determinants (Fig. 3.7A). 

However, a smaller percentage of anoxic fitness determinants (43.2%) overlapped with 

co-infection than with mono-infection fitness determinants (54.3%) (Fig. 3.3A), 

suggesting that co-infection is less anoxic than mono-infection. Supporting this notion, 

Principal Component Analysis revealed that co-infection, compared to mono-infection, 

lies farther from the anoxic condition (Fig. 3.6B), and furthermore, the fold change of 

anoxic fitness determinants tended to be less for co-infection than for mono-infection 

(Fig. 3.6C), suggesting that genes required for anoxic growth in vitro are not as defective 

in co-infection as they are in mono-infection. 
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Fig. 3.6. Co-infection shifts Aa away from anoxic growth. 

(A) ‘Genome’ indicates all genetic elements were considered in calculating Spearman’s 
rank correlation coefficients. ‘Anoxic vs. Oxic Fitness Determinants’ indicates only 
elements differentially fit in the anoxic vs. oxic comparison were considered. Bar heights 
represent the average of 4 pairwise comparisons between biological replicates (n = 2, per 
condition). Error bars, SD. *, P < 0.05 (two-tailed Student’s t test). (B) Principal 
Component Analysis (PCA) was conducted with the normalized read counts for only 
genetic elements differentially fit with >2 fold change between the anoxic vs. oxic and 
mono- vs. co-infection comparisons. Percentages indicate the variation captured by PC 1 
(x axis) and 2 (y axis). (C) Each point corresponds to a fitness determinant for anoxic 
growth (vs. oxic growth) that was also significant in mono-infection (vs. oxic growth) 
and/or co-infection (vs. oxic growth). Errors bars correspond to the standard error (log2). 
The x- and y-axes correspond to the fold change (log2) of fitness determinants in mono- 
and co-infection, respectively. The dashed line corresponds to a slope of 1 (corresponding 
to equal fold change for mono- and co-infection). Points below the line therefore have a 
higher fold change in mono- than co-infection. 
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Fig. 3.7. Co-infection stimulates Aa oxic growth. 

(A) The Venn diagrams represent the overlap between co-infection and anoxic (left) or 
oxic (right) growth in vitro. The percentages above the Venn diagrams represent the 
percentage of total anoxic (left) or oxic (right) fitness determinants that overlap with co-
infection. The P values represent the significance of the enrichment of anoxic (left) or 
oxic (right) fitness determinants (one-tailed Fisher’s exact test). (B) Spearman’s rank 
correlation (r) between P values for the enrichment of COGs among co-infection and 
anoxic (left graph) or oxic (right graph) fitness determinants (one-tailed Fisher’s exact 
test). Each point corresponds to an individual COG. 
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To further strengthen the idea that Sg promotes aerobic growth in vivo, we also 

examined how co-infection functionally compares to the anoxic and oxic conditions, 

using the same analysis of enriched COGs. Our primary finding was that ‘Energy 

production,’ an enriched COG among anoxic and mono-infection fitness determinants, 

was not enriched among co-infection fitness determinants (Fig. 3.1C). We also assessed 

the correlation in how all COGs rank in order of importance (based on P values from the 

enrichment test) (Fig. 3.7B). Like mono-infection, co-infection fitness determinants are 

more correlated with anoxic (Spearman’s r = 0.33) than oxic fitness determinants 

(Spearman’s r = -0.14). The strength of the correlation of co-infection with anoxic fitness 

determinants, however, was less than that of mono-infection (Spearman’s r = 0.50) (Fig. 

3.3B). Together, these data indicate that during co-infection Sg promotes Aa aerobic 

physiology. 

Since the mono- and co-infection fitness determinants overlap by 360 genetic 

elements (Fig. 3.8A), we next set out to identify genetic elements that are specifically 

required in mono- or co-infection. We found that 120 genetic elements are specific to 

mono-infection and that 74 features are specific to co-infection (Fig. 3.8A). More mono-

infection-specific features were associated with anoxic growth (43.3%) than oxic growth 

(33.3%). In contrast, more co-infection-specific features were associated with oxic 

growth (54.1%) than they were with anoxic growth (28.4%). This finding further 

supports our hypothesis that Sg enhances oxygen levels in the abscess. Further analysis 

highlighted specific cellular processes that are unique to mono- or co-infection (Fig. 

3.8B). Notably, many virulence factors were required only in mono-infection. 

Furthermore, Aa appears to use more carbon sources and to have greater biosynthetic 

requirements in mono- than co-infection. Finally, central metabolic pathways and global 
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regulators specific to mono-infection were primarily associated with anoxic growth, 

reinforcing that Aa is less exposed to oxygen when it is by itself than when it is with Sg. 
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Fig. 3.8. Fitness determinants specific to mono- and co-infection. 

(A) Venn diagram showing the number of fitness determinants specific to mono- and co-
infection. Blue and orange percentages represent the percentage of determinants that are 
anoxic and oxic, respectively. (B) An abbreviated list of cellular processes specific to 
mono- and co-infection. Processes in blue and orange are also required for anoxic and 
oxic growth in vitro, respectively. UMP, uridine monophosphate. (C) Spearman’s rank 
correlation (r) between P values for the enrichment of COGs among anoxic and mono-
infection (left graph) or co-infection (right graph) fitness determinants (one-tailed 
Fisher’s exact test). Each point corresponds to an individual COG. (D) Central metabolic 
pathways required for mono- and co-infection. Green and purple arrows/shapes are 
required for mono- and co-infection, respectively. Abbreviations are the same as in Fig. 
3.2. 
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As a further test of how co-infection affects oxygen levels in vivo, we also 

examined differential fitness when directly comparing mono- to co-infection. We 

hypothesized that many of the co-infection fitness determinants would be involved in 

adapting to oxic conditions. We found that Sg exacerbates as much as it alleviates Aa 

fitness determinants in the abscess (Table 3.6). Further analysis of these fitness 

determinants revealed that the only significantly (P < 0.1) enriched COG, ‘Energy 

production,’ was among mono-infection-specific fitness determinants (Fig. 3.1D). As this 

COG was also one of the most enriched COGs among anoxic fitness determinants, it 

suggests that the major consequence to Aa physiology in co-infection is a shift away from 

anaerobic metabolism. Additional support for this can be seen in that the relative 

importance of all COGs was positively correlated between mono-infection and anoxic 

fitness determinants but negatively correlated between co-infection and anoxic fitness 

determinants (Fig. 3.8C). A reconstruction of central metabolism for mono- and co-

infection fitness determinants revealed that anoxic enzymes/regulators, such as pyruvate 

formate-lyase, FNR, CRP, and ATP synthase, are primarily required in mono-infection, 

whereas oxic enzymes/regulators, such as the aerobic formate dehydrogenase and 

quinone biosynthetic gene, are primarily required in co-infection (Fig. 3.8D). To confirm 

this reconstruction, we co-infected the Aa wild type and our ATP synthase mutant with 

Sg and compared survival in abscesses that were infected alone or with both species. As 

previously shown [162], Sg increases wild type Aa survival, and as predicted by our Tn-

seq data, Sg also increases the survival of the ATP synthase mutant (Fig. 3.9). Sg survival 

was not negatively affected by co-infection with the ATP synthase mutant compared to 

the Aa wild type (Fig. 3.10). As ATP synthase is required only under anoxic, 

fermentative conditions, our infection data show that Sg generates oxic, respiratory 
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conditions in the abscess that mitigate the growth defect of the ATP synthase mutant in 

mono-infected abscesses. 
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Fig. 3.9. Sg exhibits synergy with wild type Aa and the Aa ∆atpB mutant. 

Abscesses formed with the indicated strains were harvested at 3 days post-infection, and 
colony forming units (CFU) were determined. Each symbol represents a single abscess. 
Data represent 2 biological replicates (n ≥ 10 mice). % survival/abscess (y-axis) was 
calculated using the output and input CFU/abscess. Statistical significance was 
determined by a two-tailed Mann-Whitney U test. 
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Fig. 3.10. Virulence of Sg and the Aa TMAO/DMSO reductase mutant. 

(A) Abscesses formed with the indicated strains were harvested at 3 days post-infection, 
and colony forming units (CFU) were determined. Each symbol represents a single 
abscess. Data represent 2 biological replicates (n ≥ 10 mice). % survival/abscess (y-axis) 
was calculated using the output and input CFU/abscess. Statistical significance was 
determined by a two-tailed Mann-Whitney U test. (B) TMAO reduction by the Aa strain 
624 wild type (wt), TMAO (ΔtorYZ), DMSO (ΔdmsABCD), and TMAO/DMSO 
reductase double mutant (ΔtorYZ ΔdmsABCD), determined as described in the Materials 
and Methods. Error bars, SD (n = 2 technical replicates). (C) Virulence of the Aa 
TMAO/DMSO reductase mutant was assessed as described in (A). Data represent 2 
biological replicates (n ≥ 5 mice). 
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3.4 DISCUSSION 

 

Aa is an opportunistic pathogen that rarely inhabits infection sites alone. Its ability 

to establish infections therefore likely evolved in the context of other bacterial species 

that may influence Aa pathogenesis either by promoting or inhibiting its growth within 

the host. These interactions are probably diverse and occur simultaneously in a complex 

network, requiring high-throughput techniques to grasp their scope. In this manuscript, 

we used sequencing-based mutant fitness profiling (Tn-seq) to globally assess Aa 

requirements for abscess infection in mono- and co-culture infections with the 

commensal species Sg. Sg is commonly found with Aa in the oral cavity and abscesses, 

and previous work showed that it promotes the virulence of Aa through multiple 

mechanisms. These include cross-feeding by Aa on Sg-produced L-lactate [161, 162] and 

spatial organization by Aa in response to Sg-produced hydrogen peroxide [52]. Common 

to these mechanisms are a reliance on oxygen. This is because only aerobically can Aa 

consume L-lactate and Sg produce hydrogen peroxide. An open question from this 

previous work was the status of oxygen between Aa mono- and co-infections. Are oxygen 

levels constant, or do they dynamically increase from mono- to co-infection? We 

hypothesized the latter since previous RNA-seq data on Aa in mono-abscesses suggested 

that Aa primarily engages in anaerobic fermentation when it is by itself [181], but 

previous co-infection data suggested that, when it is with Sg, Aa primarily uses the 

strictly respiratory carbon source L-lactate [162]. As it is not possible to precisely 

measure oxygen levels near infecting bacteria in abscesses, we set out to first use Tn-seq 

to increase our understanding of Aa physiology in defined anoxic and oxic growth 

environments in vitro and then leveraged these genome-wide data to infer oxygen levels 

in abscess infections.  
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Our data provide several lines of evidence that the abscess holds mixed oxygen 

levels, both anoxic and oxic, but that the presence of Sg increases oxygen levels, 

ultimately shifting Aa metabolism from fermentation to respiration. Namely, we saw that 

Aa mutant profiles in the abscess overlap extensively with those from both anoxic and 

oxic growth in vitro, but functionally they are more similar to the anoxic condition. The 

presence of Sg, however, stimulates a less anoxic mutant profile, a shift that when 

focusing specifically on central metabolism, we found is reflected by Aa’s lower need for 

anaerobic pathways in co-infection. Most importantly, we found that ATP synthase, the 

strongest signature for anoxic growth of Aa, was required in mono-infection, but in co-

infection, was mitigated in its virulence defect, exhibiting the same ~5 fold increase as 

the wild type. Experiments in vitro showed that the Aa ATP synthase mutant reaches 

lower growth yields under anoxic, strictly fermentative conditions but that it could be 

rescued by each of the electron acceptors tested, including oxygen, TMAO, and DMSO. 

The parallelism between the effect of Sg on Aa in the abscess and of electron acceptors 

on the ATP synthase mutant in vitro suggests that Sg fulfills the role of providing Aa with 

an electron acceptor to promote respiration in vivo. While it is also possible that Sg could 

raise the pH in the abscess, we find this model unlikely since the primary Sg metabolite, 

L-lactate, would likely decrease pH within the abscess, exacerbating the ATP synthase 

growth defect. While our data support the specific electron acceptor provided by Sg being 

oxygen, it is also possible that it could instead be an alternative electron acceptor, such as 

TMAO or DMSO, which were shown in vitro to also rescue the ATP synthase mutant. 

However, experiments with an Aa TMAO/DMSO respiration mutant showed that it was 

as virulent as the wild type in co-infections with Sg (Fig. 3.10). This indicates that Sg 

likely does not provide TMAO/DMSO to Aa in co-infections, further supporting the role 

of oxygen. 
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How does Sg raise oxygen levels in the abscess? We propose a model in which 

the source of oxygen is hydrogen peroxide, a metabolite produced by Sg at very high 

(mM) amounts that Aa is certainly exposed to in co-culture abscesses [52]. Hydrogen 

peroxide is produced by Sg directly from oxygen, which as a result may make it much 

more diffusive. When Aa detoxifies hydrogen peroxide, it produces oxygen, which could 

then be theoretically used for respiration. Supporting this, mechanisms in Aa for 

detoxifying hydrogen peroxide are not only required for full virulence in co-infection 

[52] but are also known to be capable of stimulating respiration (quinol peroxidase 

[251]). A direct test of the importance of hydrogen peroxide production by Sg is made 

challenging by the fact that a mutant in the responsible enzyme, pyruvate oxidase (spxB), 

does not persist in the abscess model [162], although experiments in this direction are 

ongoing in our laboratory. It is also possible that the presence of Sg enhances the 

inflammatory response in co-culture infections that ultimately result in elevated hydrogen 

peroxide levels, although we do not support this as the primary mechanism since Sg is 

capable of producing higher levels of hydrogen peroxide (1.6 mM in biofilms [164]) than 

those that occur during inflammation (>0.5 µM by phagocytizing neutrophils [252]).  

It was also noteworthy that although the ATP synthase mutant benefits from 

respiratory conditions, it is by definition not capable of generating ATP from respiration. 

This suggests that the benefit the ATP synthase mutant gains from co-culture with Sg is 

independent of higher ATP production. Instead, this benefit likely comes from the proton 

gradient that Aa can create when respiring in the presence of Sg. Creating a proton 

gradient is a role that in wild type Aa can be performed by ATP synthase when operating 

in reverse under strictly fermentative conditions. Our data therefore decouple these two 

functions by ATP synthase, revealing that the benefit gained from co-culture with Sg is 

not limited to producing more ATP under respiratory conditions but also generating a 
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proton gradient under fermentative conditions. We believe the separate benefits provided 

by these two functions are reflected by the difference in cell counts of the wild type and 

ATP synthase mutant in our infection data (Fig. 3.10). Since the ATP synthase mutant 

cannot generate ATP from respiration, its higher growth yields from co-infection with Sg 

must be due to the increased ability of Aa to establish a proton gradient. The ATP 

synthase mutant is not fully rescued to wild type cell numbers, however, because it 

cannot receive the benefit of higher ATP production, a benefit that is received by the wild 

type. The difference in survival between the Aa wild type versus the ATP synthase 

mutant is therefore strongly indicative that Aa respires and gains more ATP when it is in 

co-culture with Sg and catabolizes strictly respiratory carbon sources such as L-lactate 

[162]. Based on these collective data, we propose a new paradigm for multispecies 

interactions termed cross-respiration. Similar to a cross-feeding interaction, where one 

bacterium produces a metabolite that another bacterium can use as food, cross-respiration 

is where one bacterium provides respiratory electron acceptors that redirect metabolism 

in another bacterium from fermentation to respiration. While similar host-microbe 

interactions have been described in the gut [205], we distinguish cross-respiration as an 

interaction that occurs specifically between microbes. In the context of Aa-Sg infection, 

the Sg-induced shift to a respiratory metabolism enhances not only Aa fitness but also 

pathogenesis. Although the studies herein were limited to a model abscess infection, we 

suggest they also have relevance for the oral cavity, where a diversity of other 

Streptococcus species also produce H2O2 [253] and associate with Aa [254, 255]. Based 

on the prevalence with which microbes produce H2O2 and potentially other sources of 

respiratory electron acceptors such as TMAO [256], we propose that cross-respiration is 

likely a common mechanism whereby commensal bacteria promote the virulence of 

pathogens.  
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Chapter 4: Microbial community composition impacts pathogen iron 
availability during polymicrobial infection4 

 

4.1 INTRODUCTION 

 

In 1944, researchers Schade and Caroline found that by adding egg whites to 

cultures of various microorganisms, they could stunt microbial growth. Remarkably, they 

could only relieve this inhibition by supplementing the cultures with iron [258]. This was 

the first suggestion that iron, an essential nutrient for most microbes, is withheld by the 

host as a means to restrict infection. Since then, an entire field has emerged on the role of 

iron in host immunity [259-263]. 

Most bacteria require at least 0.3-4 µM iron to grow [259]. Pathogens therefore 

meet a significant hurdle when they infect the human body, where most iron is 

sequestered. Inside cells, iron is bound by proteins such as hemoglobin and ferritin, and 

outside cells, iron is bound by proteins such as transferrin and lactoferrin [264]. As a 

result, free ionic iron is present in human fluids at only 10-12 µM [260], over 11 orders of 

magnitude below that needed by bacteria. Thus, compromises to ‘nutritional immunity’ 

can greatly increase vulnerability to infection. Demonstrating this, patients with 

hyperferremia (iron overload) are more prone to infection, and supplementation of 

mammals with iron has been shown to enhance the virulence of microbial pathogens 

[261]. 

In addition to host measures, acquiring iron is made challenging because under 

oxidizing conditions, most iron is ferric (in the 3+ oxidation state), which is insoluble and 
                                                
4This chapter was adapted from reference 257. All co-authors contributed equally. Stacy, A., 
Abraham, N., Jorth, P., Whiteley, M., Microbial Community Composition Impacts Pathogen Iron 
Availability during Polymicrobial Infection. PLoS Pathog, 2016. 12(12): p. e1006084. 
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limited in bioavailability [265]. Bacteria can circumvent these barriers by either releasing 

siderophore molecules that bind ferric iron with high affinity and return it to the cell or by 

displaying surface receptors that bind iron directly [266]. These strategies, however, must 

also be tightly regulated because excess iron is toxic [267]. Many bacteria regulate iron 

acquisition with the Ferric Uptake Regulator (Fur), a transcriptional regulator that alters 

gene expression in response to intracellular iron levels [268]. In general, holo-Fur (Fur 

bound to Fe2+) represses gene expression, whereas apo-Fur (Fur not bound to Fe2+) de-

represses gene expression. Besides iron transport, Fur can also control many other aspects 

of bacterial physiology and behavior, including toxin production, stress resistance, and 

biofilm formation [268]. 

While most nutritional immunity studies center on the interaction between host 

and pathogen, polymicrobial interactions between pathogens and the host microbiota can 

also affect the success of pathogens in acquiring iron, either through competition [269, 

270] or cooperation [271-273]. One of the most common infectious diseases, 

periodontitis (gum disease), is also influenced by iron [274-276]. Periodontitis is caused 

by the multispecies biofilm community that inhabits the gingival crevice, the pocket 

between the gum and tooth [150]. This site is partially anaerobic [182] and bathed in a 

serum exudate known as crevicular fluid. Crevicular fluid contains many potential iron 

sources for microbial growth including transferrin, lactoferrin, hemoglobin, and inorganic 

iron [277]. In healthy serum, the average total iron concentration is ~1 mg/l, whereas in 

periodontal crevicular fluid it increases to ~5 mg/l [277]. Although this suggests that iron 

is more bioavailable in disease, one of the most highly upregulated microbial community 

functions in human periodontitis is iron transport [278], suggesting instead that iron is 

limited. The bioavailability of iron in periodontitis is therefore unclear and may depend 

on multiple factors. 



 126 

An important member of oral microbial communities is the Gram-negative 

bacterium Aggregatibacter actinomycetemcomitans (Aa), an opportunistic pathogen 

associated with aggressive periodontitis. Notably, Aa not only infects the oral cavity but 

can also spread throughout the body to cause abscesses [279]. In regards to iron sources, 

Aa can use ferrous (Fe2+) iron, ferric (Fe3+) iron, and hemoglobin but not transferrin or 

lactoferrin [280-282]. Like most pathogens, the ability of Aa to access one of these iron 

sources critically determines its virulence [283, 284]. Despite this, only a few iron 

acquisition systems in Aa have been characterized. These systems directly bind and 

transport iron [280-282] since Aa cannot make siderophores [280], and many of them are 

controlled by the Aa Fur homolog. However, outside these systems only a few targets of 

Fur in Aa are known [285]. 

Despite the clear importance of iron to bacterial infection, we know virtually 

nothing about how Aa acquires it in vivo. How does Aa surmount iron restriction at its 

different infection sites? How does Aa interact with other bacteria regarding iron? Most 

importantly, how does Aa respond to iron restriction in vivo to optimize its growth and 

virulence? With these questions in mind, our primary goal was to comprehensively 

characterize the Aa iron-restricted and Fur regulons. We then leveraged these datasets to 

assess the Aa iron response in both murine and human polymicrobial infections to 

determine the impact of microbial community composition and disease status on iron 

availability. 
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4.2 MATERIALS AND METHODS 

 

4.2.1 Ethics statement 

This study was performed in accordance with recommendations in the Guide for 

the Care and Use of Laboratory Animals of the National Institutes of Health. The animal 

protocol was approved by the Institutional Animal Care and Use Committee of The 

University of Texas at Austin (protocol number 00136). Mice were anesthetized with 

isoflurane delivered from a precision vaporizer and euthanized by asphyxiation with CO2 

followed by cervical dislocation. 

4.2.2 Strains and growth conditions 

Aa 624 (a clinical isolate), Aa VT1169 (a laboratory strain [166]) and Sg Challis 

DL1.1 (ATCC 49818) were used in this study. Cultures were routinely grown in tryptic 

soy broth/agar (BD Difco) supplemented with 0.5% (w/vol) yeast extract (Fluka) (broth, 

TSBYE; agar, TSAYE) in a 5% CO2 atmosphere with shaking at 250 rpm for Aa. 

Anaerobic cultures were grown in a vinyl chamber (Coy) supplied with the following gas 

mixture: 85% N2, 10% CO2, 5% H2. Colony biofilms were formed by spotting 100 µl of 

culture (adjusted to OD600 = 1) onto a polycarbonate, 0.2 µm pore size membrane 

(Whatman) placed onto the surface of a TSAYE plate.  

4.2.3 Strain construction 

The Aa 624 𝛥fur mutant was constructed by replacing the fur gene with a gene 

encoding spectinomycin resistance (aad9) by natural transformation as previously 

described [52] (see Table 4.1 for primer sequences). To construct the Aa 624 strain for 

ChIP-seq, the fur gene and promoter region (~500 bp upstream of the fur start codon) 

were PCR-amplified from Aa 624 genomic DNA with primers fur-pro-1-F and fur-tag-1-
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R, the reverse primer being designed to insert the VSV-G tag directly in front of the fur 

stop codon. This PCR product was then ligated into the TA vector pGEM-T Easy 

(Promega) and TSS transformed [222] into E. coli DH5a. A plasmid with the insert was 

then purified and used as the template for a second PCR with primers fur-pro-2-F and 

fur-tag-2-R, designed to incorporate KpnI restriction sites at the ends of the insert. Like 

the first PCR product, the second PCR product was cloned into pGEM-T Easy (Promega) 

and TSS transformed [222] into E. coli DH5a. A plasmid with the insert was then 

purified, digested with KpnI, and the VSV-G tagged fur gene was purified by gel 

extraction. The target vector pYGK [170] was also digested with KpnI, dephosphorylated 

with calf intestinal alkaline phosphatase (CIP), and purified. The KpnI-digested VSV-G 

tagged fur gene was then ligated into KpnI-digested, CIP-treated pYGK and TSS 

transformed into DH5a. This final plasmid was purified and electroporated as described 

[175] into the Aa 624 𝛥fur mutant to generate the ChIP-seq strain. Plasmid inserts were 

sequenced at the UT Austin DNA Sequencing Facility. 
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Table 4.1. Primer sequences. 

Strain Name Sequence Underline 

𝛥fur 

fur-ko-
up-F AAGTGCGGTTTTGTAATTCGTGCTATCACG USSa 

fur-ko-
up-R 

CATGTATTCACGAACGAAAATCG 
GGGTTCGGTAATTTTTAATCCTAC Overlapb 

fur-ko-
dn-F 

GAAAACAATAAACCCTTGCATATG 
GCACTTTTCGCCTATAAACC Overlapb 

fur-ko-
dn-R AAGTGCGGTCGTCTTTGTCGGATTCATCG USSa 

spec-F CGATTTTCGTTCGTGAATACATG  

spec-R CATATGCAAGGGTTTATTGTTTTC  

ChIP-
seq 

fur-pro-
1-F AAGTGCGGTCCGTTTCGAGTTAATCGTAACAG USSa 

fur-tag-
1-R 

TTATTTACCTAAACGATTCATTTCAATATCGGTATAACC 
TTTTTTGTTATTTTCTGCGCAATG VSV-Gc 

fur-pro-
2-F GGGGTACCCCAGTGACACAGGCAATACG KpnId 

fur-tag-
2-R 

GGGGTACCCC 
TTATTTACCTAAACGATTCATTTCAATATC KpnId 

aAa uptake signal sequence 
bOverlap extension sequence for fusion to aad9 
cVSV-G coding sequence 
dKpnI restriction site 
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4.2.4 RNA-seq 

Colony biofilms of the Aa 624 wild type and 𝛥fur mutant were prepared and 

grown overnight under anaerobic conditions. Biofilms were then transferred to fresh 

locations on the same plate, incubated for 2 hours, and then transferred to new plates, 

either TSAYE (+Fe condition) or TSAYE + 250 µM 2,2’-dipyridyl (-Fe condition). (This 

concentration of 2,2’-dipyridyl reduces the growth rate and yield of planktonic Aa by 

approximately 50% [280], and fully restricts the growth of Aa iron transport mutants on 

streak plates [282].) Biofilms were then further incubated for 2 hours, and following this 

they were stored in RNAlater solution. Per replicate, 8 colony biofilms were pooled 

together for each treatment (+Fe wild type, -Fe wild type, +Fe 𝛥fur, -Fe 𝛥fur), and 

altogether 2 replicates were performed, each on different days (see Table 4.2 for study 

design). Biofilm RNA was extracted with RNA-Bee (Tel-Test) according to the 

manufacturer’s protocol. Abscess RNA was extracted as previously described [181] from 

1 or 2 pooled abscesses per biological replicate. Extracted RNA was treated with RQ1 

DNase (Promega) to remove DNA contamination, and DNA removal was verified by 

PCR of the clpX gene. RNA integrity was verified by agarose gel separation of RNA 

denatured with NorthernMax-Gly loading dye (Ambion). Bacterial rRNA depletion, 

RNA fragmentation, and RNA-seq library preparation were performed as previously 

described [78], except that co-infected abscess RNA-seq libraries were rRNA-depleted 

with the MICROBEnrich and MICROBExpress kits (Ambion) and size-selected for 

fragments between 130-200 bp. Libraries were sequenced on 1x100 single-end Illumina 

HiSeq runs at the UT Austin Genome Sequencing and Analysis Facility. RNA-seq data 

were deposited into the NCBI Sequence Read Archive under accessions SRP081045 and 

SRP093165. 
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Table 4.2. Summary of study design. 

Data generated in this study. 

Experiment Replicate 1 Replicate 2 

in vitro 

RNA-seq 

Aa wt 
+Fe 8 biofilms +Fe 8 biofilms 

-Fe 8 biofilms -Fe 8 biofilms 

Aa 𝛥fur 
+Fe 8 biofilms +Fe 8 biofilms 

-Fe 8 biofilms -Fe 8 biofilms 

ChIP-seq 
Aa 𝛥fur 

+ 
fur-vsv-g 

+Fe 8 biofilms +Fe 8 biofilms 

-Fe 8 biofilms -Fe 8 biofilms 

in vivo RNA-seq 
Sg 1 murine abscesses 1 murine abscesses 

Aa + Sg 2 murine abscesses 2 murine abscesses 

Data generated in Jorth et al., 2013 

Experiment Replicate 1 Replicate 2 Replicate 3 

in vivo RNA-seq Aa 6 abscesses 2 abscesses 2 abscesses 

Data generated in Jorth et al., 2014 

Experiment Patient 1 Patient 2 Patient 3 

in vivo meta-transcriptomics 

healthy human 
dental plaque 

healthy human 
dental plaque 

healthy human 
dental plaque 

diseased human 
dental plaque 

diseased human 
dental plaque 

diseased human 
dental plaque 
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4.2.5 ChIP-seq 

Colony biofilms of Aa 624 𝛥fur expressing VSV-G tagged fur were prepared and 

treated as described for the RNA-seq experiment, with the exception that growth plates 

included 10 µg/ml kanamycin to maintain the ChIP-seq plasmid. After 2 h incubation in 

the +Fe and -Fe conditions, biofilms were placed into 50 ml TSBYE + 1% formaldehyde 

per treatment, gently agitated for 20 min at room temperature, and then vigorously 

vortexed to dislodge the cells from the membranes. For abscess infections, the Aa 624 

𝛥fur strain expressing VSV-G tagged fur was first grown overnight in TSBYE + 10 

µg/ml kanamycin under anaerobic conditions. Then, 3 ml of culture were washed and 

resuspended in 1 ml TSBYE, and 100 µl were injected into each thigh of three 10-week-

old mice to form abscesses [201]. After 3 days, abscesses were harvested and each placed 

into 1 ml TSBYE + 5% formaldehyde. After overnight fixation, abscesses were 

homogenized, and the homogenates were collected by centrifugation and washed with 

TSBYE. Eight biofilms and 3 abscesses were used per experiment, and experiments were 

performed twice. At this point, the fixed biofilm cells and fixed abscess homogenates 

were subjected to the same ChIP procedure [286]. First, fixed samples were added with 

0.5 M glycine to quench crosslinking. Samples were then washed with TBS (50 mM Tris-

HCl, pH 7.5; 150 mM NaCl), each resuspended in 1 ml lysis buffer (10 mM Tris-HCl, pH 

8; 100 mM NaCl; 1 mM EDTA; 0.5 mM EGTA; 0.1% deoxycholate; 0.5% N-

lauroylsarcosine) + 1 mg/ml lysozyme + protease inhibitor (Sigma), and incubated at 

37ºC for 30 min. The samples were then chilled on ice, sonicated 2x for 5 s, or until the 

solution became clear, with a tip sonicator (QSonica) at 60% amplitude, and then further 

sonicated at 4ºC for 20 min in 10 s on/10 s off cycles with a Q800R sonicator (QSonica) 

at 60% amplitude. Lysates were then separated from unlysed debris by centrifugation, 

and 25 µl of each clarified lysate was saved for the ChIP input control. A 1/10 volume of 
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Triton X-100 (10% solution in lysis buffer) was then added to each sample, followed by 

25 µl of Protein G Dynabeads (ThermoFisher) coated with anti-VSV-G monoclonal 

antibody (Sigma). The samples were rotated overnight at 4ºC, and following this, each 

sample was washed 5x with 1 ml RIPA buffer (50 mM HEPES, pH 7.5; 500 mM LiCl; 1 

mM EDTA; 1% Nonidet P-40; 0.7% deoxycholate), 1x with 1 ml TE (10 mM Tris-HCl, 

pH 8; 1 mM EDTA) + 50 mM NaCl, and resuspended in 100 µl EB (50 mM Tris-HCl, 

pH 7.5; 10 mM EDTA; 1% SDS). The samples were then incubated at 65ºC for 30 min, 

separated from the Dynabeads by centrifugation, and further incubated overnight, along 

with the ChIP inputs, at 65ºC to reverse crosslinks. Following this, the samples were 

brought up to 200 µl in volume with TE, incubated with 8 µl 10 mg/ml RNase A for 2 h 

at 37ºC, and further incubated with 4 µl 20 mg/ml proteinase K for 2 h at 55ºC. Finally, 

samples were purified with the ChIP DNA Clean & Concentrator kit (Zymo Research), 

and ChIP-seq libraries were prepared using the NEBNext ChIP-Seq Library Master Mix 

Set according to the manufacturer’s instructions. Libraries were sequenced on 1x75 

single-end Illumina NextSeq runs at the UT Austin Genome Sequencing and Analysis 

Facility. ChIP-seq data were deposited into the NCBI Sequence Read Archive under 

accession SRP081045. 

4.2.6 Genome sequencing 

Aa 624 genome sequencing and assembly were performed as previously described 

[201]. Annotation was performed with PGAP [228], RAST [287], and KAAS [229]. 

Noncoding RNA sequences [181] were extracted from the D7S-1 genome with the 

bedtools getfasta function [236] and mapped to the Aa 624 genome with bowtie2 v2.2.5 

in very-sensitive-local mode [232]. Raw genome sequences were deposited into the 
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NCBI Sequence Read Archive under accession SRP064936. The genome assembly was 

deposited into GenBank under accession CP012959. 

4.2.7 RNA-seq analysis 

Raw reads were processed with cutadapt v1.9.1 (and higher) 

(http://cutadapt.readthedocs.org/en/stable/index.html) to (1) trim 3’ low-quality 

bases (cutoff: 15), (2) trim 3’ adaptors (sequence: 

AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC), and (3) discard short reads 

(minimum length: 10 bases for non-human samples, or 15 bases for human samples,). 

Processed reads were mapped to the Aa 624 or Sg genome with bowtie2 v2.2.5 in very-

sensitive-local mode [232], and only reads with mapping quality (MAPQ) scores ≥39 for 

non-human samples, or ≥20 for human samples, were kept for further analysis. Reads 

were counted per gene strand-specifically with the featureCounts function in Rsubread 

v1.20 (and higher) [288]. Raw read counts, excluding rRNA and tRNA, were adjusted for 

between-sample differences in sequencing depth with the estimateSizeFactors function in 

DESeq2 v1.10.1 (and higher) [237]. Raw read counts were also normalized for between-

gene differences in GC content by including a normalization matrix. This normalization 

matrix was generated with the withinLaneNormalization function in EDASeq v2.4.1 (and 

higher) [238], and transformed to be on the scale of read counts, as described in the 

DESeq2 vignette. GC content values for the matrix were calculated with the nucBed 

function in bedtools v2.20 (and higher) [236]. Default DESeq2 parameters were used for 

estimating dispersions and performing the Wald test for differential expression analysis, 

and a multi-factor design, as described in the DESeq2 vignette, was used for paired 

analysis of healthy and diseased human from each patient [289]. Significance cutoffs 

were as follows. Iron-restricted, Fur, and co-infection regulons: log2 fold change (FC) > 



 135 

0.5; adjusted P value < 0.05. Periodontitis: log2 FC > 0.5; non-adjusted P < 0.05. See 

Table 4.3 for a summary of the RNA-seq data analysis. Analyses were performed both 

locally and on the UT Austin Texas Advanced Computer Center. 
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Table 4.3. Summary of RNA-seq data analysis. 

Strain Condition Replicate Total reads Processeda Mappedb 

wild type 

Fe+ biofilm 
1 19,201,707 18,835,776 

(98.1%) 
7,605,531 
(40.4%) 

2 23,724,827 23,209,638 
(97.8%) 

8,533,358 
(36.8%) 

Fe- biofilm 
1 12,263,466 11,835,032 

(96.5%) 
5,692,245 
(48.1%) 

2 20,503,765 19,949,837 
(97.3%) 7,972,082 (40%) 

𝛥fur 

Fe+ biofilm 
1 16,031,618 15,828,260 

(98.7%) 
6,163,107 
(38.9%) 

2 14,712,405 14,373,420 
(97.7%) 

5,479,871 
(38.1%) 

Fe- biofilm 
1 19,545,394 19,198,805 

(98.2%) 
7,725,350 
(40.2%) 

2 12,692,542 12,400,013 
(97.7%) 

5,234,624 
(42.2%) 

murine abscess 
Aa mono-infectionc 

1 25,297,104 23,449,730 
(92.7%) 

2,220,474 
(9.5%) 

2 42,804,092 40,637,742 
(94.9%) 

5,094,873 
(12.5%) 

3 52,165,722 50,487,703 
(96.8%) 

6,590,138 
(13.5%) 

murine abscess 
Sg mono-infection 

1 43,522,548 41,142,605 
(94.5%) 

593,283 
(1.4%) 

2 51,137,758 49,318,575 
(96.4%) 

517,150 
(1.0%) 

murine abscess 
co-infection (Aa) 

1 46,320,565 44,909,254 
(97.0%) 

5,381,770 
(12.0%) 

2 47,286,588 44,323,362 
(93.7%) 1,788,094 (4.0%) 

murine abscess 
co-infection (Sg) 

1 46,320,565 44,909,254 
(97.0%) 

664,529 
(1.5%) 

2 47,286,588 44,323,362 
(93.7%) 

1,416,410 
(3.2%) 

healthy human 
gingival creviced 

patient 1 90,831,243 89,238,503 
(98.2%) 

84,562 
(0.1%) 

patient 2 72,454,286 71,070,276 (98.1) 68,219 
(0.1%) 

patient 3 156,541,929 155,959,986 
(99.6%) 2,000,582 (1.3%) 

diseased human 
gingival creviced 

patient 1 113,647,258 113,141,551 
(99.6%) 

911,619 
(0.8%) 

patient 2 160,583,365 160,025,395 
(99.7%) 

1,657,222 
(1.0%) 

patient 3 179,248,020 178,324,290 
(99.5%) 

1,164,930 
(0.7%) 

Percentages are relative to the left adjacent column. 
aReads remaining after removing low-quality bases, adaptors, and short reads 
bReads mapping with high quality to the reference genome 
cSee Jorth et al., 2013 for sample descriptions 
dSee Jorth et al., 2014 for sample descriptions  
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4.2.8 ChIP-seq analysis 

Raw reads were processed as described for the RNA-seq analysis. Binding 

regions (peaks) were called with MOSAiCS v2.9.9 [290]. Adjustable MOSAiCS 

parameters were: fragLen, 200; binSize, 50; capping, 3; bgEst, automatic; FDR, 0.1. The 

control for colony biofilm samples was the in vitro ChIP input, and the control for 

abscess samples was the in vivo ChIP input. Promoters were defined for coding genes as 

the 200 and 50 bp up- and downstream of the start codon and for noncoding genes as the 

100 and 25 bp up- and downstream of the start codon. The number of peaks overlapping 

each promoter was counted for each sample with the bedtools intersectBed function 

[236]. Peaks were only counted if they overlapped at minimum 50 bp of coding 

promoters or 25 bp of noncoding promoters. After tallying overlapping peaks, promoters 

were only considered bound by Fur if they overlapped a peak in at least 2 in vitro biofilm 

replicates. If one of these promoters also overlapped a peak in at least 1 of the abscess 

replicates, it was considered also bound by Fur in vivo. Promoters overlapping peaks in 

both Fe+ biofilm replicates were considered preferentially bound in the presence of iron, 

and promoters overlapping peaks in both Fe- biofilm replicates were considered 

preferentially bound in the absence of iron. See Tables 4.4-4.5 for a summary of the 

ChIP-seq data analysis. Analyses were performed both locally and on the UT Austin 

Texas Advanced Computer Center. 
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Table 4.4. Summary of ChIP-seq data analysis. 

Condition Replicate Total reads Processeda Mappedb 

Fe+ biofilm 
1 22,578,553 22,389,059 

(99.2%) 
3,461,092 
(15.5%) 

2 4,727,529 4,661,632 
(98.6%) 

3,595,053 
(77.1%) 

Fe- biofilm 
1 3,968,752 3,935,308 

(99.2%) 
1,895,819 
(48.2%) 

2 4,312,558 4,301,929 
(99.8%) 

3,510,204 
(81.6%) 

abscess 
1 17,635,818 17,597,007 

(99.8%) 
536,151 

(3%) 

2 7,962,573 7,131,965 
(89.6%) 

1,849,314 
(25.9%) 

input in vitro 4,646,013 4,633,989 
(99.7%) 

3,595,200 
(77.6%) 

Percentages are relative to the left adjacent column. 
aReads remaining after removing low-quality bases, adaptors, and short reads 
bReads mapping with high quality to the reference genome 

Table 4.5. Summary of peak calling analysis. 

Condition Replicate peaks 

Fe+ biofilm 1 141 
2 84 

Fe- biofilm 1 62 
2 119 

abscess 1 138* 
2 67 

*Filtered (with the MOSAiCS filterPeaks function) to remove false positives 
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4.2.9 Binding motif analysis 

Promoter sequences were extracted from the Aa 624 genome with the bedtools 

getfasta function [236] and submitted to MEME [291] to identify consensus binding 

motifs. MEME settings were: site distribution, zero or one occurrence per sequence; 

background model, 0-order model of sequences; minimum motif width, 15; maximum 

motif width, 25. A CRP box was identified among the promoters of genes activated by 

Fur, and a Fur box was identified among the promoters directly bound by Fur. Each 

binding motif was submitted to the MEME Suite program FIMO [291] to calculate the 

significance (FDR) of its occurrence within each promoter of its respective promoter set. 

4.2.10 sRNA target prediction 

sRNA sequences were extracted from the Aa 624 genome with the bedtools 

getfasta function [236] and submitted to TargetRNA2 [292] with default parameters and 

the Aa strain D7S-1 genome selected. Predicted target sequences in the D7S-1 genome 

were mapped in fasta format to the Aa 624 genome with bowtie2 v2.2.5 in very-sensitive-

local mode [232]. 

4.2.11 CRP regulon 

The Aa CRP regulon was determined with a microarray designed for strain 

HK1651 [293].  To use this data, Aa 624 gene sequences in fasta format were mapped to 

the Aa HK1651 genome with bowtie2 v2.2.5 in very-sensitive-local mode [232].  

4.2.12 Principal component analysis 

Normalized read counts were transformed with the DESeq2 [237] rlog method 

with blindness set to false, as described in the DESeq2 vignette, and the PCA was 

performed with the prcomp function in R on the 93 genes in the iron-restricted regulon or 

the 218 genes in the Fur regulon. 
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4.2.13 b-galactosidase assay 

b-galactosidase assays were performed as previously described [52] using a 

chemiluminescent assay system (Galacto-Light Plus). 

4.2.14 Biofilm dispersal assay 

The biofilm dispersal assay was performed as previously described [52]. 

4.2.15 Abscess model 

The murine abscess infection model was performed as previously described [162, 

201], except that in the experiment testing the virulence of the 𝛥fur mutant, anaerobic 

conditions were used for preparing the inoculum and plating serial dilutions of the 

abscess homogenates. 
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4.3 RESULTS/DISCUSSION 

 

4.3.1 The Aa iron-restricted regulon 

To characterize how Aa responds to iron restriction, we performed RNA-seq to 

compare its gene expression between rich media and iron-chelated media (see Table 4.2 

for study design). Since Aa does not grow planktonically, we grew it as colony biofilms. 

We also used anaerobic growth conditions since soluble Fe2+ predominates and can be 

readily chelated with 2,2’-dipyridyl to mimic iron-restricted conditions. In total we 

discovered 93 genes, representing 4% of the genome, which are differentially expressed 

in response to iron restriction (Table 4.6). Of these, over twice as many were upregulated 

than downregulated, and upregulated genes generally had larger fold changes than 

downregulated genes (Fig 4.1A). 
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Table 4.6. Summary of RNA-seq and ChIP-seq results. 

Experiment Regulation % 
genome Total Coding sRNA asRNA CRISPR 

RNA-seq 
(low Fe vs. 

high Fe) 

Downregulated 
by low Fe 1.3 30 30 0 0 0 

Upregulated 
by low Fe 2.6 63 61 2 0 0 

RNA-seq 
(𝛥fur vs. wt) 

Repressed by Fur 7.8 168 159 7 2 0 

Activated by Fur 9.4 218 207 6 3 2 

ChIP-seq 
(Fur-VSV-G) 

Directly regulated 
(without operons) 3.1 77 72 5 0 0 

Directly regulated 
(with operons) 3.5 91 86 5 0 0 

RNA-seq 
(abscess co- 
vs. mono-
infection) 

Downregulated in 
co-infection 1.0 23 23 0 0 0 

Upregulated in co-
infection 3.6 83 77 4 2 0 

RNA-seq 
(oral disease 
vs. health) 

Downregulated in 
periodontitis 3.8 97 89 1 7 0 

Upregulated in 
periodontitis 6.3 134 131 3 0 0 
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Fig 4.1. Scatter plots of the iron-restricted and Fur regulons. 

(A) Genes differentially expressed in response to iron restriction. Y axis: fold change 
(FC) comparing iron-chelated to rich media. Legend: blue dots represent genes 
differentially expressed >4 fold comparing iron-chelated to rich media. (B) Genes 
differentially expressed in the 𝛥fur mutant. Y axis: Fold change (FC) comparing the 𝛥fur 
mutant to the wild type (wt). Left: comparison on rich media. Right: comparison on iron-
chelated media. Legend: red dots represent genes that are regulated by both Fur and iron. 
(C) Genes whose promoters are bound by Fur. Rows: ChIP, all Fur-bound promoters; low 
Fe, Fur-bound promoters of genes differentially expressed in response to iron restriction; 
𝛥fur, Fur-bound promoters of genes differentially expressed in the 𝛥fur mutant. 
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Most genes downregulated in iron-restricted conditions encoded components of 

the anaerobic electron transport chain (Fig 4.2), suggesting that iron restriction hinders 

Aa anaerobic respiration. These downregulated genes included the Na+-translocating 

NADH-quinone reductase [294], menaquinone biosynthesis [295], anaerobic respiratory 

reductases [296] as well as two major steps in pyruvate metabolism (Fig 4.2). The fact 

that many of these downregulated gene products contain iron suggests that restricting 

cellular iron usage is central to the Aa iron starvation response. Supporting this, one of 

the most downregulated gene products in response to iron restriction was the iron storage 

protein ferritin (Fig 4.2). 
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Fig 4.2. The Aa iron-restricted regulon. 

Cellular processes differentially expressed by iron restriction. Shaded numbers above 
each process indicate fold change. 1.5 – 2.0 fold, light shade; >2.0 – 4.0 fold, medium 
shade; >4.0 fold, dark shade. Octagon, ferritin; Q, quinone; R, respiratory reductase; 
TMAO, trimethylamine N-oxide; TMA, trimethylamine; PFL, pyruvate formate lyase; 
FHL, formate hydrogen lyase; Afu and Afe, characterized transporters; Hg, hemoglobin; 
Tf, transferrin; Cys, cysteine; G3P, glycerol-3-phosphate; hairpin, sRNA; TRX, 
thioredoxin; DspB, Dispersin B. 
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Genes upregulated in response to iron restriction primarily encoded iron 

transporters and receptors. These include 5 inner membrane ABC transporters (including 

the characterized Afu [297] and Afe [298] systems), TonB [299], and 5 outer membrane 

TonB-dependent receptors (Fig 4.2). Substrates of these systems included inorganic iron, 

ferric iron siderophores, hemoglobin, and transferrin. Transporters for metals besides iron 

– nickel and zinc – were also differentially expressed (Fig 4.2). Although the significance 

of these non-iron transporters is unclear, co-expression of nickel with iron transporters 

has been observed in other bacteria [286]. 

Other processes upregulated in response to iron restriction included cysteine 

export by the CydDC transporter [300] (Fig 4.2). CydDC is required for the assembly of 

cytochrome bd (CydAB), and as CydAB is the sole aerobic respiratory oxidase in Aa 

[162], this suggests that aerobic respiration in Aa is stimulated by iron restriction. This is 

noteworthy considering that most of the Aa anaerobic respiratory reductases were 

repressed by iron restriction. Aa therefore seems to equate iron restriction with the 

presence of oxygen. Supporting this, a transporter for glycerol-3-phosphate, a carbon 

source that can only be catabolized by respiration [301], and 2 thioredoxins, implicated in 

resisting oxidative stress from oxygen [302], were also more highly expressed under iron 

restriction (Fig 4.2). 

The only differentially expressed non-coding genes were 2 small RNAs (sRNA) 

upregulated by iron restriction (Fig 4.2). One of these sRNA was homologous to an iron-

regulated sRNA in H. influenzae [303], and like H. influenzae, this sRNA in Aa was also 

predicted to target asparagine biosynthesis (P = 0.03, TargetRNA2). The other sRNA was 

predicted to target nitrite reductase (P = 0.05, TargetRNA2 [292]), one of the most 

downregulated gene products in response to iron restriction. 
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4.3.2 The Aa Fur regulon 

We next set out to characterize the Aa Fur regulon with the goal of defining which 

iron-responsive genes were controlled by this transcriptional regulator. To do this, we 

used RNA-seq to compare gene expression of wild type Aa to an isogenic 𝛥fur mutant 

(see Table 4.2 for study design). Overall, we found that 386 genes, representing over 17% 

of the genome, were differentially expressed when Fur is absent, with slightly more genes 

activated than repressed (Table 4.6). As expected, the Fur regulon extensively overlapped 

the iron-restricted regulon, with Fur-repressed genes mostly overlapping genes 

upregulated in iron-restricted conditions, and Fur-activated genes mostly overlapping 

genes downregulated in iron-restricted conditions (Table 4.7). In total, the Fur regulon 

encompassed 70 of 93 genes in the iron-restricted regulon, indicating that as expected, 

Fur has a critical role in controlling Aa iron homeostasis. Supporting this, all of the iron 

uptake systems that were upregulated in iron-restricted conditions were repressed by Fur, 

and all of the anaerobic respiratory reductases that were downregulated in iron-restricted 

conditions were activated by Fur (Table 4.8). 
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Table 4.7. Overlap between the 𝛥fur regulon and the low-iron and CRP regulons. 

Overlap Downregulated 
by low iron (30) 

Upregulated 
by low iron (63) 

Repressed 
by CRP (130) 

Activated 
by CRP (82) 

Repressed 
by Fur (168) 2 42 13 4 

Activated 
by Fur (218) 19 7 38 18 

Numbers in parentheses are the total number of genes in the indicated regulon. Numbers 
not in parentheses are the number of overlapping genes between the two indicated 
regulons. 
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Table 4.8. Cellular processes controlled by Fur. 

Category Fur-activated Fur-repressed 

Central 
metabolism 

Glycolysis (GAPDH) Zn-dependent alcohol dehydrogenase 
Pentose phosphate pathway (transketolase) D-lactate dehydrogenase 
Pyruvate formate lyase  
Formate efflux  
Formate hydrogen lyase  
Reductive TCA cycle, carboxylate transporters  

Respiration 

Na+-translocating NADH-quinone reductase Cytochrome bd biosynthesis 
Nitrate reductase  
Nitrite reductase  
Trimethylamine N-oxide reductase  
Dimethyl sulfoxide reductase  
Fumarate reductase  
Cytochrome c peroxidase  

Carbon sources 

Glycogen biosynthesis  
Fructose transport, degradation  
Galactose transport  
Mannose transport, degradation  
Maltose transport, degradation  
Ribose transport, degradation  
Mannitol transport  
Ascorbate transport, degradation  
Citrate degradation  
Gluconate transport, degradation  
Glycerol transport, degradation  
Inositol transport, degradation  

Amino acids 

Tyrosine degradation Chorismate biosynthesis 
Serine transport, degradation Serine biosynthesis 
 Valine, Leucine, Isoleucine biosynthesis 
S-adenosyl-methionine biosynthesis Homoserine metabolism 
 Alanine/glycine transport 
Aspartate/asparagine biosynthesis Aspartate/fumarate biosynthesis 
Arginine biosynthesis Arginine biosynthesis 
Proline biosynthesis  

Vitamins and 
cofactors 

Biotin biosynthesis Menaquinone biosynthesis 
Pantothenate transport Heme transport, biosynthesis 
 Folate metabolism 

Metals 
Nickel transport Cobalt transport 
 Potassium transport 
 Chloride transport 

Autoinducer-2 Autoinducer-2 transport  
Toxins Leukotoxin Cytolethal distending toxin 
Attachment Tight adherence Dispersin B 

Oxidative stress 

Glutathione metabolism Glutathione metabolism 
Cytochrome c peroxidase  
Peroxiredoxin  
Superoxide dismutase  

Membrane  Cardiolipin/phosphatidyl-ethanolamine 
biosynthesis 

 Peptidoglycan biosynthesis 
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Many Fur-activated genes were also related to carbon utilization (Table 4.8). As 

these genes were not regulated by iron, we suspected that their control by Fur was due to 

indirect rather than direct regulatory changes. Supporting this, we identified 10 

transcriptional regulators that were differentially expressed in the 𝛥fur mutant (Fig 4.3A). 

Furthermore, promoters of several Fur-activated genes contained a DNA binding motif 

for the cyclic AMP (cAMP) receptor protein (CRP) (Fig 4.3B), a regulator that alters 

gene expression in response to binding cAMP [304, 305]. As the CRP regulon in Aa has 

been characterized [293], we could examine its overlap with the Fur regulon. This 

revealed that Fur-activated genes are enriched for both CRP-repressed (P = 1 x 10-11) and 

CRP-activated genes (P = 3 x 10-4, one-tailed Fisher’s exact test) (Table 4.7). These 

results show that Fur expands its control over gene expression by acting indirectly 

through other transcriptional regulators including CRP. 
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Fig 4.3. Indirect regulation in Aa 𝛥fur. 

(A) Transcriptional regulators differentially expressed in the 𝛥fur mutant. The cellular 
process controlled by each regulator is indicated in parentheses. Colors: purple, repressed 
by Fur; green, activated by Fur. (B) A CRP binding motif was found with False 
Discovery Rate < 0.1 in 64 of the 218 promoters of Fur activated genes. 
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To gain a more in-depth understanding of the Fur regulon, we next used the 

KEGG resource [306] to reconstruct how Fur globally regulates Aa metabolism (Fig 4.4, 

Table 4.8). As Fur activity is essentially a proxy for cellular iron levels, this network 

could be interpreted as how Aa metabolism might adapt to iron-restricted conditions. In 

general, we found that the Fur-activated regulon is metabolically diverse, encompassing 

several central metabolism and carbon utilization pathways. Central metabolism 

pathways activated by Fur included glycolysis, the pentose phosphate pathway, pyruvate 

metabolism, and the reductive TCA cycle, and carbon utilization pathways included those 

for ribose, ascorbate, citrate, gluconate, glycerol, and inositol. 
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Fig 4.4. The Aa Fur regulon. 

The metabolic network differentially expressed in the 𝛥fur mutant. Legend: green, 
pathways downregulated in the 𝛥fur mutant compared to the wild type (Fur-activated); 
red, pathways upregulated in the 𝛥fur mutant compared to the wild type (Fur-repressed); 
blue, pathways mediated by both Fur-activated and -repressed genes. Dots and lines 
represent compounds and reactions, respectively. PEP, phosphoenolpyruvate; ADH, 
alcohol dehydrogenase; Ac-CoA, acetyl-CoA; TCA, tricarboxylic acid. 
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In contrast, analogous pathways in the Fur-repressed regulon were much less 

diverse and suggest that iron-restricted Aa, like other bacteria [307], primarily engages in 

fermentation, mediated by a D-lactate dehydrogenase and a zinc-dependent alcohol 

dehydrogenase. However, Fur both repressed and activated metabolic pathways related to 

amino acids, vitamins, and cofactors. For instance, chorismate (a precursor to aromatic 

amino acids) and serine biosynthesis were repressed by Fur, while tyrosine and serine 

transport were activated by Fur. Other processes regulated by Fur included autoinducer-2 

(AI-2) signaling, toxin production, and biofilm formation. Specifically, the Lsr AI-2 

transporter [308], leukotoxin [309], and tight adherence [172] pili that mediate surface 

attachment were activated by Fur, while cytolethal distending toxin [310] was repressed 

by Fur. 

4.3.3 Iron and Fur regulate Dispersin B 

Iron restriction also caused Fur-mediated upregulation of the gene encoding 

Dispersin B (DspB) (Fig 4.2, Table 4.8), an enzyme produced by Aa to disperse from 

biofilms [165]. Previously we showed that dspB transcription is increased during aerobic 

growth via the transcriptional regulator OxyR [52]; however, the fact that we performed 

our experiments under strictly anaerobic conditions suggests that dspB transcription is 

also controlled by iron in an oxygen-independent manner. Thus, we hypothesized that 

iron restriction would induce transcription of dspB in a Fur-dependent manner and 

subsequently lead to dispersal of Aa from biofilms. To test this hypothesis, we first 

searched the dspB promoter for a Fur binding motif. This revealed a sequence that 

overlaps the dspB transcriptional start site and lies downstream of the reported [52] OxyR 

binding motif (Fig 4.5A). We then used a dspB promoter-lacZ transcriptional fusion to 

measure how dspB transcription is impacted by iron restriction. First we grew Aa as 
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colony biofilms under anaerobic conditions, and then to restrict iron, we transferred these 

biofilms to media containing an iron chelator. As expected, Aa induced transcription of 

dspB >5 fold upon iron restriction, and we observed this effect in two different strains of 

Aa (Fig 4.5B), 624 (the primary strain used in this study) and VT1169. Furthermore, this 

effect was iron-specific as addition of FeSO4 to the chelated media abolished dspB 

induction (Fig 4.5B). We then tested the 𝛥fur mutant under the same conditions and 

observed a >30 fold induction of dspB transcription. However, this induction occurred 

irrespective of iron levels (Fig 4.5B) confirming that Fur represses dspB. Genetic 

complementation of the 𝛥fur mutant restored responsiveness to	 exogenous iron levels 

(Fig 4.5C) indicating that the response was specific to Fur. 

  



 156 

 

Fig 4.5. Iron and Fur regulate Dispersin B. 

(A) Structure of the dspB promoter. Gray, OxyR box; orange, Fur box; underlined, -35 
and -10 regions; +1, transcriptional start site; bold, start codon. (B) dspB transcription in 
colony biofilms was measured using a dspB promoter-lacZ transcriptional fusion. Left 
panel: blue, Aa strain 624; red, Aa strain VT1169. Right panel: blue, Aa strain 624 wild 
type (wt); red, Aa strain 624 𝛥fur (𝛥fur). Chelator is 250 µM 2,2’-dipyridyl, and Fe is 
250 µM FeSO4. Y axis is fold change (FC) in dspB expression relative to no chelator (-
chelator) and no FeSO4 (-Fe) addition. Error bars represent standard deviation (n = 3). (C) 
dspB mRNA levels in colony biofilms was measured using reverse transcriptase PCR in 
iron-replete (+Fe) and iron-restricted (-Fe) conditions. clpX serves as a control that is not 
regulated by iron or Fur. Wild type (wt), 𝛥fur (𝛥fur), 𝛥fur + fur-vsv-g (𝛥fur genetically 
complemented with VSV-G tagged Fur). (D) Biofilm dispersal assay. A second, higher 
ring biofilm (indicated by arrow) indicates dispersal. The purple stain is crystal violet. 
Chelator is 250 µM 2,2’-dipyridyl; -oxygen is anaerobic growth; +oxygen is aerobic 
growth. 
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We next used a previously described biofilm dispersal assay [52] to test if iron 

restriction triggers Aa biofilm dispersal. This assay takes advantage of the fact that when 

Aa is grown with shaking in a glass test tube, it forms a ‘ring biofilm’ on the test tube 

(Fig 4.5D). The assay works by first forming a ring biofilm in a low volume of media and 

then adding more media. If a second biofilm then forms above the first biofilm, dispersal 

has occurred. Using this assay, we found that Aa can be induced to disperse from 

biofilms by adding an iron chelator (Fig 4.5D). Notably, biofilms dispersed even under 

anaerobic conditions. Although the assay is qualitative, we could also observe that iron-

restricted biofilms dispersed even further in the presence of oxygen (Fig 4.5D). This 

suggests that iron restriction and aerobic growth conditions can work synergistically to 

promote biofilm dispersal. Together, these results show that, in addition to oxygen and 

OxyR, dspB is regulated by iron and Fur, and this regulation mediates Aa biofilm 

dispersal in response to iron restriction. 

4.3.4 The direct Aa Fur regulon 

One important drawback of our experimental approach for defining the Fur 

regulon is the inability to distinguish between direct and indirect gene regulation. We 

therefore used ChIP-seq to identify Fur binding sites (see Table 4.2 for study design). To 

perform ChIP-seq, we complemented the 𝛥fur mutant with a version of Fur tagged with 

the VSV-G epitope, allowing for immunoprecipitation. Importantly, VSV-G tagged Fur 

was expressed from its native promoter on a low-copy plasmid, and it genetically 

complemented the 𝛥fur mutant (Fig 4.5C). In taking this approach, we hoped to prevent 

artefactual binding events that could arise from overexpression. 

In total, we identified 67 promoter regions, representing 77 genes that are directly 

bound by Fur in either iron-replete or iron-restricted conditions. After accounting for 
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potential operons, this total increased to 91 genes, revealing that Fur directly regulates 

3.5% of the genome (Table 4.6). To our surprise, only 41 of the 91 Fur-bound promoters 

were differentially controlled in iron-restricted conditions or in the 𝛥fur mutant (Fig 

4.1C). As this has been seen in other bacteria [311], this phenomenon may be more 

widespread than expected. Although RNA-seq suggested Fur activates as much as it 

represses gene expression (Table 4.6), ChIP-seq revealed that Fur primarily represses 

gene expression (Table 4.9), with over 4 times as many genes being directly repressed by 

Fur than activated. As expected, promoters directly bound by Fur contained a sequence 

similar to reported [286, 311] Fur binding motifs (Fig 4.6A). 
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Table 4.9. Overlap between the Fur-VSV-G, low-iron, and 𝛥fur regulons. 

Overlap Downregulated 
by low iron (30) 

Upregulated 
by low iron (63) 

Repressed 
by Fur (168) 

Activated 
by Fur (218) 

Regulated by 
Fur directly (91) 2 32 33 7 

Numbers in parentheses are the total number of genes in the indicated regulon. Numbers 
not in parentheses are the number of overlapping genes between the two indicated 
regulons. 
  



 160 

 

Fig 4.6. The Aa direct Fur regulon. 

(A) Sequence logo representation of the Fur binding motif generated from all Fur-bound 
promoters (False Discovery Rate < 0.1) as outlined in Materials and Methods. The height 
of each base represents its frequency of occurrence. (B) Cellular processes directly 
regulated by Fur. Each process is encoded by a gene(s) whose promoter is bound by Fur. 
Shaded numbers above each process indicate fold enrichment of the ChIP to input DNA 
signal. 1.5 – 2.0 fold, light shade; >2.0 – 4.0 fold, medium shade; >4.0 fold, dark shade. 
Colored boxes below each process indicate transcriptional regulation by iron (blue or 
orange), Fur (purple or green), or neither (gray). Act. Is activated, and rep. is repressed. 
Afu, characterized transporter; 3+ in circle, free ferric iron; 3+ in square, ferric iron 
siderophore; Hg, hemoglobin; Tf, transferrin; octagon, ferritin; DspB, Dispersin B; 
hairpin, sRNA; hairpin in gray oval, CRISPR inhibiting a phage at the cell surface; G3P, 
glycerol-3-phosphate; cAMP, cyclic AMP; Trp, tryptophan; Phe, phenylalanine; Tyr, 
tyrosine. 
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In regards to function, many of the genes directly regulated by Fur were related to 

iron homeostasis as well as other metabolic processes (Fig 4.6B). Iron transporters 

directly regulated by Fur included the Afu ferric iron ABC transporter [297], 3 ferric iron 

siderophore transporters, TonB, and 5 TonB-dependent receptors, including those for 

hemoglobin and transferrin [281]. Interestingly, one ferric iron siderophore transporter 

was not differentially expressed in either iron-restricted conditions or in the 𝛥fur mutant 

(Fig 4.6B). Other iron-related proteins directly regulated by Fur included ferritin and Fur 

itself, demonstrating that as in many other bacteria with Fur homologs [268], Fur in Aa is 

autoregulated. 

Metabolic processes directly regulated by Fur included glycerol transport, 

galactoside degradation, aromatic amino acid metabolism, glucose catabolism, uracil 

degradation, and the biosynthesis of NAD+ and folate (Fig 4.6B). ChIP-seq also revealed 

that Fur controls both the biosynthesis and degradation of cAMP (Fig 4.6B), explaining 

the regulatory link we discovered between the Fur and CRP regulons (Fig 4.3). Even 

though these two regulons were highly overlapping (Table 4.7), CRP was not among the 

transcriptional regulators differentially expressed in the 𝛥fur mutant (Fig 4.3A). This 

suggested control at the post-transcriptional level. As revealed by ChIP-seq, Fur exerts 

this control over CRP by regulating intracellular amounts of cAMP. Similar connections 

between Fur and CRP have been described in other bacteria [304, 305]. 

While most Fur-bound promoters were positioned ahead of coding genes, the 

direct Fur regulon also comprised 5 sRNA (Table 4.6), including the 2 sRNA that we 

found are upregulated by iron restriction (Fig 4.6B). The promoters of 2 CRISPR-

associated (cas) genes were also bound by Fur (Fig 4.6B). Though the promoter of the 

CRISPR itself was not bound by Fur, 2 other CRISPR in the genome were differentially 

expressed in the 𝛥fur mutant (Table 4.6). As there are a total of 3 CRISPR in our strain, 
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the collective findings of our RNA- and ChIP-seq data suggest that Fur contributes to the 

regulation of all 3 CRISPR in the genome. One explanation for why Aa evolved to 

regulate CRISPR with Fur is that surface-displayed iron receptors can serve as 

attachment sites for bacteriophages [312] (Fig 4.6B). 

Finally, we found that Fur directly binds the dspB promoter, revealing that its 

upregulation in both iron-restricted conditions and the 𝛥fur mutant (Fig 4.5) was due to 

direct de-repression by Fur. Interestingly, we found that Fur also binds to a gene in the 

tight adherence pili locus. As RNA-seq showed that this locus is activated by Fur, this 

suggests a model where iron controls the entire the Aa biofilm cycle: in the absence of 

iron, Fur promotes biofilm dispersal by de-repressing Dispersin B (Fig 4.5), whereas in 

the presence of iron, Fur promotes surface attachment by activating the tight adherence 

pili. Altogether, our ChIP-seq dataset extended our understanding of the Fur regulon, 

beyond that provided by RNA-seq, and gave insight into Fur’s complex role in not only 

iron transport but also cAMP biogenesis, viral defense, and biofilm formation. 

4.3.5 The Aa iron and Fur regulons in abscess infections 

After characterizing the iron and Fur regulons in vitro, we next set out to leverage 

these datasets for assessing iron availability in Aa infections. While Aa is most widely 

associated with oral cavity infections, it can also spread systemically and cause abscesses 

in many parts of the body [279]. Like the oral cavity, abscesses are thought to be strong 

targets of host iron restriction [313] suggesting that Aa is likely restricted for iron in the 

abscess. To test this, we used principle component analysis (PCA) to determine whether 

Aa gene expression in the abscess (using a published dataset [181]) is more similar to its 

gene expression in biofilms on rich (Fe+) media or on iron-chelated (Fe-) media. To our 

surprise, the PCA showed that the abscess lies closer to Fe+ than Fe- biofilms (Fig 4.7A). 
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To quantify this relationship, we used Spearman’s correlation coefficient. This also 

showed that the abscess is more similar to Fe+ than Fe- biofilms (Fig 4.7B). We then 

repeated these analyses for genes in the Fur regulon, now comparing gene expression in 

the abscess to biofilms of the wild type and 𝛥fur mutant. This showed that the abscess 

lies closer to and correlates better with the wild type than the 𝛥fur mutant (Fig 4.8). As 

gene expression in the 𝛥fur mutant is essentially like that of iron-restricted wild type, the 

higher proximity of the abscess to the wild type suggests that gene expression within this 

infection better resembles that where iron is abundant than scarce. Together, these 

analyses indicate that Aa is not restricted for iron in the abscess, contrasting our initial 

hypothesis. 
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Fig 4.7. Aa is not iron-restricted in abscess mono-infection. 

(A) Principal component analysis of the 93 genes regulated by iron. Each dot is a single 
replicate. Legend: Fe+, biofilm on rich media; Fe-, biofilm on iron-chelated media; 
abscess, wild type abscess infection. Axes: Percentages are the amount of variation 
captured by each principal component. (B) Correlation analysis of the 93 genes regulated 
by iron. Spearman’s rank correlation was determined by comparing gene expression in 
wild type Aa abscess infection to Fe+ and Fe- in vitro biofilms. Error bars represent 
standard deviation (n = 6 pairwise comparisons). Significance was determined using a 2-
tailed t test. (C) Survival of the wild type (wt) and 𝛥fur mutant in abscesses. Each dot is a 
single abscess (n = 2 biological replicates). Significance was determined using a Mann-
Whitney U test. Y axis represents colony forming units (CFU) per abscess after 3 days 
post-infection. (D) Venn diagram showing the overlap between the in vitro and in vivo 
ChIP-seq results. 
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Fig 4.8. The Aa Fur regulon in vivo. 

(A) Principal component analysis of the 218 genes differentially expressed in the 𝛥fur 
mutant. Each dot is a single replicate. Legend: wt, wild type biofilm on rich media; 𝛥fur, 
𝛥fur biofilm on rich media; mono, abscess mono-infection; co, abscess co-infection with 
Sg; health, Aa from healthy human gingival crevice; disease, Aa from diseased human 
gingival crevice. Axes: Percentages are the amount of variation captured by each 
principal component. (B) Correlation analysis of the 218 genes differentially expressed in 
the 𝛥fur mutant. Spearman’s rank correlation was determined by comparing Fe+ and Fe- 
in vitro biofilms to Aa gene expression in mono-infection (mono vs. Fe+ and Fe-), co-
infection with Sg (co vs. Fe+ and Fe-), healthy human gingival crevice samples (health 
vs. Fe+ and Fe-), or diseased human gingival crevice samples (disease vs. Fe+ and Fe-). 
Error bars represent standard deviation (n = 4-6 pairwise comparisons). Significance was 
determined using a 2-tailed t test (a, unpaired test; b, paired test). 
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To support this finding, we next decided to test the 𝛥fur mutant in the abscess. In 

almost every pathogen and infection model tested, Fur is required for virulence [268]. 

Therefore, we reasoned that if iron is indeed not restricted in the abscess, Fur should not 

be required for Aa virulence. As we anticipated, the 𝛥fur mutant persisted just as well as 

the wild type in the abscess (Fig 4.7C), again indicating that Aa does not face severe iron 

restriction in this host environment. As a final test, we also performed ChIP-seq on Aa in 

the abscess, reasoning that we should be able to detect binding if iron is available. In 

total, we identified 18 promoters that are bound by Fur in vivo (Fig 4.7D). These 

promoters were a subset of the promoters that we identified are bound by Fur in vitro. 

Notably, the in vivo-bound promoters were enriched for promoters that are preferentially 

bound by Fur in the presence of iron (P = 0.08, one-tailed Fisher’s exact test) (Fig 4.7D, 

Table 4.10), reaffirming our conclusion that Aa is not iron-restricted in the abscess. 
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Table 4.10. Genes preferentially bound by Fur in the presence or absence of iron. 

Binding Locus tag Gene product 

Bound in the 
presence of iron 

624_0115 aminoacrylate peracid reductase 
624_0375 hypothetical protein 
624_0433 5-hydroxyisourate hydrolase 
624_0772 C4-dicarboxylate ABC transporter permease 
624_1354 ABC transporter permease 
624_1377 GDP-mannose dehydratase 
624_1733 iron ABC transporter 

Bound in the 
absence of iron 

624_0503 type I-F CRISPR-associated protein Csy1 
624_1609 hypoxanthine phosphoribosyltransferase 
624_2476 malonic semialdehyde reductase 

Bound in the 
abscess 

624_0135 flavodoxin FldA 
624_0136 Fur family transcriptional regulator 
624_0137 DNA gyrase subunit A 
624_0222 sRNA 
624_0371 hypothetical protein 
624_0374 hypothetical protein 
624_0375 hypothetical protein 
624_0376 hypothetical protein 
624_0466 3-phosphoshikimate 1-carboxyvinyltransferase 
624_1008 hypothetical protein 
624_1233 energy transducer TonB 
624_1354 ABC transporter permease 
624_1376 acetyltransferase 
624_1377 GDP-mannose dehydratase 
624_1378 glycosyl transferase 
624_1733 iron ABC transporter 
624_1983 hypothetical protein 
624_2100 hypothetical protein 

Gene promoters bound both in the abscess and preferentially in the presence of iron are 
highlighted in green. 
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One possible explanation for this result is that Aa elicits an immune response that 

fails to fully sequester iron from the abscess. Alternatively, iron could be low but 

spatially heterogeneous in the abscess (Fig 4.9A), forming iron-rich ‘patches’ that locally 

promote Aa colonization and growth. Supporting this, Aa proliferates in the abscess as 

small (<10 µm across) cell aggregates [52]. Future studies should therefore focus on 

examining the host response to Aa using more direct means to quantitatively map iron 

levels, addressing the possibility that iron forms concentrated micron-scale patches and 

gradients in the abscess. 
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Fig 4.9. Model for iron dynamics in abscess and oral cavity infections. 

(A) Iron in mono-infected abscesses may be high (left) (e.g. if the host were not to fully 
sequester iron), low (middle), or low but spatially uneven (right), forming concentrated 
patches. These patches could induce Aa to grow as aggregates. (B) Aa in mono-infected 
abscesses (Aa, left) is not restricted for iron, but in co-infected abscesses with Sg (Aa + 
Sg, right), higher Aa titers may result in greater competition over iron between cells of 
Aa. (C) In mono-infection (Aa, left), cells at the center of aggregates may not be 
restricted for iron, but in co-infection prior to dispersal (Aa + Sg pre-disp, middle), 
reduced iron may prevent these cells’ access to iron. Therefore, the formation of smaller 
aggregates after dispersal (Aa + Sg post-disp) may restore cellular access to iron. (D) The 
host immune response and higher bacterial burden associated with periodontitis (right) 
may create a larger iron gradient than seen in health (left), inducing Aa to spread deeper 
into the gingival crevice (space between tooth and gum). 
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4.3.6 The Aa iron and Fur regulons in abscess co-infections 

As most pathogens cause infections as part of multispecies communities [1], we 

next sought to determine how co-infecting bacteria influence iron availability to Aa in 

vivo. In the oral cavity, some of the most prevalent bacteria are Gram-positive 

streptococci [314]. Previously, we showed that intricate metabolic interactions, both 

cooperative [162] and competitive [52], with Streptococcus gordonii (Sg) enhance Aa 

virulence during abscess co-infection. Therefore, we conducted RNA-seq on abscesses 

co-infected with Aa and Sg (see Table 4.2 for study design). Principal component 

analysis showed that co-infection, while positioned close to mono-infection, shifts the 

abscess towards Fe- biofilms (Fig 4.10A). Furthermore, the correlation between co-

infection and Fe- biofilms was higher than that between mono-infection and Fe- biofilms 

(Fig 4.10B). In addition, genes upregulated in response to Sg were enriched for genes 

upregulated by iron restriction (Table 4.11) including 5 involved in iron uptake. 

Together, these results indicate that Aa is restricted for iron during co-infection with Sg. 
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Fig 4.10. Aa is iron-restricted in murine abscess co-infection. 

(A) Principal component analysis of the 93 genes regulated by iron. Each dot is a single 
replicate. Legend: Fe+, biofilm on rich media; Fe-, biofilm on iron-chelated media; 
mono, abscess mono-infection; co, abscess co-infection with Sg. Axes: Percentages are 
the amount of variation captured by each principal component. (B) Correlation analysis 
of the 93 genes regulated by iron. Spearman’s rank correlation was determined by 
comparing Fe+ and Fe- in vitro biofilms to Aa gene expression in mono-infection (mono 
vs. Fe+ and Fe-) or co-infection with Sg (co vs. Fe+ and Fe-). Error bars represent 
standard deviation (n = 4-6 pairwise comparisons). Significance was determined using a 
2-tailed t test. 
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Table 4.11. Overlap between the co-infection, low-iron, and 𝛥fur regulons. 

Overlap Downregulated 
by low iron (30) 

Upregulated 
by low iron (63) 

Repressed 
by Fur (168) 

Activated 
by Fur (218) 

Downregulated in 
co-culture (23) 1 0 3 1 

Upregulated in 
co-culture (83) 2 8* 13* 10 

Numbers in parentheses are the total number of genes in the indicated regulon. Numbers 
not in parentheses are the number of overlapping genes between the two indicated 
regulons. *, P < 0.05 (one-tailed Fisher’s exact test). 
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How is iron restricted in co-infected abscesses? One possible mechanism for this 

interaction is direct interspecies competition for iron, as this has been reported in other 

mixed-species infections [275]. However, Sg and other streptococci do not have an 

absolute growth requirement for iron [315], suggesting that interspecies competition is 

likely not responsible for reducing iron availability in co-infection. Supporting this, we 

found little evidence that Sg differentially expresses genes related to iron homeostasis in 

either mono- or co-infection (Table 4.12). Based on these data, we hypothesize that 

reduced iron in co-infection results from increased Aa intraspecies competition (Fig 

4.9B), a result of the 5-10 fold higher Aa cell numbers observed during co-infection [52, 

162, 201]. This higher bacterial burden could also enhance the host immune response and 

sequestration of iron within the abscess. 
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Table 4.12. Sg genes related to iron homeostasis are not differentially expressed 
between abscess mono- and co-infection with Aa. 

Locus tag Gene product Gene category FC 
(log2) 

P value 
(adjusted) 

SGO_0665 non-heme Fe-containing ferritin DNA protection 1.6 3.1E-02 
SGO_0703 ferric transport regulator protein regulation 0.3 9.1E-01 
SGO_0767 iron transport protein 

Fe transport 

0.2 9.3E-01 
SGO_0769 iron compound ABC transporter 0.1 9.7E-01 
SGO_0770 FecCD transport family 0.1 9.7E-01 
SGO_1163 iron permease FTR1 family 0.4 8.7E-01 

SGO_1658 ABC transporter ATP binding 
protein 0.1 NA 

SGO_1311 ferrochelatase heme 
metabolism -0.4 NA 

SGO_0696 hemolysin-like protein 
hemolysin 

0.6 7.0E-01 
SGO_1309 hemolysin III-like protein 0.5 7.9E-01 
SGO_1655 possible hemolysin 0.6 7.1E-01 
SGO_1029 ferredoxin 

iron sulfur 
metabolism 

-0.8 6.0E-01 

SGO_0019 serine dehydratase (FeS-
dependent) -0.4 8.7E-01 

SGO_0020 serine dehydratase (FeS-
dependent) -2.6 1.8E-04 

SGO_1387 FeS assembly protein SufB -0.3 8.9E-01 
SGO_1718 FeS assembly protein SufB 0.5 7.6E-01 

SGO_1719 SUF system FeS assembly 
protein 0.3 9.2E-01 

SGO_1721 FeS assembly protein SufD 0.4 8.5E-01 
SGO_1722 FeS assembly ATPase SufC 0.2 9.2E-01 
Highlighted fold changes (FC) are statistically significant (adjusted P value < 0.05). 
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Since iron restriction induces dspB expression (Fig 4.2), a possible implication of 

the iron restriction associated with co-infection is that Aa spatially reorganizes in 

response to Sg. Previously we showed that Aa proliferates in the abscess as small groups 

of cells (aggregates) and that the size of these aggregates is controlled by dspB [52]. 

Therefore, we anticipate that since Sg restricts iron, Aa forms smaller aggregates in co-

infection than mono-infection. Of note, this spatial reorganization could facilitate iron 

acquisition since theoretically more cells per aggregate, due to the higher surface area to 

volume ratio, would have access to iron (Fig 4.9C). Current studies in our lab are aimed 

at addressing these possibilities. 

4.3.7 The Aa iron and Fur regulons in human periodontitis 

Our abscess model provided a relatively simple in vivo environment for 

investigating the role of iron in interactions between Aa, the host, and a co-infecting 

bacterium. To investigate the role of iron in a more complex polymicrobial environment, 

we next analyzed expression of the Aa iron and Fur regulons during human periodontal 

disease. To do this, we extracted sequencing reads mapping to Aa from a published meta-

transcriptomics dataset comparing microbial gene expression from paired healthy and 

diseased (periodontitis) sites in the human oral cavity [289] (see Table 4.2 for study 

design). Using principal component and correlation analyses, we showed that Aa from 

healthy communities lies closer to Fe+ than Fe- biofilms (Fig 4.11A), but correlates to 

the same extent with both conditions (Fig 4.11B). In contrast, Aa from diseased 

communities was closer to (Fig 4.11A) and correlated better with Fe- than Fe+ biofilms 

(Fig 4.11B). We obtained similar results for the Fur regulon (Fig 4.8), specifically that 

disease was closer than health to the 𝛥fur mutant. Furthermore, genes upregulated in 

periodontitis were enriched for both genes upregulated by iron restriction and repressed 
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by Fur (Table 4.13). These included several transporters for various iron sources. 

Notably, 3 of the 5 genes coding for the ferrous iron transporter were upregulated in 

periodontitis. This suggests that ferrous iron is an important iron source for Aa in 

periodontal disease. We also found that the first gene in the dspB operon is upregulated in 

periodontitis. As DspB is stimulated not only by low iron (Fig 4.5) but also oxygen [52], 

we propose a model where Aa disperses and migrates to deeper, anaerobic niches of the 

gingival pocket [182] during disease. As to why iron is restricted at diseased compared to 

healthy oral sites, we suspect that this phenomenon stems from a combination of the 

heightened host immune response (potentially resulting in greater iron sequestration) and 

the higher bacterial burden (potentially resulting in greater interspecies competition for 

iron) (Fig 4.9D). 
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Fig 4.11. Aa is iron-restricted in human periodontitis. 

(A) Principal component analysis of the 93 genes regulated by iron. Legend: Fe+, biofilm 
on rich media; Fe-, biofilm on iron-chelated media; health, Aa from healthy human 
gingival crevice; disease, Aa from diseased human gingival crevice. Axes: Percentages 
are the amount of variation captured by each principal component. (B) Correlation 
analysis of the 93 genes regulated by iron. Spearman’s rank correlation was determined 
by comparing Fe+ and Fe- in vitro biofilms to Aa gene expression in healthy human 
gingival crevice samples (health vs. Fe+ and Fe-) or diseased human gingival crevice 
samples (disease vs. Fe+ and Fe-).  Error bars represent standard deviation (n = 6 
pairwise comparisons). Significance was determined using a 2-tailed t test. 
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Table 4.13. Overlap between the periodontitis, low-iron, and 𝛥fur regulons. 

Overlap Downregulated 
by low iron (30) 

Upregulated 
by low iron (63) 

Repressed 
by Fur (168) 

Activated 
by Fur (218) 

Downregulated in 
periodontitis (97) 1 0 7 15* 

Upregulated in 
periodontitis (134) 1 11* 17* 13 

Numbers in parentheses are the total number of genes in the indicated regulon. Numbers 
not in parentheses are the number of overlapping genes between the two indicated 
regulons. *, P < 0.05 (one-tailed Fisher’s exact test). 
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4.4 CONCLUSIONS 

In summary, our in vitro analysis of the iron-restricted and Fur regulons of Aa 

allowed us to gauge its behavior regarding iron levels in multiple infection sites. We 

discovered that Fur has a complex role, impacting not only Aa iron homeostasis but also 

biofilm dispersal. Our observation that Aa disperses from biofilms in iron-restricted 

environments suggests that this pathogen may overcome host iron restriction via actively 

promoting spatial re-localization. Of additional interest, we also found that the 

availability of iron to Aa is heterogeneous in vivo. Indeed, while iron does not appear to 

be restricted in Aa mono-species abscess infections, co-culture abscess infections and 

human gum disease appear to be iron-restricted infections. Collectively these results 

suggest that microbial pathogens use multiple methods (iron acquisition and spatial re-

localization) to acquire iron during infection, and that co-infecting bacteria have a 

significant impact on whether a pathogen is restricted for iron. 
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Chapter 5: Discussion 

In this dissertation, I used a model community, consisting of the oral pathogen A. 

actinomycetemcomitans (Aa) and the oral commensal S. gordonii (Sg), to study how 

interspecies interactions exacerbate polymicrobial infections. Aa is the main etiological 

agent of aggressive periodontitis, a disease that causes rapid tooth loss and primarily 

affects juveniles of African descent [316, 317]. In contrast, Sg and other streptococci are 

abundant members of the healthy oral microbiome [157], although some Streptococcus 

species are present with Aa in a consortium prior to bone loss [255]. In support of this, 

Pasteurellaceae (such as Aa) co-localize with streptococci in human dental plaque [100]. 

Many streptococci produce lactate and peroxide as metabolic waste, and in 

research prior to this dissertation, it was reasoned that characterizing Aa’s response to 

these metabolites would give insight into Aa-Sg interspecies interactions. This research 

showed that Aa prefers lactate over sugars as a carbon source [161] and that to use 

lactate, Aa requires a terminal electron acceptor, such as oxygen [162], to respire. Prior 

research also showed that Aa uses a catalase, KatA, to survive exposure to peroxide 

[164]. 

To study these responses in vivo, a murine abscess infection model was used. This 

model is relevant because oral bacteria cause abscesses [188, 189]; also, it readily permits 

single- and dual-species infections to be made, as opposed to periodontal models, where 

the native microbiota is difficult to fully eradicate [154]. Using the abscess model, it was 

found that when co-infected with Sg, Aa displays ‘synergy,’ or 10-fold higher cell 

numbers in the abscess relative to mono-infection [162]. 

Although this enhanced persistence was found to depend on Aa’s ability to use 

lactate made by Sg (referred to as ‘cross-feeding’) [162], it was unknown how Aa can 
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benefit from lactate when Sg also makes peroxide, an antimicrobial. Furthermore, it was 

unknown how Aa can use lactate when abscesses are considered highly anaerobic [181]. 

The major findings that I presented in this dissertation are summarized in Fig. 5.1. 

The two major approaches that I used are separated by the dotted line: (1) spatial analysis 

to determine the biogeography of the infection and (2) genomic approaches that utilize 

the bacteria as ‘biosensors’ to reveal aspects of the infection environment. 
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Fig. 5.1. Summary of Aa-Sg interactions. 

Aa is depicted as the fimbriated green rods (right), and Sg is depicted as the orange cocci 
(left). Previous work showed that Aa cross-feeds on lactate and detoxifies peroxide 
(H2O2). In this dissertation, spatial analysis was used to assess biogeography, revealing 
that Aa localizes to a 4-13 µm distance from Sg. Tn-seq was used to show that Sg uses 
peroxide as a vehicle to deliver oxygen to Aa. RNA- and ChIP-seq were used to show 
that Sg modulates iron availability to Aa. 
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In Chapter 2, I showed that to display synergy in vivo with Sg, Aa not only 

requires KatA but also the biofilm-dispersing enzyme Dispersin B (DspB) [52]. DspB 

degrades poly-N-acetyl-glucosamine [165], a polysaccharide that Aa makes as part of its 

biofilm, and I showed that like KatA, DspB is upregulated in response to H2O2. Through 

in vitro biofilm assays, I showed that this response causes Aa to disperse from biofilms, 

and through 3D spatial analysis of intact abscesses, I showed that this response causes Aa 

to localize to a 4-13 µm distance from Sg. In contrast, a DspB mutant is trapped to a <4 

µm distance from Sg, where it no longer displays synergy. 

Based on these results, I put forth a ‘fight-and-flight’ model. In this model, Aa not 

only detoxifies (‘fights’) peroxide via KatA but also disperses (‘takes flight’) via DspB to 

a 4-13 µm distance from Sg. In this ‘Goldilocks’ zone, Aa is not so far away from Sg that 

it cannot cross-feed on lactate but also not so close to Sg that it is inhibited by peroxide. 

Notably, this work was the first to show that bacterial biogeography is important for 

virulence.  

Future research should test the fight-and-flight model by manipulating metabolite 

levels. One approach could be to ‘flood’ the system with exogenous metabolites, e.g. by 

co-inoculating the bacteria with lactate, peroxide, or catalase. The expectations are that 

(1) exogenous lactate would increase Aa’s distance from Sg (since Aa would no longer be 

reliant on Sg for carbon), (2) peroxide would also increase Aa’s distance from Sg (since it 

would upregulate DspB activity), and (3) catalase would decrease Aa’s distance from Sg 

(since it would downregulate DspB activity). 

These experiments could also be done genetically with bacterial mutants, e.g. an 

Aa LctD mutant that cannot catabolize lactate, an Aa KatA mutant that cannot detoxify 

peroxide, and an Sg SpxB mutant that cannot make peroxide. The expectation for the 

KatA mutant is that it would increase peroxide levels and therefore Aa’s distance from 
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Sg. However, preliminary studies went counter to expectation by revealing that like the 

DspB mutant, the KatA mutant is trapped next to Sg (Fig. 5.2). One explanation for this is 

that since Sg does not make its own catalase, it localizes closer to the KatA mutant to 

receive greater ‘cross-protection’ from other detoxifying Aa enzymes. This hypothesis is 

supported by the fact that co-infection with the Aa KatA mutant reduces Sg cell numbers 

[52], indicating that Sg benefits from Aa’s catalase. 
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Fig. 5.2 Spatial analysis of the Aa katA- mutant. 

The biogeography of an Aa KatA mutant was analyzed as described in Chapter 2 for wild 
type Aa and the DspB mutant. The x-axis is the distance of Aa from Sg. The y-axis is how 
much the Aa biomass at a given distance deviates from random (dashed line). 
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In Chapter 3, I applied transposon mutant fitness profiling (Tn-seq) to investigate 

Aa-Sg interactions. Reasoning that oxygen plays an important role, I first defined the 

conditionally essential Aa genome under defined anaerobic and aerobic conditions in 

vitro. I then leveraged these datasets to assess oxygen levels in mono- and co-culture 

abscesses. This comparative approach revealed that though oxygen levels in the abscess 

are mixed, they are higher in co- than mono-infection. As a consequence, Aa’s 

metabolism shifts from being primarily fermentative to respiratory in co-culture. 

Respiration is a much higher energy-yielding metabolism than fermentation, and it also 

allows Aa to catabolize carbon sources such as lactate that require an electron acceptor 

such as oxygen. These findings therefore provide an additional mechanism by which Sg 

enhances Aa cell numbers in co-infection. Not only does Sg provide Aa with its preferred 

carbon source, lactate; it also provides Aa with the necessary co-substrate, oxygen, for 

using lactate. To emphasize the similarity to cross-feeding, I refer to this novel 

interaction as ‘cross-respiration.’ Importantly, these findings also clarify the conundrum 

of how Aa can use a strictly respiratory carbon source, lactate, in an infection 

environment generally perceived as anaerobic: according to our ‘biosensor’ Tn-seq 

approach, the presence of Sg seems to make the abscess less anaerobic. 

Unclear at the end of this work was the mechanism by which Sg enhances oxygen 

availability to Aa. As a microbiologist, I am biased to believe that this phenomenon arises 

through direct interspecies interactions. The model that I propose is that Aa breaks down 

peroxide from Sg into oxygen (Fig. 5.1). However, the host could also bring about higher 

oxygen levels, such as by recruiting more peroxide-releasing neutrophils to the abscess 

than seen in mono-infection. To test the microbiologist’s model, I performed two 

additional experiments: (1) Tn-seq on Aa with an Sg pyruvate oxidase mutant (spxB-) and 
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(2) Tn-seq on Aa with S. mutans (unpublished). These co-infection partners were chosen 

because they are related to Sg but unable to make peroxide [169] 

In support of the microbiologist’s model, I found that unlike in co-infection with 

Sg, Aa ATP synthase mutants are alleviated in neither co-infection with Sg spxB- nor with 

S. mutans (Table 5.1). ATP synthase can serve as a biosensor for whether a bacterium is 

fermenting or respiring. Through in vitro assays with an Aa ATP synthase mutant (atpB-), 

I found that under fermentative conditions atpB- has a growth defect (as seen in mono-

infection), but under respiratory conditions the mutant’s fitness defect is alleviated (as 

seen in co-infection with Sg) [201]. Thus, the findings in Table 5.1 suggest that the ability 

of Sg to make peroxide is key to cross-respiration. 
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Table 5.1 Aa does not cross-respire with non-peroxidogenic streptococci. 

     co-infection locus tag gene product FC (log2) p value 

     Aa + Sg 

624_1325 ATP FOF1 synthase 
subunit delta 

2.2 0.01 

     Aa + Sg spxB- 1.1 0.2 

     Aa + S. mutans 0.3 0.7 
Tn-seq results for ATP synthase in co-infections with Sg (+H2O2), Sg spxB- (-H2O2), and 
S. mutans (-H2O2). Comparisons are to Aa mono-infection. FC, fold change. Significance 
was determined using DESeq2. ATP synthase is alleviated in co-infection with Sg, 
suggesting that Aa can respire, but not in co-infection with non-peroxidogenic 
streptococci, suggesting that these streptococci do not establish respiratory conditions. 
  



 189 

Future research should examine how commonly cross-respiration occurs in other 

polymicrobial infections. One possibility is cystic fibrosis lung infections with 

Pseudomonas aeruginosa and Streptococcus species [318]. Since I define cross-

respiration as a strictly polymicrobial interaction, these experiments should be carefully 

designed to distinguish between microbe- and host-induced shifts towards respiration. 

Host-induced respiration has been demonstrated in the gut, where host inflammation can 

stimulate Salmonella and other enteric pathogens to respire with nitrate [205] and 

tetrathionate [84] as electron acceptors. 

Motivated by these findings in the gut, future research should also examine the 

possibility that cross-respiration can be mediated by electron acceptors other than 

peroxide/oxygen, such as nitrate or trimethylamine N-oxide (TMAO). In preliminary 

studies, I discovered that Aa can also catabolize lactate by respiring with TMAO (Fig. 

5.3). Some bacteria encode a gene (cutC) that converts choline to trimethylamine (TMA) 

[319], which can then be oxidized by peroxide to TMAO [320]. To test for cross-

respiration with TMAO, I deleted cutC in Streptococcus intermedius via natural 

transformation, but did not observe a decrease in Aa cell numbers when co-infected with 

the cutC- mutant compared to wild type S. intermedius, presumably because insufficient 

TMA is converted to TMAO in the abscess. A tri-infection with Aa, S. intermedius, and 

highly peroxidogenic Sg may give positive results. Another future direction is testing the 

possibility that consumption of electron acceptors from the diet exacerbates infection 

(e.g. TMAO and nitrate are regularly obtained from seafood and leafy greens, 

respectively; furthermore, choline is converted by the gut microbiota to TMA and 

oxidized in the liver to TMAO [256]). 
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Fig. 5.3. Aa can catabolize lactate by respiring with TMAO. 

Aa was grown anaerobically in chemically defined media (CDM) with either glucose, 
lactate, or no carbon source and either with or without TMAO addition. The red dotted 
line indicates the higher the growth yields on lactate with TMAO addition. 
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Iron is an essential nutrient for bacterial pathogenesis, and in Chapter 4, I 

investigated its role in Aa infections by using a combination of RNA- and ChIP-seq as 

another ‘biosensor’ approach. I used RNA-seq to assess Aa gene expression in vitro 

under defined high- and low-iron conditions, and ChIP-seq to identify promoter regions 

directly bound by the major iron-sensing transcriptional regulator Fur. Similar to Chapter 

3’s comparative Tn-seq approach, the in vitro RNA- and ChIP-seq datasets were then 

leveraged to gauge iron levels in the abscess. I found that while Aa is not iron-limited in 

mono-infection, it becomes iron-limited upon co-infection with Sg. To extend these 

results further, I reanalyzed a published meta-transcriptomics dataset [289] on paired 

healthy and diseased human dental plaque samples. After mapping the reads to the Aa 

genome, I found that in the shift from oral health to disease, Aa also becomes iron-

limited. In these studies, I also found that in addition to being controlled by the peroxide-

sensing regulator OxyR, dspB is also controlled by Fur. One unanswered question is how 

Aa biofilm dispersal in response to peroxide and low iron individually contribute to Aa 

fitness in vivo. Therefore, future studies should alter the dspB promoter to be controlled 

only by OxyR or Fur and then measure the cell numbers and biogeography of these 

strains in mono- and co-culture abscesses with Sg. 

Although the Aa-Sg community has served as a useful model community, the next 

logical step is to study how Aa behaves with other microbial species besides Sg. This 

should be done both in more complex communities and in a pairwise fashion. A rhesus 

macaque oral infection model is available for Aa [321]. Macaques are naturally colonized 

with Aa, and represent perhaps the closest model for a human oral infection. In this 

model, Aa would be exposed to a natural, more complex oral community. Towards the 

goal of doing Tn-seq on Aa in the macaque model, I attempted to make a transposon 

mutant pool in a strain of Aa isolated from a macaque. Although the same mutagenesis 
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procedure was used, the mutant pool in the macaque isolate was not nearly as dense as 

for other strains of Aa (Fig. 5.4). 

Towards the second goal, I collected a panel of diverse microbes and then co-

infected the Aa Tn-seq mutant pool pairwise with each microbe in the collection. In Fig. 

5.4, I present qPCR results reporting Aa genome copies in each infection. Sequencing 

libraries for these infections are currently being processed. Once generated, this dataset 

can address several broad questions. One ambitious goal is to determine whether the 

metabolic potential of the co-infecting microbe can be used to predict Aa fitness 

determinants. 
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Fig. 5.4. Comparison of Aa transposon mutant pools. 

Aa VT1169 is a passaged laboratory isolate. Aa 3.2-8 is a rhesus macaque isolate. Each 
point corresponds to a transposon insertion. Although the same mutagenesis procedure 
was used for both strains, the Aa 3.2-8 mutant pool contains fewer, less evenly distributed 
insertions than the Aa VT1169 mutant pool. 
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Fig. 5.5. Aa genome copies vary across pairwise abscess co-infections. 

The A. actinomycetemcomitans (A. act) 624 Tn-seq mutant pool was co-infected pairwise 
with a diverse collection of 35 microbes. ‘A. act 624’ indicates the mono-infection, where 
the Aa 624 Tn-seq pool was co-infected with wild type Aa 624. Tn-seq pools were used 
for A. act VT1169 and S. aureus; wild types were used for all other co-infections. Aa 
genome copy number was quantified using qPCR on DNA extracted from abscesses. 
Key: 1, first biological replicate; 2, second biological replicate; 3, third biological 
replicate; L, left thigh abscess; R, right thigh abscess. Black bar, median. *, p value < 0.1 
(Mann Whitney U test). 
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