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Abstract 

Enterococcus faecalis is a highly adaptable, gram-positive bacterium that 

occupies a diverse range of ecological niches. A common soil-dwelling organism, 

it is also inhabits the metazoan gastrointestinal tract—from insects to humans. E. 

faecalis is remarkably resistant to a wide range of clinically-relevant antibiotics 

and readily forms biofilms on both abiotic and biotic surfaces. These latter factors 

underlie the medical relevance of E. faecalis. 

This thesis explores the ramifications of early developmental events in E. 

faecalis biofilm formation. Using correlative microscopy techniques, we 

investigated a series of mutants with ultrastructural changes in the extracellular 

matrix that elucidate the roles these genes play in matrix architecture. We also 

report that extracellular DNA plays a substantial role in stabilizing early (< 8 hr 

post-inoculation) E. faecalis biofilms, and that the source of this DNA is not via 

bulk cell lysis, but rather appears to be secreted from metabolically active cells. A 

putative model for this non-canonical source of DNA in the matrix is also 

proposed.  
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notes on substrate selection for E. faecalis biofilms are also included. 

 Portions of chapter 3 (Ultrastructural biofilm analysis: meaningful 
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ultrastructural characterization techniques to an ex vivo porcine heart valve 
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future. 
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Chapter 1 

Introduction 

Bacterial biofilms—aggregations of microbes associated with a surface and 

encased in an extracellular matrix of their own production—are changing how 

both microbiologists and clinicians view the world. From a basic science 

standpoint, biofilm communities challenge the deep-seated bias of bacteria as the 

ultimate individualists. Clinically, biofilms are beginning to force physicians to 

face the limits of antibiotic therapy. In both cases, we find it necessary to confront 

our ignorance about the underlying mechanisms involved in how biofilms form 

and develop, how they sense and interact with their local microenvironments, 

and, eventually, how we can subvert or manipulate them to relieve the burden of 

disease.1,2 

Even in such a young field, dogma can take hold. Here, microbiological 

dogma has long held that biofilms are slow-growing structures—often taking 

days to form mature microcolonies—and are largely composed of cells held 

together by an amorphous accumulation of extracellular compounds: primarily 

polysaccharides and a few proteins.  

This work reported in this thesis challenges these dogmatic assumptions 

directly. While much productive work on biofilm structure and function is done 
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in a small number of amenable model systems (notably the gram-negative 

bacteria Pseudomonas aeruginosa and the gram-positives Bacillus subtilis and 

Staphylococcus aureus), here we focus on Enterococcus faecalis, a common gram-

positive commensal bacterium of the metazoan gastrointestinal tract capable of 

biofilm formation and an opportunistic pathogen of increasing clinical concern. 

Examining E. faecalis biofilm formation and architecture at both the microscopic 

and ultrastructural level, we show that substantial structural changes and the 

formation of a robust extracellular matrix occur within the first four hours of 

inoculation. When specific mutant strains lacking important developmental 

pathway components or deficiencies in extracellular matrix processing are tested, 

distinct phenotypes can be observed (chapter 3). In addition, the matrix displays 

high levels of organization at these early time points, further supporting a 

coordinated development-like model of biofilm maturation. 

The focus then shifts from the general to the specific. Extracellular DNA has 

been recognized as a surprisingly common component of the extracellular matrix 

in many bacterial biofilms for nearly a decade,3 presumably acting as a 

mechanical or structural factor in biofilm stability. In chapter 4, we discuss the 

role and source of extracellular DNA in the developing matrix of early E. faecalis 

biofilms: specifically, we demonstrate that eDNA localizes to previously 
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undescribed intercellular filamentous structures, as well as to thick mats of 

extruded extracellular matrix material. High-resolution SEM demonstrates a 

punctate labeling pattern in both structures, suggesting the presence of an 

additional, non-DNA constituent. Notably, the previously described fratricidal or 

lytic mechanism reported as the source of eDNA in older (≥24 hr) E. faecalis 

biofilms does not appear to be at work under these conditions. Overall, these 

data are consistent with a model in which a subpopulation of viable E. faecalis 

cells secrete or extrude DNA into the extracellular matrix.  

Finally, we consider some possible mechanisms for DNA secretion from 

intact cells, as well as present additional (albeit preliminary) data supporting 

such models. 

 

The organism  

Enterococcus faecalis is a soil-dwelling gram-positive bacterium that forms 

diplococci or short chains (4-6 cells) during rapid growth and is facultatively 

anaerobic.4 Originally classified as the Group D streptococci (i.e. Streptococcus 

faecalis),5 E. faecalis differs from the streptococci largely due to their increased 

catabolic flexibility6 and their wide distribution as a common commensal of most 

metazoan animals; formal phylogenetic reclassification was based on standard 
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DNA:DNA and DNA:RNA hybridization. While most hosts are colonized in the 

gastrointestinal system,7 recent studies have reported persistent, biofilm-forming 

E. faecalis in the urogenital tract or nasopharynx of some patients with chronic 

disease.8,9 

 

Relevant intrinsic physiological factors 

 Defining characteristics of E. faecalis include its utilization of diverse 

carbohydrate growth sources and an ability to thrive over a wide-range of 

environmental conditions: E. faecalis is metabolically active between 10° C and 

45° C (and can tolerate 60° C for up to 30 min),10 grows from pH 4 to pH 10, and 

survives under high osmotic and the presences of detergents (sodium chloride 

concentrations up to 6.5% and up to 40% bile).11 Unsurprisingly, then, enterococci 

are extraordinarily hardy colonizers of environmental surfaces, surviving for 

days or weeks in healthcare settings.12 The relevance of this remarkable 

physiological adaptability and resistance to environmental insult will reappear 

later in chapter 4 as a factor in determining the source of extracellular DNA in 

the E. faecalis biofilm matrix. 

Clinical E. faecalis isolates are also intrinsically resistant to three or four major 

antibiotic classes (β-lactams, trimethoprim-sulfamethoxazole, quinupristin-
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dalfopristin (Synercid), and variable levels of aminoglycoside resistance) and are 

adroit at acquiring resistance via mobile genetic elements to most of the 

remaining antibiotics in the modern armamentarium (including macrolides, 

quinolones, the non-synthetic penicillins, tetracycline derivatives, vancomycin, 

and even linezolid and daptomycin).13,14,15 Transfer of vancomycin resistance 

from enterococci to other bacteria of clinical concern (e.g. methicillin-resistant 

Staphylococcus aureus; MRSA) has been demonstrated directly in vitro,16 and each 

of the twelve known clinical reports of independent MRSA vancomycin 

resistance acquisition have occurred via this route.17,18 This combination of an 

extensive range of antibiotic and proclivity for dissemination of these resistance 

genes by enterococci is a source of considerable (and increasing) dismay 

clinically.19,20 

 Much of the genetic flexibility inherent to E. faecalis is due to the presence of 

an active, plasmid-based conjugation system—pCF10. (In addition to containing 

the vast majority of genes for conjugation, pCF10 also bears several additional 

enterococcal virulence factors.21,22) While obviously beneficial in the wild, the 

existence of this conjugation system can make experimental design difficult 

when examining non-conjugative phenomena. Notable to this work is the almost 

exclusive use of a well-characterized strain lacking this system (and, incidentally, 
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any plasmid-based genetic elements): OG1RF. Originally a dental isolate, OG1RF 

has been shown repeatedly to be at least as virulent as pCF10-containing strains 

in several in vitro, ex vivo, and in vivo experimental models. 

 

Bacterial biofilms 

Bacterial biofilm formation is generally modeled as a sequential process of 

development (Fig 1.1).23 In this model, free-living (planktonic) cells (1) reversibly 

adhere to a surface (2), express factors that result in attachment (3), and begin to 

replicate. After attachment, small microcolonies of attached bacteria with a 

nascent extracellular matrix can be visualized (4). Further growth leads to more 

architecturally-complex microcolonies and the formation a mature biofilm (5). 

Eventually, some cells in the biofilm undergo detachment from the mother 

colonies and revert to planktonic growth (6), starting the cycle anew. 

Notably, biofilm growth is a significant physiological state change for bacteria 

and results in substantial changes in gene expression, levels of protein 

translation, and modifications in inter- and intra-cellular signaling pathways.24 

Extracellular DNA (eDNA) was originally reported to be an important 

component of the Pseudomonas aeruginosa biofilm matrix architecture.3 More 

recent work in P. aeruginosa has investigated the interactions involved in biofilm 
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matrix architecture and directly confirmed the importance of eDNA.25 Since that 

report, numerous bacterial species (gram-negative, gram-positive, and 

mycobacterial) including E. faecalis have been shown to use eDNA as a 

component of matrix stabilization.26,27,28,29,30,31 Importantly, the signaling systems 

involved appear to be largely specific in each organism—further emphasizing 

that, while the biofilm state is generalizable to most bacterial genera, the 

underlying details are not. 
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Figure 1.1: Schematic of the biofilm developmental cycle. 

 Free-living or planktonic cells. 

 Adhesion to a solid or semi-solid surface is generally a reversible process. 

 After cells have adhered, more permanent attachment occurs when cells 

express and secrete additional binding factors to stabilize the surface 

interactions. 

 Small microcolonies of attached bacteria with a nascent extracellular matrix 

can be seen. 

 Increased architectural complexity results from further microcolony 

development and leads to the formation of a mature biofilm. 

 Cells in the biofilm undergo detachment and revert (at least temporarily) to 

the planktonic growth state.  

  



Fig
ure

1.1
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Biofilms as virulence factors 

 Classically speaking, bacterial virulence factors have been formally defined as 

molecules that induce or facilitate a disease state in the host organism—the 

multitude of endo- and exotoxins produced by many bacteria are prime 

examples here.32 This concept was eventually extended to encompass factors 

involved in cellular adhesion and colonization, as well as immunosuppressive or 

immune system evasion tactics.33,34 It is in this latter category that the concept of 

biofilms as a virulence factor occurs.  

 An obvious mechanism to avoid an important component of early host 

immune surveillance is to sidestep phagocytosis entirely by being too large. 

Though there is some small variation among host immune cell types and 

dependence on the presence or absence of IgG-opsonization, macrophages reach 

the absolute limit of their ability to engulf particles around 24 µm:35 even 

immature biofilm microcolonies can easily exceed this size within a few hours. 

While parsimonious, however, this hypothesis has recently been shown to be 

overly simplistic in Staphylococcus aureus biofilms: direct attenuation of a number 

of host inflammatory markers induced by the biofilm itself have been proposed 

but so far lack a definite source mechanism.36 In addition, in an infective 

endocarditis model, E. faecalis strains expressing enterococcal aggregation 
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substance (AS; a common plasmid-encoded surface protein involved in 

conjugation) demonstrated increased virulence compared to matched AS- 

strains.37 

It can be hypothesized that biofilm formation leads to expression of 

extracellular components that interfere with portions of the complement arm of 

immune responses. In fact, E. faecalis has been shown to do exactly that: a 

secreted gelatinase known to be significantly upregulated in biofilm formation 

(GelE) has specific proteolytic activity against complement component C3—a 

central part of the both the Classical and Alternative pathways.38 Degradation of 

C3 leads to reductions in phagocytosis and blunting of the immediate host 

immune response. Nor are the effects of the biofilm-associated GelE on 

complement limited to a single molecule: disruption in neutrophil migration via 

C5a inhibition both in vitro and in vivo has been reported in E. faecalis 

endocarditis models.39 

Thus, whether the mechanisms are general or specific, entry into the biofilm 

growth state results in specific detrimental effect on the host immune response 

and therefore biofilm fit within the criteria as for virulence factors. 
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Role of E. faecalis biofilms in clinical medicine 

 The role of biofilms in chronic bacterial infections has become a topic of 

increasing clinical concern. Bacterial cells growing in the biofilm state display 

significantly elevated resistance to most chemotherapeutic agents—from 10- to 

1000-fold increases in the antibiotic resistance profiles.40 This elevation is 

obviously of critical importance in clinical medicine, particularly given the recent 

estimates that at least two-thirds41 (and possibly 80% or more)42 of all chronic 

bacterial infections involve biofilms. The range of disease states now understood 

to be biofilm related is broad and has grown substantially, encompassing both 

the specific (Pseudomonas aeruginosa in the cystic fibrosis lung) and the general 

(single or mixed species biofilms in diabetic foot ulcers).43,44,45 In addition to 

infections on native tissue, biofilms are also an increasingly common factor in 

intransigent colonization of implanted devices.43 In this latter case, antibiotic 

therapy—even when prolonged—is frequently unsuccessful and effective 

treatment is limited to explantation of the infected device. 

As one might anticipate given the metabolic flexibility and tolerance to 

environment variability E. faecalis shows, biofilm formation in this organism is 

clinically notable in a range of infectious processes: endocarditis, chronic urinary 

tract and peritoneal infections, attachment and colonization of catheters and 
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other implanted medical devices, surgical wound infection, and colonization of 

the nasopharynx.46,47  

E. faecalis infections can occur in both the community and healthcare 

(nosocomial) settings, and the incidence of both is increasing. Overall, 

nosocomial infections caused by E. faecalis (and the closely related Enterococcus 

faecium) increased by 8.8% between 1980 and 2008 in a study of pathogens 

encountered in a large academic hospital setting.48  

The mechanisms involved in the dramatic increases in antibiotic resistance for 

cells in the biofilm state are disappointingly unclear in most cases. Initial 

assumptions that antibiotic molecules were physically impeded by the matrix 

appear not to be the primary factor for the vast majority of compounds, though 

this mechanism may still be a contributing factor. Notably, however, most 

research in this area has been with in vitro models and whether in vivo results are 

the same is open to some debate. Thus, compounds that affect the biofilm itself 

are appealing for therapeutic treatment. Possible mechanisms for disrupting the 

enterococcal biofilm matrix directly have recently been reviewed.49 

Another possible explanation for the elevated antibiotic resistance associated 

with biofilm communities involves the stochastic shifting of a small 

subpopulation of the bacterial colonies into a dormant state with low metabolic 
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activity (so-called persister cells). This reduction in metabolic requirement is 

hypothesized to account for the difficulty of clearing many chronic biofilm 

infections since essentially all currently available antibiotics affect actively 

growing or dividing cells. 41,50,79  

 

Summary  

Bacterial biofilms are communities of cells that grow in aggregations 

embedded in a self-derived extracellular matrix and associated with a liquid : 

solid (or occasionally a liquid : gas) interface. Biofilms are developmental 

structures, proceeding through definable patterns of growth. The biofilm ECM is 

a complex admixture of bio-polymers—sugars, proteins, nucleic acids—whose 

composition depends on the bacterial species, the growth conditions, the age of 

the biofilm, etc. Biofilm-associated cells also differ substantially from their free-

floating, planktonic siblings: a significant portion of the genome is differentially 

regulated under biofilm growth in most organisms.  

Biofilms are also of growing concern medically since a majority of chronic 

bacterial infections involve the biofilm phenotype. Therapeutic treatment is also 

a concern since biofilm-associated cells exhibit elevated resistance to antibiotics 
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versus cells in the planktonic state, though the mechanisms underlying this 

resistance remains largely unclear.  
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Chapter 2 

Materials and Methods 

Bacterial strains, growth conditions, and reagents 

The E. faecalis plasmid-free strain OG1RF or derivatives of this parent strain 

were used in all experiments unless otherwise noted; a complete list of strains is 

listed in Table 2.1.51 The V583 clinical strain was obtained from the American 

Type Culture Collection (Manassas, VA).52 Overnight cultures were grown at 

37°C in brain heart infusion medium (BHI, BD Bacto, Sparks, MD) with gentle 

agitation (50-150 rpm). 

With the exception of the SEM micrograph data presented in the first part of 

Chapter 3 (specifically Figs. 3.1 - 3.5), biofilms were cultured on sterile Aclar 

fluoropolymer coupons (Aclar embedding film, ~200 µm thick; Electron 

Microscopy Sciences, Hatfield, PA) with a 1:50 dilution of the overnight in tryptic 

soy broth without added dextrose (TSBg-, Becton, Dickinson, and Co.) under 

gentle agitation (50-150 rpm) for 2-8 hr. For figures 3.1 – 3.3 (demonstrating a 

microcolony maturation defect in the atlA mutant versus the OG1RF wild-type 

phenotype), biofilms were grown on cellulose membranes. 

 

  



Table 2.1: List of E. faecalis  strains

E. faecalis

strain
Properties Source or Reference

OG1RF
Spontaneous mutant of the plasmid-free oral isolate OG1; resistant to 

rifampicin and fusidic acid.

Dunny GM et al (1978)

Gold OG et al  Arch Oral Biol. 

(1975) 20(7):473-7.

ahrC

(OG1RF ΩEF0983)
Mutant from transposon screen; disruption in ahrC ORF (EF0983) Kristich (2008)

atlA

(OG1RF ΩEF0799)

Mutant from transposon screen; disruption in altA ORF (EF0799). Loss-of-

function in the major autolysin gene, leading to a cellular chaining defect.
Kristich (2008)

eep

(OG1RF Δeep)
Markerless, in-frame deletion of locus EF2380. Also known as JRC106.

Kristich CJ et al.  (2007) 

Plasmid  57: 131-144

V583
Clinical isolate (blood) from bacteremic patient (St. Louis, MO, 1987). 

Vancomycin resistant (vanB ).
Sahm et al  (1987)
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Microscopy 

Biofilm mutant morphology experiments 

Aclar fluoropolymer coupons were inoculated in TSBg- at a 1:50 dilution from 

overnight stocks and grown on a shaking table at 37°C for 6 hours. After rinsing 

3× with PBS to remove non-adherent cells, coupons were stained with an Alexa 

Fluor 594 : Wheat Germ Agglutinin conjugate (Invitrogen, Carlsbad, CA) and 

fixed in 2% methanol-free formaldehyde with 6% sucrose added to avoid 

hypoosmolality. Coupons were rinsed 3× in PBS after fixation and mounted in 

Vectashield Hardset (Vector Laboratories, Burlingame, CA) with coverslip 

spacers to avoid mechanical compression of the biofilm. 

 Biofilm imaging was done using a 20× 0.75 N.A. or a 60× 1.4 NA objective 

(Nikon Instruments, Melville, NY) and a cooled electron-multiplier CCD camera 

(EMCCD; Cascade 1024; Photometrics, Tucson, AZ). Image stacks were collected 

in widefield immunofluorescence mode at 0.4 or 0.15-µm Z-stack intervals (20× 

or 60×, respectively) for the eep- data, while 0.5 µm intervals were used for the 

ahrC- experiments. Image stacks were deconvolved using the Huygens 

Professional software package (SVI, The Netherlands). The COMSTAT2 analysis 

package was used to provide quantification of the eep- and ahrC- biomass 

defects;53,54 reported results are representative of at least three biological and four 
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technical replicates per sample for the eep- data, while four independent stacks 

taken on each of 10 biological replicates for both the mutant and wild type 

strains for the ahrC- biomass quantification results. Maximum intensity 

projections of the mean image stacks and surface renderings of representative 

stacks are also shown (figs.3.6C, D; Huygens software package). 

For IF imaging of eDNA, immunolabeled Aclar coupons were fixed in 4% 

formaldehyde in HBSS with 6% sucrose for ~3 hr and mounted in Vectashield 

HardSet medium (Vector Laboratories, Burlingame, CA) on slides with a cover 

glass spacer to avoid physically distorting the biofilm structure (SecureSeal, 

Grace Bio-Labs, Bend, OR). Images were acquired with a Cascade 1k EMCCD 

camera (Photometrics, Tucson, AZ) as widefield z-stacks with a 60× 1.4 NA 

objective (Nikon Instruments, Melville, NY). Z-stacks were taken at 0.15 µm 

intervals and deconvolved using Huygens Professional (Scientific Volume 

Imaging, The Netherlands). Presented images are maximum intensity projections 

of the deconvolved Z-stacks using ImageJ (NIH, Bethesda, MD). 

 

Scanning electron microscopy 

Cultured Aclar coupons were rapidly cooled to 4°C and rinsed repeatedly 

with cold buffer to remove non-adherent cells (Hank's Balanced Salt Solution 
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[HBSS]; GIBCO/Invitrogen, Carlsbad, CA). All steps prior to fixation were done 

at 4°C to allow for immunolabeling of unfixed cells without growth; 

conventional, post-aldehyde fixation labeling resulted in identical labeling 

patterns but with an elevated background signal. Samples were blocked with 2% 

bovine serum albumin (BSA; Sigma-Aldrich, St. Louis, MO) in HBSS and labeled 

with a mouse anti-dsDNA monoclonal antibody (abcam, Cambridge, MA), 

typically at 1µg/ml for 60-90 min. After primary labeling and repeated washings 

with HBSS containing 0.5% BSA, a 12 nm colloidal gold or fluorescent secondary 

antibody (DyLight 405 or 488; Jackson ImmunoResearch, West Grove, PA) was 

added for low-voltage scanning electron microscopy (LVSEM) or 

immunofluorescent (IF) microscopy, respectively. 

For LVSEM imaging, samples were stabilized and fixed as previously 

reported.55 Briefly, Aclar coupons were fixed for 22 hr at room temperature in a 

sodium cacodylate-buffered solution (150mM) with methanol-free, EM-grade 2% 

formaldehyde and 2% glutaraldehyde added (Electron Microscopy Sciences, 

Hatfield, PA).56 The fixative also contained 4% sucrose to provide proper tonicity, 

as well as 0.15% Alcian Blue 8GX (Sigma-Aldrich), a polycationic dye previously 

shown to stabilize the E. faecalis biofilm matrix during the chemical and physical 

dehydration steps common to electron microscopy.56 Fixed samples underwent a 
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second, electron contrast-enhancing step using ferrocyanide-reduced osmium 

tetroxide.57 Finally, the samples were chemically dried in a graded ethanol series 

(2550708595 [×2] 100% [×2]), processed in a CO2-based critical point 

dryer (tousimis, Rockville, MD), and sputter coated with a 1-2 nm layer of 

platinum (Denton DV-502, Moorestown, NJ). 

LVSEM imaging was done on a Hitachi S-4700 field-emission instrument; 

secondary electron images were typically acquired at 1.5–2.5 keV, while 

backscatter (BSE) micrographs were collected using an Autrata-modified 

yttrium-aluminum-garnet detector at 4.0–5.0 keV.58  

 

Rat-implant orthopedic wire model 

 Experiments were done largely as previously described with minor 

modifications.59 Briefly, threaded Kirschner wires—stainless steel pins used to 

stabilize orthopedic bone or joint repairs—were surgically implanted in the tibia 

of Wistar rats at the Mayo Clinic (Rochester, MN). Prior to implantation, wires 

were inoculated with E. faecalis by immersion in a tube containing ~108 colonies 

per mL suspended in tryptic soy broth. After 7 d, the animals were sacrificed and 

the wires explanted; samples were immediately processed for SEM as noted 

above. Wire samples were mounted to the SEM sample stub using a 
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cyanoacrylate glue after critical point drying; wires were sputter coated with a 

slightly thicker application of platinum (2-3 nm vs. 1-2nm typical of Aclar 

coupons) to reduce electron beam charging effects from the pronounced z 

dimension of the samples. 

 

Ex vivo porcine cardiac valve endocarditis model 

 Porcine cardiac valves were obtained and processed as previously reported,60 

labeled using the α-dsDNA : immunogold conjugate and prepared for LVSEM, 

as noted above. 

 

Semi-quantitative membrane potential analysis using a fluorescent dye reporter system 

Membrane potentials were determined using the BacLight kit (Invitrogen) 

adapting a previously published modified protocol for microscopy.61 Unfixed 

immunolabeled coupons were treated with DiOC2(3) (3,3′-

diethyloxacarbocyanine iodide), incubated for 5 min., and promptly mounted in 

non-hardening Vectashield. Imaging was done immediately (less than 5 min) 

after mounting using a 40× 1.2 NA water-immersion objective (Carl Zeiss, 

Thornwood, NY); all other imaging parameters and techniques were as noted 

above. 
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Biochemical assays for bulk cell lysis 

An ATP Determination Kit (Invitrogen) was used to check for elevations in 

extracellular ATP levels. Opaque white 96-well plates (Nalge Nunc, Rochester, 

NY) were inoculated with a 1:50 dilution of a BHI overnight culture into TSBg-. 

Equal volumes of prepared luciferase mastermix were added at ~23°C, 

immediately loaded into a microplate reader (Synergy HT, BioTek, Winooski, 

VT), and agitated for 5 seconds. Under these conditions, maximum luminescence 

occurred around 35 seconds after reagent mixing followed by a slow and 

consistent signal decay; all measurements reported here were made at this 

empirically determined time point. To ensure appropriate assay sensitivity, 100 

pmol of exogenous ATP were added to a series of control wells. Results are 

averaged from four independent experiments; statistical significance was 

presumed if p<0.05 (Student’s t-test). 

Quantification of extracellular glucose-6-phosphate dehydrogenase (G6PD) 

has also been used to detect bulk cellular lysis.62 Following the manufacturer’s 

protocol, a G6PD kit (Pointe Scientific, Canton, MI) was used to determine 

extracellular levels of this enzyme.  



 24  
 

Chapter 3 

Ultrastructural biofilm analysis: meaningful characterization of biofilms 

requires maintenance of spatial information and preservation heterogeneous 

cellular phenotypes 

 

 

The remarkable structural, biochemical, and architectural complexity single-

species biofilms display is hypothesized to result from phenotypic variations 

within the largely genetically-homogenous bacterial cell population.63,64,65 This 

inherent heterogeneity of bacterial biofilms limits the utility of biochemical 

analysis based on bulk properties; these problems are further amplified when we 

consider temporal differences in gene expression.66,67 Thus, population averaging 

of strong subpopulation phenotypes can be lost when averaged over entire 

samples.68,69 The solution is to integrate microscopic examination and 

quantification at both the light and electron microscopy levels to directly 

ascertain the presence or absence of definitive biofilm phenotypes. 

Here we consider three defined Enterococcus faecalis mutants derived from the 

well-characterized lab strain OG1RF. Each of the strains—an autolysin-deficient 

strain (atlA), a strain lacking a putative arginine metabolism response regulator 
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(ahrC), and one lacking a membrane metalloprotease (eep)—exhibits specific 

phenotypes at the microscopic and ultrastructural level, and each illustrates 

definable failures in the maturation process of developing biofilm communities. 

In addition, preliminary work in an in vivo model of biofilm formation in a rat 

orthopedic system suggests these phenotypes are relevant in at least some E. 

faecalis clinical disease states. 

 

Introduction: Limitations of bulk screening methods in biofilms 

 The disciplines of genetics and biochemistry have largely driven scientific 

inquiry in microbiology for decades. While biochemical techniques that analyze 

homogenized samples have led to innumerable insights, it is important not to 

lose sight of the limitations these techniques impose. Bulk biochemical analysis 

of biofilm cells and the extracellular matrix have two inherent limitations that are 

relevant here: population averaging and the loss of spatial distribution 

information.  

 Microbiologists can lose sight of the fact that the organisms they study are 

populations of individuals rather than identical clones of idealized cells as easily 

as any other biologists—though the field of bacteriology has been perhaps slower 

than others to formally address the issue. Regardless, the limitations of assuming 



 26  
 

all cells are the same—and react to a changing environment in the same ways—

come into sharper focus when biofilms are studied. Biofilms are not simply 

random accumulations of individual cells; the biofilm field is slowly coming to 

grips with the idea that, while cells in a biofilm may be genotypically identical 

(excepting the gradual accumulation of non-deleterious mutations), 

phenotypically, biofilm cells appear to take on different roles to support overall 

survival.70,71 Thus, if we can differentiate several phenotypic variants in a single 

biofilm, it follows that blending up an entire biofilm, measuring a property, and 

then assigning an average value to cells or colonies creates problems.68 

 This issue of population averaging becomes more problematic when we 

consider the time function: individual cells not only vary when compared with 

their neighbors, but also can themselves vary over time.  

  In this section, we will present the results from a series of independent 

experiments that all illustrate the necessity of microscopic examination to 

determine the underlying defect in a range of E. faecalis mutant phenotypes. 

Consideration of three representative mutant strain phenotypes demonstrates 

three independent types of biofilm measurement errors that can occur when 

depending on bulk biochemical analysis. Notably, none of the three strains 
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exhibits a measurable growth defect in the planktonic state; only in biofilm 

formation do the phenotypic variations appear. 

In the first case, we show that deletion of the major E. faecalis autolysin (atlA) 

leads to developmental defects in microcolony formation and an inability to form 

mature biofilms. In the second, we present the results of work demonstrating 

that the loss of a response regulator gene involved in arginine metabolism (ahrC) 

shows no defect in planktonic growth but does contribute to a substrate 

attachment defect and thus to a loss of biofilm biomass. Conversely, in my third 

example, we show that a mutant strain deficient in an extracellular protease 

(enterococcal extracellular protease – eep) has little-to-no effect on biofilm 

biomass, but it leads to a dramatic and visible change in microcolony distribution 

and biofilm architecture, as well as derangements in the ECM that suggest 

significantly abnormal structural and/or biochemical changes. 

  Finally, some of the difficulty in reconciling various experimental results 

comes from a lack of precision in nomenclature. Specifically, there is significant 

variation in what the definition of “biomass” is, exactly. Some authors equate 

biomass to bacterial cell number, while others assign it as a function of cell 

number and the surrounding extracellular matrix material. This is not merely a 

fine point of grammar: if, for example, a mutant strain produces substantially 
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more ECM while exhibiting a simultaneous decrease in cell number, the results 

of a standard plate-based assay may return an erroneous result of “normal 

biofilm phenotype”. Rather than wade into the acrimonious debate, in this 

chapter each use of the biomass term will specifically state which definition is 

intended. 

 

Microscopy 

Results 

Deletion of the major E. faecalis autolysin (atlA) leads to developmental defect 

in microcolony formation and an inability to form mature biofilms 

We investigated the utility of high-resolution, low-voltage field emission 

scanning electron microscopy (LVSEM) as part of a larger study that examined 

mutants from a genome-wide transposon mutagenesis survey of biofilm 

deficient E. faecalis strains.55 In a proof-of-concept series of experiments, we 

imaged both the lab strain (OG1RF) and a mutant strain containing an insertion 

interfering with the expression of the major E. faecalis autolysin gene (atlA; 

EF0799)—the primary N-acetylglucosaminidase involved in bacterial cell wall 

remodeling.72  
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Biofilms were grown on submerged cellulose membranes (referred to 

hereafter as coupons), and the appearance of the resulting adherent populations 

was compared using LVSEM. Growth of the lab strain (OG1RF) for 8 hours 

resulted in the appearance of numerous attached two- to six-cell unit chains, with 

frequent “microcolonies” ranging in number from dozens of cells to multilayered 

masses containing thousands of adherent cells (figs. 3.1, 3.2). In addition, a 

substantial portion of the membrane surface, including areas lacking attached 

bacteria, was covered with a mat of filamentous material of various lengths and 

thicknesses; this material is a product of bacterial growth, since it was not found 

in matched membrane samples incubated in sterile medium. 

In the atlA mutant strain biofilms (figs. 3.3, 3.4), attached bacterial cells were 

also observed on the substrate surface—though extensive examination of 

numerous fields suggested that the frequency of attached cells per unit of surface 

area was reduced relative to that of the wild type—as was some adherent 

extracellular filamentous material. The apparent chain length of the cells was 

longer than that of the wild type, as has been previously observed with autolysis-

defective E. faecalis (Fig. 3.5).73 The most striking difference between the two 

strains was that development of multilayered microcolonies (Fig. 3.1) was clearly 

impaired in the mutant strain and essentially no multilayered masses were   
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Figure 3.1: Scanning electron microscopic analysis of biofilm formation by E. 

faecalis OG1RF. Biofilm cultures were cultivated on cellulose membranes for 8 

hr post-inoculation, fixed and processed for electron microscopy, and imaged 

under low-voltage FE-SEM. The same microcolony is shown at four 

magnifications: 1,000× (A), 3,000× (B), 10,000× (C), and 25,000× (D). 
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Figure 3.2: FE-SEM micrographs of adherent E. faecalis OG1RF cells after 8 hr 

of biofilm growth on submerged cellulose membranes. Each of the three rows 

of micrographs shows a different image fields at 1,000× (left), 5,000× (middle), 

and 25,000× (right).    
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Figure 3.3: Scanning electron microscopic analysis of biofilm formation by E. 

faecalis atlA- mutant strain. Matched mutant biofilm cultures were cultivated on 

cellulose membranes as described above for the OG1RF wild-type strain. The 

same attached chain is shown at four magnifications: 1,000× (A), 3,000× (B), 

10,000× (C), and 25,000× (D). 
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Figure 3.4: FE-SEM micrographs of adherent E. faecalis atlA- mutant cells after 

8 hr of biofilm growth on submerged cellulose membranes. Each of the three 

rows of micrographs shows a different field images at 1,000× (left), 5,000× 

(middle), and 25,000× (right). 
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Figure 3.5: The autolysin mutant strain (atlA-) displays a cell chaining 

morphology with macroscopic and microscopic phenotypes. Overnight 

planktonic cultures reveal reduced opacity and the presences of a diaphanous 

accumulation at the bottom of the tube with the mutant strain (A, right) 

compared to the OG1RF wild type (left). (B) Immunofluorescent micrograph of 

adherent E. faecalis atlA- cells demonstrating pronounced chaining morphology. 

This same chaining defect is also demonstrated at the SEM level (C): many 20-30 

cell chains can be seen, with some chains more than 60 cells long (black arrow; 

C). 

Scale bars: 20 µm (B); 50 µm (C).  
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observed in examining dozens of fields from multiple membrane biofilm cultures 

(fig 3.2).  

In marked contrast to the wild type strain, the autolysin mutant appeared 

unable to secrete DNA into the extracellular space to stabilize the nascent biofilm 

matrix (Fig. 3.6). Whether this absence of extracellular DNA (eDNA) is the 

specific cause of failed matrix development in this mutant or an indication of a 

more severe and generalized secretory defect in the strain is an area of active 

research. 

The role of eDNA in the developing extracellular matrix is the topic of 

chapter four in this thesis and is covered in significant detail there. 

 

Loss of a response regulator involved in arginine metabolism (ahrC) 

contributes to an attachment defect 

The response regulator ahrC has recently been shown to be an important 

contributor to virulence of two biofilm-associated infection models—a leporid 

(rabbit) model of native valve endocarditis and a murine urinary tract infection 

(UTI) model system.74 We used immunofluorescence microscopy to characterize 

the mutant strain’s biofilm defect. Maximum intensity projections of mean image 

stacks obtained from biofilms of OG1RF and ΩahrC grown for six hours (Fig. 3.7)  
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Figure 3.6: The autolysin mutant strain (atlA-) lacks extracellular DNA in the 

early biofilm extracellular matrix. Early (4hr) wild-type biofilms contain a 

variety of extracellular structures (A) and, while the presence of eDNA can be 

clearly seen in these immuno-SEM micrographs of the OG1RF wild type strain at 

even very early time points (white dots; B and inset), matched atlA mutant 

microcolonies (C) show no eDNA present (D). 

Scale bars: 2 µm for all except B (inset) where bar = 500 nm 
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Figure 3.7: The ahrC- mutant displays a profound biomass defect in both cell 

number and ECM. Simple maximum intensity projections of mean image stacks 

demonstrate a significant defect in the ahrC- mutant (A) compared to a matched 

OG1RF sample (B): mean biomass difference is approximately four-fold via 

COMSTAT2 analysis. This defect is even more pronounced when surface 

projections are used to provide a modicum of depth information to a 2D image—

representative biomass stacks from ahrC- (C) reveal both a total biomass defect as 

well as suggest a failure of the mutant strain to produce mature microcolonies 

compared to the OG1RF wild-type strain (D). 

Scale bars = 20 µm. 
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demonstrates a significant defect in ΩahrC biomass (fig 3.7A) compared to a 

matched OG1RF sample (fig 3.7B). The mean biomass difference is 

approximately four-fold via quantitative COMSTAT2 analysis (Table 3.1; p-value = 

0.001 by Student’s t-test). The ΩahrC defect was even more pronounced when the 

image stacks were viewed as surface projections (fig 3.7C, D): in addition to the 

overall biomass defect (fig 3.7C), ΩahrC biofilms failed to produce mature 

microcolonies compared to OG1RF biofilms (fig 3.7D). 

Ultrastructural examination of the ΩahrC mutant phenotype under LVSEM 

confirmed the existence of an attachment defect (Fig. 3.8A) and the resulting 

reduction in total biomass. At higher magnifications, the microcolonies 

qualitatively suggest the possibility of an unorganized but otherwise typical 

ECM. Simple fluorescent labeling of early (6 hr) biofilms also demonstrates that, 

compared to OG1RF biofilms (Fig. 3.8B), ahrC- strains display a marked 

reduction in the number of attached cells (Fig. 3.8C). 

 

Deletion of an extracellular protease ORF (eep) has little effect on biofilm 

biomass, but it leads to change in cellular distribution and a deranged ECM 

 Direct examination of the IF micrographs themselves (Fig. 3.9) qualitatively 

confirms the similarity of cell numbers between the strains but reveals a marked 



Table 3.1: Quantitative COMSTAT2 analysis of the eep  mutant strain.

Sample Strain
Biomass

(µm
3
/µm

2
)

Sample Strain
Biomass

(µm
3
/µm

2
)

106-18-x2-01 eep 1.910 106-24-x2-01 OG1RF 1.578

106-18-x2-02 eep 3.239 106-24-x2-02 OG1RF 1.304

106-18-x2-03 eep 1.412 106-24-x2-03 OG1RF 1.757

106-18-x2-04 eep 5.975 106-24-x2-04 OG1RF 2.458

106-19-x2-01 eep 2.451 106-25-x2-01 OG1RF 2.204

106-19-x2-02 eep 1.311 106-25-x2-02 OG1RF 2.564

106-19-x2-03 eep 2.170 106-25-x2-03 OG1RF 1.564

106-19-x2-04 eep 1.668 106-25-x2-04 OG1RF 1.824

106-20-x2-01 eep 4.929 106-26-x2-01 OG1RF 3.671

106-20-x2-02 eep 2.856 106-26-x2-02 OG1RF 2.819

106-20-x2-03 eep 1.810 106-26-x2-03 OG1RF 3.835

106-20-x2-04 eep 4.846 106-26-x2-04 OG1RF 2.372

2.881 2.329

1.556 0.808

Mean

Stdev

Mean

Stdev
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Figure 3.8: Microscopic examination of the ahrC mutant phenotype confirms 

the presence of an attachment defect in early biofilm formation. An LVSEM 

micrograph of a 4 hr ahrC- biofilm (A) reveals only a few attached cells. The same 

is true at the IF level: compared to the wild-type (B), ahrC- biofilms display a 

marked defect in attachment in these 6 hr biofilms. 

 Scale bars: 25 µm (A); 10 µm (B, C). 

Credit: Rachel Leibman collected the original images for panels B & C. 
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Figure 3.9: Deletion of the eep ORF does not affect overall biomass, but does 

change the biofilm architecture compared to the wild-type strain. Fluorescent 

micrographs of OG1RF (A and C) and Δeep strain (B and D) biofilms at 6 hr post-

inoculation. Biofilms were grown on Aclar fluoropolymer coupons in tryptic soy 

broth lacking dextrose, washed, and stained with wheat germ agglutinin 

conjugated to Alexa Fluor 594 as described in Materials and Methods. 

Representative images acquired at magnifications of 200× (A and B) and 600× (C 

and D) are shown. 

Scale bars, 20 µm. 
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 “clumping” phenotype in the eep mutant compared to the wild type biofilms. 

This difference can be seen more dramatically at the ultrastructural level (fig 

3.10). 

 Quantitative COMSTAT2-based analysis of the total biofilm biomass in the eep 

mutant was also similar to values obtained for the OG1RF wild type (2.881 vs. 

2.329 µm3/um2; Table 3.1), but the ranges of eep mutant biomass values were 

much more heterogeneous compared to OG1RF (standard deviations of 1.556 vs. 

0.808 for the same large data set (40 samples for each strain).  

 Examination of the in vitro membrane samples of early eep biofilms confirmed 

the IF results: rather than the largely-uniform cellular distribution and modest 

microcolonies seen in the OG1RF strain, eep mutant biofilms were markedly 

abnormal at the ultrastructural level (fig 3.10). In addition to the clustering or 

aggregative distribution motif, the extracellular matrix was visibly and markedly 

atypical (fig 3.10C). Lacking the generally smooth appearance of the wild-type 

strain, the early eep ECM is prolific, thick, and appears inflexible. Further, the 

microcolonies that formed were dramatically thicker and protruded from the 

surface of the substrate, often forming complex elevated structures that are rare 

or entirely absent from matched OG1RF samples. 

  



Table 3.2: Mutant strain phenotype

AtlA AhrC Eep

(autolysin) (response regulator) (extracellular protease)

Attachment defect - + -

Microcolony 

formation defect
+ - -

Microcolony biomass 

defect
+ + -

Extracellular matrix 

defect

+

(no eDNA)

+

(mild)
+

 52
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Figure 3.10: Ultrastructural characterization of the eep mutant strain in an in 

vitro model confirms the phenotype seen at the IF level. In addition to 

confirming the distributional clumping with correspondingly increased open 

areas seen at the light microscopy level (A), the ECM of the eep strain is 

disorganized (*; B, C). The eep mutant also produces microcolonies that extended 

much higher from the basal substrate. 

Scale bars: 25 µm (A); 5 µm (B); 2 µm (C). 
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To determine if these in vitro phenotypes are present in vivo, the eep strain was 

placed in a rat model of foreign-body orthopedic infection — chronic foreign 

body osteomyelitis — developed in the Patel lab at the Mayo Clinic.59 At the 

ultrastructural level, the phenotype observed in the in vivo eep mutant biofilms—

no overall biomass (cell number) defect, but a change in microcolony 

distribution, the presence of large aggregations of cells, and the existence of an 

unusually disorganized extracellular matrix—were exactly paralleled in the 

implanted in vivo orthopedic model (fig 3.11).  

 

Discussion and summary of microscopic analysis methods for biofilm 

characterization 

 Each of these mutant strains presented here illustrates a specific way in which 

bulk analysis of E. faecalis biofilms can provide an incomplete picture of both the 

microscopic and ultrastructural phenotypes. 

 In the case of the major autolysin mutant (atlA), attachment and cellular 

growth and division appear normal. Rather, the biofilm phenotype appears to be 

caused primarily by an inability of attached cells to form substantial quantities of 

extracellular matrix (figs. 3.3, 3.5C). The loss-of-function in the major autolysin 

also leads to the greatly enhanced chaining phenotype, a consequence of the  
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Figure 3.11: The in vitro eep mutant biofilm phenotype is also present in an in 

vivo rat model. Kirschner wires (A; stainless steel pins used in orthopedic 

surgery) implanted in rats support E. faecalis biofilm growth (white *; B) and 

recapitulate the uneven distribution seen in the in vitro samples (poorly 

populated areas (white *) coexist with areas of heavy growth (black *); C). The 

disorganized ECM appearance seen on the in vitro coupons can also be 

appreciated (arrow; C, inset). 

Scale bars: 1 mm (A); 50 µm (B); 10 µm (C); 2 µm (C, inset) 
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reduced glucosaminidase activity. As a group, autolysins are ubiquitous in 

bacteria, but unfortunately named: many autolysins are not involved in self-lysis, 

but rather they are simply classified into the larger category of endogenous 

peptidoglycan hydrolases—that is, they are primarily involved in cell wall 

remodeling during growth and division.75 The functional loss of the AtlA 

hydrolase activity may lead to the loss of the ability to develop mature 

microcolonies by physically interfering with the cell wall remodeling: an overly 

rigid wall may simply block the secretion of the biopolymers forming the bulk of 

the extracellular matrix. 

Though preliminary, here we show that the atlA mutant does specifically lack 

at least one major secreted component of the ECM: extracellular DNA (Fig. 3.6D). 

Regardless of which secreted molecules are most important at this early growth 

stage, it seems clear that the inability of the atlA mutant strain to form viable 

biofilms is primarily due to a global secretory defect. 

 In contrast to the autolysin mutant, the deletion of the response regulator 

AhrC appears to interfere with the initial attachment event. Early ahrC biofilms 

are grossly lacking in cell numbers compared to wild type (fig 3.7) but, once 

attached, appear to form functional microcolonies with normal amounts of 

associated ECM. Notably, the ahrC mutant demonstrates severely impaired in 
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vivo biofilm formation and a concomitant reduction in virulence in a rabbit 

model of endocarditis. Close examination of the LVSEM micrographs does 

suggest that the ECM may be different from the wild type: whether this 

abnormal ECM is involved in reduced virulence or if it is simply a function of the 

reduced bacterial load caused by the poor attachment of this strain needs further 

study. 

 We have previously reported that the eep mutant strain does not have an 

overall biomass defect determined using standard crystal-violet microtitre plate-

based assays.76 Measured by number of cells in the biofilm, this can be generally 

confirmed by plate-count assays. Under even low-power microscopic 

examination (200×) and using a simple lectin conjugate that primarily localizes to 

the bacterial cell envelope, one can see a striking difference in the distributional 

morphology of this mutant (Fig. 3.9). In addition, the eep strain produces biofilms 

composed largely of small cellular aggregates at early time point rather than the 

much more uniform distribution seen in lab reference strain (fig 3.9A, B). 

Quantitative analysis of total biofilm biomass (Table 3.2) using the COMSTAT2 

software package is consistent with this interpretation: while the average 

biomass is only slightly elevated in the mutant strain (~23% higher), the range of 

variation between sample sets is much higher in the eep biofilms—nearly twice 
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the distributional variability versus wild type. The differences in labeling 

intensity between the OG1RF and eep mutant—particularly the diffuse 

intercellular material—may be a function of nascent extracellular matrix 

components, but this conjecture requires further investigation.   

 In this chapter we have used imaging techniques at both the light and 

electron microscopy levels to show the limitations of depending on bulk 

biochemical analysis for bacterial biofilm characterization, as well as to 

demonstrate the wealth of information about the extracellular matrix available 

using these tools. The three mutant strains presented here illustrate three 

different failures in the biofilm development cycle: loss of the ability to form 

mature microcolonies (atlA), attachment defects (ahrC), and a clustering 

phenotype with deranged matrix production (eep). 

In addition, since these initial in vitro findings, other work in the Dunny lab 

has demonstrated that two of these mutants (ahrC and eep) also exhibit 

substantially reduced virulence in an in vivo rabbit model of enterococcal 

endocarditis.76 While preliminary, characterization of at least one of these 

mutants (eep) in an entirely different model system (the Mayo rat orthopedic 

implant) recapitulates the in vitro morphology results we have previously 

reported. Notably, despite the wealth of data demonstrating a severe in vitro 



 61  
 

biofilm formation defect in the autolysin mutant (atlA), animal models have not 

supported attenuation of virulence for this strain. This dichotomy emphasizes an 

important point: while biofilm formation is a determinant of virulence, not all 

biofilm-associated genes appear to significantly affect virulence in vivo. Whether 

this is a function of redundancies in the genome—perhaps the minor autolysin 

gene (atlB) or another of the poorly characterized peptidoglycan hydrolases is 

only upregulated in vivo—or due to another factor entirely is a question of 

considerable interest both biologically and clinically. 77 
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Chapter 4 

Extracellular DNA is an abundant matrix component of early Enterococcus 

faecalis biofilms and occurs in the absence of bulk cell lysis 

 

 

Enterococcus faecalis is a common gram-positive commensal bacterium of the 

metazoan gastrointestinal tract capable of biofilm formation and an opportunistic 

pathogen of increasing clinical concern. Dogma has held that biofilms are slow-

growing structures, often taking days to form mature microcolonies. Here we 

report that eDNA is an integral structural component of early E. faecalis biofilms 

(≤4 hr post-inoculation). 

Combining cationic dye-based biofilm matrix stabilization techniques with 

correlative immuno-scanning electron microscopy (SEM) and confocal 

techniques, we demonstrate that—in early E. faecalis biofilms—eDNA localizes to 

previously undescribed intercellular filamentous structures, as well as to thick 

mats of extruded extracellular matrix material. Both of these results are 

consistent with previous reports that early biofilms are exquisitely sensitive to 

exogenous DNase treatment. High-resolution SEM demonstrates a punctate 
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labeling pattern in both structures, suggesting the presence of an additional, non-

DNA constituent. 

Notably, the previously described fratricidal or lytic mechanism reported as 

the source of eDNA in older (≥24 hr) E. faecalis biofilms does not appear to be at 

work under these conditions; extensive visual examination under SEM revealed 

a striking lack of lysed cells, and bulk biochemical assays also support an 

absence of significant cell lysis at these early time points. In addition, some cells 

demonstrated eDNA labeling localized at the division septum, suggesting the 

possibility of DNA secretion from metabolically active cells. Overall, these data 

are consistent with a model in which a subpopulation of viable E. faecalis cells 

secrete or extrude DNA into the extracellular matrix.  

 

Introduction 

The extracellular matrix of bacterial biofilms is incompletely understood. 

Produced by the bacteria themselves, the matrix is a highly hydrated collection 

of biopolymers: polysaccharides, polypeptides, lipids, and nucleic acids. While 

originally dismissed as merely “bacterial slime” or the collective remnants of the 

glycocalyx, recent work has led to the appreciation that matrix formation leads to 

important and structured physiological responses of biofilm communities to 
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their environment.78 From a biomedical standpoint, bacterial cells in the biofilm 

state demonstrate extraordinarily elevated resistance to most clinically-relevant 

antimicrobial agents; whether this resistance is a result of the matrix itself or a 

function of the large changes in gene expression as cells switch from the 

planktonic to biofilm modes of growth remains unclear.79 

Extracellular DNA (eDNA) was originally reported as a critical structural 

component of the Pseudomonas aeruginosa biofilm matrix; numerous gram-

negative and gram-positive bacteria—including Enterococcus faecalis—have since 

been shown to use eDNA for matrix stabilization. Research to date has largely 

focused on several inducible autolytic mechanisms for DNA release into the 

extracellular milieu in which a subpopulation of biofilm cells are sacrificed for 

community stability. Most of these lytic models involve an active intercellular 

signaling system. In E. faecalis, a quorum sensing-dependent fratricidal 

mechanism has been demonstrated by Thomas et al to result in bulk cell lysis by 

24 hr of biofilm growth.80 

A question overlooked by these bulk cell lysis models remains: if the lytic 

mechanisms are the source of eDNA, why do early “low cell density” biofilms 

frequently demonstrate similar or even more pronounced sensitivity to DNase? 

Additionally, if lytic mechanisms are key and result in bulk DNA salvage and 
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incorporation into nascent biofilms, why are biofilm-deficient phenotypes largely 

resistant to rescue by the addition of exogenous DNA?  

Here we report the presence of extracellular DNA in the matrix of E. faecalis 

biofilms at very early time points (4 hr post-inoculation) that displays strong 

localization to specific ultrastructural locations. Further, the source of this eDNA 

does not appear to be tied to a bulk lysis mechanism but is associated with a 

subpopulation of active and physiologically competent cells. 

 

Results 

Ultrastructural analysis of eDNA distribution in early biofilms 

Scanning electron micrographs of early (4 hr post-inoculation) OG1RF E. faecalis 

biofilms show the presence of long, filamentous strands between cells (Fig. 4.1A, 

B, C). These intercellular “yarn-like” structures are of variable thickness though 

they are nominally on the order of 10-100 nm. Filament length is also variable but 

with a larger range: 50 µm strands can be readily observed (Fig. 4.1A). The yarn-

like strands contain a high proportion of extracellular DNA (eDNA), labeling 

strongly and specifically with an anti-dsDNA monoclonal antibody : colloidal 

gold probe (Fig. 4.1C, D). In addition to the intercellular yarn structures, 

significant anti-dsDNA antibody labeling can also be visualized in the thick,  
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Figure 4.1: Long, intercellular strands in early E. faecalis biofilms contain 

substantial quantities of eDNA. (A, B) Long intercellular strands (yarn) visible 

in early (4-hr) E. faecalis biofilms (arrows; scale bar: 5 µm). (C) Using an anti-

dsDNA monoclonal antibody conjugated to an immunogold particle, strong 

punctate labeling of these strands can be seen (*), showing the significant eDNA 

component (bar: 250 nm; central area magnified in D). Surface morphology can 

be appreciated in the corresponding secondary electron image (E; bar: 1 µm). 
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“sweater-like” mats of extracellular matrix (ECM) material that begin to 

envelope E. faecalis cells in the nascent stages of biofilm microcolony 

development (Fig. 4.2A, B). Closer examination of the ECM (Fig. 4.2C) 

demonstrates the complex structural arrangement of eDNA in the matrix, along 

with fine fibrillar material on the surface of some cells (figs. 4.1C; 4.2B, lower left) 

that do not contain eDNA accessible to antibody labeling. 

Matched planktonic controls failed to demonstrate labeling with the anti-

dsDNA antibody (fig 4.3A) and substitution of an irrelevant primary or 

elimination of the primary antibody also led to no labeling of matched biofilm 

samples (Fig. 4.3B). A well-characterized E. faecalis strain recovered from a 

bacteremic patient in 1987 (V583) produced eDNA labeling patterns identical to 

OG1RF (fig 4.4) establishing both that this phenomenon is not limited to the lab 

strain and occurs in a clinically relevant isolate. 

Finally, in a small number of nascent biofilm microcolonies we have been able 

to visualize cells in which eDNA localization appears immediately adjacent to 

the enterococcal division septum (Fig. 4.5A, B). In some cases, this signal is small 

with only a few probe molecules visible (Fig. 4.5A). In others, the eDNA signal 

near the septum is much more robust (figs. 4.5B, C) and contiguous with yarn 

and sweater structures. Lysed cells were virtually undetectable in adherent cells   
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Figure 4.2: eDNA also occurs in association with thick, enveloping mats of 

ECM surrounding some biofilm cells. Thick enveloping mats of extracellular 

matrix (sweater) make up a large fraction of the E. faecalis biofilm (A, secondary 

electron image) and contain significant eDNA as shown via immunogold 

labeling of the anti-dsDNA monoclonal antibody (B, backscatter image of the 

same field shown in A). (Bars: 1 µm). A false-color SEM image (C) shows the 

relationship between the surface of the ECM (red; secondary electron detector) 

and the immunogold-labeled anti-dsDNA antibody (green; backscatter detector): 

eDNA appears to be encased within another ECM component (arrows; bar: 500 

nm). 
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Figure 4.3: Antibody labeling controls. Matched planktonic OG1RF cells (4 hr 

post-inoculation) show no eDNA labeling (A); omission of the primary antibody 

or substitution of an irrelevant primary shows no discrete or punctate labeling of 

similar structures (*) in matched biofilm controls (B). Scale bars: 1 µm  

  



A

B

*

*

Figure 4.3



 75  
 

Figure 4.4: eDNA labeling in a common clinical isolate (V583) of E. faecalis is 

identical to the wild type OG1RF strain. A 4-hr biofilm formed by the clinical 

strain V583 demonstrates labeling indistinguishable from the OG1RF strain used 

throughout the remainder of the experiments in this chapter under both 

immuno-SEM (A) and IF (B) imaging. More specifically, labeling patterns seen in 

the OG1RF strain are also seen in a clinical strain: long intercellular strands (yarn, 

*) and pericellular labeling of the sweater matrix (∆). 

For immuno-SEM, sample processing and imaging as noted in the materials 

and method. For IF (B): Monoclonal antibody labeling of extracellular dsDNA 

(green, DyLight 488; blue, Hoechst 33342 highlighting individual E. faecalis cells. 

 

Bars: 5 µm (A); 500 nm (A, inset), 25 µm (B).   
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Figure 4.5: In a small subpopulation of biofilm cells, eDNA localizes near the 

division septum. (A, B, C) Immuno-SEM micrographs demonstrating 

localization of the eDNA probe near the E. faecalis division septum. Endogenous 

lysis of cells in an older biofilm (D; 48 hr) display an entirely different 

morphology from that seen in early biofilms as DNA (*) is released from a 

ruptured cell (arrow). (Bars: 500 nm). 
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examined at < 8 hr of biofilm growth, whereas older biofilms (24+ hr) contained 

readily detectable lysed cells (Fig. 4.5D); the associated released cytoplasmic 

contents adjacent to lysed cells were labeled with the antibody, but had an 

appearance distinct from the sweater and yarn structures. 

 

Correlative microscopy reveals analogous structures to those observed by SEM  

To ensure the structures seen on the SEM were not an artifact of the harsh 

chemical and physical treatment necessary for traditional electron microscopy 

sample preparation, we used matched samples under widefield immuno-

fluorescent (IF) illumination. With the same anti-dsDNA primary antibody but a 

green fluorescent-conjugate secondary antibody, structures strikingly similar to  

yarn and sweater can been seen: long intercellular filaments (*; Fig. 4.6A, C) and 

locally diffuse pericellular labeling visible immediately adjacent to a 

subpopulation of E. faecalis cells (Δ; Fig. 4.6B, C). Since structures analogous to 

the immuno-SEM ultrastructural analysis can be seen in these minimally 

manipulated and fully hydrated IF samples, we suggest the SEM sample 

processing reported here has a minimal effect on the morphology of the 

extracellular matrix. To verify this structural equality via a complementary  
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Figure 4.6: Correlative microscopy of eDNA distribution in early E. faecalis 

biofilms. Though imaged using different microscopic techniques, both the SEM 

(A, B; bars: 500 nm ) and immunofluorescent micrographs (C) show similar 

patterns of eDNA labeling in early E. faecalis biofilms—long intercellular strands 

(yarn, *) as well as a pericellular labeling component of the sweater matrix (∆). (C; 

bar: 25 µm) Monoclonal antibody labeling of extracellular dsDNA (green, 

DyLight 488; blue, Hoechst 33342 highlighting individual E. faecalis cells.  
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technique, unprocessed immunolabeled samples were plunge frozen in liquid 

ethane and examined under cryoSEM to further test the hypothesis that complex 

ECM morphology is independent of traditional SEM sample preparation: both 

yarn and sweater structures are clearly labeled with the anti-dsDNA probe (*; 

Fig. 4.7) in the fully-hydrated state. 

 

Biochemical assays shows no elevation in bulk cell lysis 

To biochemically rule out the simple possibility that early bulk cell lysis was 

the source of eDNA in the extracellular matrix, we looked for elevated levels of 

two intracellular compounds of central bacterial metabolism: ATP and glucose-6-

phosphate dehydrogenase (G6PD). Compared to matched planktonic controls, 

biofilm samples showed no increase in the extracellular concentrations of ATP 

(Fig. 4.8A) or G6PD (not shown) suggesting that bulk lysis does not play a role in 

early E. faecalis biofilm eDNA levels. 

 

Cells associated with eDNA have an active membrane potential 

The fluorescent dye DiOC2(3) (3,3′-diethyloxacarbocyanine iodide) crosses cell 

membranes and labels all cells green. Cells with a non-zero membrane potential 

(ΔΨ) preferentially accumulate the dye: at these higher concentrations  
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Figure 4.7: CryoSEM preservation of the ECM reveals identical structures to 

the conventionally prepared samples. CryoSEM micrograph of a 4-hr OG1RF 

biofilm showing the presence of a complex ECM structure in the native hydrated 

state: the immunogold eDNA labeling pattern (*) is the same as the 

conventionally prepared samples, further supporting our conclusion that the 

sweater and yarn ECM structures are not induced processing artifacts.  

Scale bar: 3 µm. 
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Figure 4.8: Biochemical assays show a lack of bulk cell lysis in early stage E. 

faecalis biofilm growth. (A) Luciferase-based quantification of extracellular 

ATP. No significant differences were found between biofilm and planktonic 

levels at 2, 4, or 8 hr post-inoculation in matched E. faecalis samples. Results are 

averaged from four independent experiments. Only the 4 hr OG1RF samples 

(planktonic and biofilm) are above the instrument background; neither rise to 

statistical significance. Exogenous lysis of a small fraction of cells (~5% by 

microscopy) produced a luciferase signal that saturated the instrument detector 

under the displayed conditions. (B) The cell-impermeant fluorescent dye SYTOX 

green (Invitrogen) was used to label nucleic acids outside of functional cells. 

eDNA levels were >103-fold higher under biofilm conditions compared to 

matched planktonic controls. Error bars indicate ± 1 standard deviation. 
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the dye molecules aggregate and lead to the appearance of a second red 

fluorescent signal. Metabolically active cells display both green and red 

fluorescence. Combining the anti-dsDNA antibody with DiOC2(3) labeling, we 

examined the relationship between cell viability and localization of eDNA, 

specifically, whether eDNA is associated with cells displaying a lowered 

membrane potential. An unfixed 4 hr E. faecalis biofilm cultured as above was 

labeled with the anti-dsDNA antibody and treated with DiOC2(3). All cells 

displayed green fluorescence (Fig. 4.9A) and have an active—though variable—

signal in the red channel (Fig. 4.9B).The dsDNA antibody was conjugated to a 

blue fluorophore (Fig. 4.9C) and labels the same yarn and sweater structures 

previously noted (Fig. 4.6). An overlay of the red (cells with an active membrane 

potential) and blue (dsDNA) channels (Fig. 4.9D, E) illustrates that a significant 

fraction of eDNA labeling is spatially associated with cells displaying a higher 

membrane potential. In some regions, these cells showed red channel 

fluorescence up to 26% above the median DiOC2(3) red:green ratio. Finally, of the 

group of highest intensity signals from the dsDNA probe (Fig. 4.9C), 19 of 21 

occurred within 0.7 µm of cells displaying elevated DiOC2(3) red:green ratios; the 

two outliers were within 1.05 µm. 
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Figure 4.9: Elevated membrane potentials occur in a subpopulation of biofilm 

cells and are correlated with significant eDNA appearance. DiOC2(3) crosses 

the cell membrane, non-specifically labeling all cells green (A). Cells with a non-

zero membrane potential (ΔΨ) preferentially accumulate the dye, which, at these 

higher concentrations, leads to dye molecule aggregation and the appearance of 

a second, red fluorescent signal (B); metabolically active cells display both green 

and red fluorescence. The sample was also labeled with the anti-dsDNA 

antibody, here conjugated to a blue fluorophore (C). Overlaying the red and blue 

channels (D, E) reveals that >90% cells immediately adjacent to areas with eDNA 

present not only demonstrate viability (ΔΨ>0) but display membrane potentials 

~25% greater than the median. 

Scale bars: 25 µm. 
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Discussion 

The presence of bacterially-derived extracellular DNA (eDNA) in biofilms 

and its role as an important structural component of the matrix Pseudomonas 

aeruginosa has been known for over a decade.3 More recent work has 

demonstrated that numerous bacterial species use DNA extracellularly in similar 

ways. The source of this eDNA has generally been characterized as autolysis of a 

subpopulation of biofilm cells via fratricidal, suicidal, or quorum sensing based 

systems; E. faecalis itself has been shown to use the lytic system in later stages of 

biofilm growth.80 While predominant, lytic mechanisms are not exclusive: nucleic 

acid secretion from intact cells has been reported to be important in early Bacillus 

cereus biofilm formation,81 and hydrogen peroxide-induced eDNA release 

without cell lysis is known to occur in both Streptococcus sanguinis and 

Streptococcus gordonii.82 

Lacking in many of these investigations has been an examination of the role 

of eDNA role in nascent biofilms, nor has the ultrastructural distribution of the 

eDNA present in the matrix been considered thoroughly. Our findings via bulk 

biochemical analysis that the ratio of eDNA per cell increases dramatically in the 

first four hours of biofilm development—by more than 1000-fold compared to 
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planktonic controls (Fig. 4.8B)—prompted us to investigate the distribution of 

eDNA in early E. faecalis biofilms at the ultrastructural level. 

Early E. faecalis biofilms (≤ 8 hr post-inoculation) are exquisitely sensitive to 

DNase I, while older biofilms display less degradation;83 this pattern of early 

sensitivity followed by later relative resistance has also been reported in biofilms 

of other species. The data shown here reveal that eDNA is largely localized to 

two structures in very early E. faecalis biofilms during the first four hours of 

growth: intercellular string-like patterns (yarn; Fig. 4.1) and as a major 

component of the thick matrix surrounding cells (sweater; Fig. 4.2). These two 

phenotypes are not exclusive: individual samples contain both structures. 

Notably, the immunogold labeling pattern seen under SEM is not continuous but 

punctate in appearance in both yarn and sweater forms (Fig. 4.1C, D; 4.2C; 4.6A, 

B), suggesting an additional, non-nucleic acid component. A false-color LVSEM 

image overlaying the anti-dsDNA probe (green) with the surface morphology 

(red) reveals that the eDNA lies within another component of the matrix (*; fig 

4.2C). Preliminary work suggests a protein or lipoprotein constituent may be 

involved. 

Morphologically the DNA distribution patterns seen in these early biofilms 

are inconsistent with wholesale cellular lysis: bulk cell lysis generally leads to 
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irregular masses of intracellular debris—including the nucleic acid component 

(Fig. 4.5D). While not completely at odds with the sweater phenotype, the long 

intercellular structures containing DNA (yarn) are also difficult to reconcile with 

such a model. Both yarn and the fine branching pattern seen in many SEM 

micrographs (Fig. 4.1A) would seem to require an enzymatic extracellular 

remodeling system if a lytic mode of action is the primary source of eDNA—a 

decidedly non-parsimonious option. Finally, the possibility of preparation-

induced ultrastructural artifacts is largely obviated by the striking correlative 

features visible in the immunofluorescent (Fig. 4.6C, 4.9C) and cryoSEM (Fig. 4.7) 

images. 

The inherent heterogeneity of bacterial biofilms can often limit the utility of 

biochemical analysis based on bulk properties; population averaging of strong 

subpopulation phenotypes can be lost when averaged over entire samples.66,67,68,69 

Despite these limitations, a comparison of eDNA levels in matched biofilm and 

planktonic samples revealed a dramatic increase in eDNA (>103-fold) in the 

biofilm samples. This elevation occurs within the first four hours post-

attachment and, on a per-cell basis, remains largely unchanged at 24 hours (Fig. 

4.8B).84 Extracellular concentrations of two key central metabolism compounds—

ATP and glucose-6-phosphate dehydrogenase (G6PD)—are also unchanged over 
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the first eight hours of biofilm growth when compared to planktonic controls 

(Fig. 4.8A). 

The lack of visibly lysed cells at the ultrastructural level and the discrete 

spatial distribution of eDNA are consistent with a non-lytic release mechanism 

but do not directly preclude one. Maintaining a gradient across the cell 

membrane is a significant source of potential energy generation in bacteria. 

Conversely, loss of this gradient is a marker for non-viability. Results from the 

DiOC2(3)-based assay for an active membrane potential (Fig. 4.9) show that, not 

only are the cells nearest to eDNA alive, there is evidence of an elevated 

potential—a finding consistent with increased metabolic activity in a distinct 

subpopulation of biofilm cells. This elevated potential may be a reflection of the 

increase nucleic acid synthesis presumably required of cells secreting eDNA; 

alternatively, active DNA secretion may be restricted to a subpopulation of cells 

with elevated membrane potential. 

An obvious candidate for such an active secretion system in E. faecalis is the 

conjugation apparatus. In enterococci, conjugation occurs via a mating channel 

encoded on a plasmid (pCF10); this channel appears to be a gram-positive analog 

of type IV secretion systems common in gram-negative organisms,85 and Neisseria 

gonorrhoeae is known to secrete chromosomal DNA into the extracellular space 
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via such a system.86 The results reported here are, however, independent pCF10; 

data shown in figures 1-9 are all from a strain lacking a conjugative plasmid. 

Notably, strains containing pCF10 or the homologous pTEF2 contain eDNA 

distributions indistinguishable from the plasmid-free strain under our 

experimental conditions (fig 4.4). 

In a small number of nascent biofilm microcolonies, we have been able to 

visualize cells in which eDNA localization appears immediately adjacent to the 

enterococcal division septum (Fig. 4.5A, B). In some cases, this signal is small 

with only a few probe molecules visible (Fig. 4.5A). In others, the eDNA signal 

near the septum is much more robust (figs. 4.5B, C) and contiguous with yarn 

and sweater structures. Localization near the division septum is notable for its 

similarity to a previously reported mechanism of protein secretion found in 

Streptococcus pyogenes—the ExPortal system.87,88 Postulating a homologous system 

for E. faecalis eDNA export is intriguing not only as an explanation for the septal 

localization but also for providing a possible model for the integration of the 

non-nucleic acid component of both the sweater and yarn morphologies. 

Alternatively, E. faecalis may use an as-yet uncharacterized DNA export system. 

In either case, this secretion system appears active only when E. faecalis is in the 

biofilm state. The OG1RF genome does contain an operon that appears to be 
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related to competence with significant homology to the comY operon of 

Streptococcus mutans and similar to the comG system of B. subtilis.89 

A question that frequently arises is this: Why would cells secrete a molecule 

of such enormous importance into the extracellular milieu? As the ultimate 

source of genetic information in a cell, isn’t DNA too critical to use in such a 

haphazard fashion? While reasonable on its face, we suggest this line of thinking 

overlooks three important possibilities: cellular energetics, availability, and the 

utility or opportunity costs of infection. 

 In the first case, one must remember that macromolecules assembled of 

nucleic acids are only marginally more expensive for cells to produce than 

polysaccharides—and much less ATP-dependent than polypeptides (Fig. 4.10). It 

may simply be less costly to use DNA than the alternative. Alternatively (or 

additionally), replicating bacterial cells generally have multiple replicative copies 

of their genome—especially during logarithmic growth stages such as early 

biofilm formation. Diverting some of these copies externally to stabilize a 

growing biofilm matrix may be a matter of what building blocks are at hand. 

Finally, eDNA as a matrix stabilization technique may be a functional 

requirement of pathogenesis in harsh host environments. Many chronic 

infections involve hydrodynamic challenges to biofilm formation—high fluid 
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Figure 4.10: Comparative cellular energetics cost of polysaccharides, DNA, and 

proteins demonstrate relative low ATP cost of DNA versus protein synthesis. 
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 flow rates in endocarditis or ascending urinary tract infections, for examples—

ecological niches that may not be possible to exploit without using eDNA to hold 

the nascent biofilm together. 

Overall, in the chapter we have shown that extracellular DNA is a component 

of E. faecalis biofilms at very early time points – within four hours post-

inoculation. This eDNA is largely localized to two structural motifs: long, 

intercellular complexes (yarn), and a more globular domain (sweater) that appears 

congruent with the thick extracellular material forming the bulk of the biofilm 

matrix. The early appearance of eDNA in the matrix occurs in the absence of 

observable cellular lysis—a finding consistent with our observation that a 

subpopulation of cells display eDNA localization near the putative division 

septum, as well as our evidence showing eDNA association with cells having 

elevated metabolic activity. 

Goodman et al have recently reported that the stabilizing influence of eDNA 

in some bacterial biofilms is largely mediated by the interactions between the 

nucleic acid components and proteins from the DNABII family: primarily the 

highly-conserved HU and IHF intracellular binding proteins.42 Preliminary work 

with a polyclonal antibody against HU in early E. faecalis biofilms has been 

inconclusive in our hands, but it remains conceivable that these protein factors 
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may be an integral component of the DNA-containing extracellular structures 

reported here.  

These in vitro findings suggest eDNA may play a more fundamental role in 

establishing functional E. faecalis biofilm stability than previously appreciated; if 

the in vivo data are consistent with these results, a productive line of inquiry in 

the search for anti-biofilm chemotherapeutic agents would focus on compounds 

targeting the bacterial eDNA and eDNA-associated components in the 

extracellular matrix. 
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Chapter 5 

Overall Conclusions 

The work presented here is the result of a single, fundamental question: what 

happens in E. faecalis biofilms in the first few hours between attachment and full-

scale microcolony development? Most reported work in bacterial biofilm 

characterization has focused on the fully developed forms, often formed in days, 

weeks, or even months. While this work is critical, we were intrigued by this 

question of what factors directly contribute to the formation and stability of 

nascent biofilms. Nor is our concern with these early events entirely academic: 

understanding how robust biofilms can establish viable infections in the first 

place is a key step in determining how best to eradicate them clinically. 

The experimental results presented in Chapter 3 show the effects three 

defined mutant strains have on E. faecalis biofilm development. As such, while 

there is no single model to propose, we can identify what stages of development 

are affected. In the putative arginine response regulator mutation (ahrC) there is 

a pronounced defect in bacterial cell attachment (I, fig 5.1). This defect is specific: 

those cells that do attach are able to form microcolonies, albeit with some 

possible defects in the ECM. In contrast, the autolysin (atlA) mutant has no  
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Figure 5.1: Biofilm developmental life cycle and the proposed sites of failure 

in three E. faecalis biofilm mutant strains. Each of the three representative 

mutant strains appears to affect biofilm development at a different stage. For the 

ahrC mutant the defect occurs very early—cells fail to attach to the substrate 

efficiently (I), leading to low number of bound cells and reduced overall biomass 

(ECM). The autolysin mutant attaches well (II), but produces minimal ECM and 

fails to form microcolonies. The eep deficient strain attaches and form 

microcolonies (III), but the distribution of microcolonies across the substrate 

surface differs from the wild-type and the structure of the ECM is perturbed. 
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attachment defect, but it does display a profound failure to proceed past 

attachment (II, fig 5.1): even when small quantities of ECM are produced, no 

mature microcolonies are formed. The eep mutant is also an illustrative example 

(III, fig 5.1): early eep biofilms are effectively identical with OG1RF when cellular 

biomass is compared, but the microcolony distribution is abnormally clustered 

and the ECM produced is morphologically deranged. One or both of these 

results may indicate a role for Eep in ECM component processing, either 

immediately after secretion or in a matrix remodeling function. Given that both 

the eep and ahrC mutants have recently been found to recapitulate their 

respective ultrastructural phenotypes in an in vivo model—and that both strains 

display attenuated virulence—we suggest that further directed study into the 

attachment factors and ECM components affected by these mutations would be 

productive. 

The data shown in chapter 4 strongly suggest a non-lytic source for 

extracellular DNA in early E. faecalis biofilms and propose that a subpopulation 

of biofilm cells secrete DNA into the extracellular space. This secretion appears to 

occur in metabolically active (or even hyperactive) cells, further supporting a 

non-lytic source. Given these results, we propose a model for DNA secretion in 

which a discrete subpopulation of biofilm cells transports DNA at or near the 
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active cellular division septum (fig 5.2). Export at this site takes advantage of the 

thinned cell wall peptidoglycan that occurs during septation, reducing the 

difficulties in transporting large, highly-charged molecules like DNA. 

In addition to the ultrastructural localization results, the finding that the 

autolysin-deficient strain (atlA) does not show the presence of eDNA bolsters our 

interpretation: atlA mutants have a dramatically increased chain length 

phenotype resulting from difficulty in completely remodeling the cell wall 

peptidoglycan at the end of cell division. Such a mutant is likely also to exhibit 

defects in any process that depends on murine hydrolases to carry out cell wall 

remodeling. We predict this defect is one of transport only. If correct, we would 

expect to find that induction of a protoplastic state (or even careful partial 

digestion of the cell wall with other peptidoglycan hydrolases) should result in 

release of DNA into the ECM and may partially rescue the phenotype. 

Alternatively, ultrastructural characterization of embedded biofilm sections at 

the transmission EM level using the immunogold-labeling techniques presented 

in chapter 4 would allow for visualization of the DNA targeted for secretion. 

Presumably, this proto-eDNA localizes to the septal region inside in the cell 

immediately before transport in the wild-type strain; given the specific nature of  
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Figure 5.2: A schematic model of E. faecalis eDNA secretion in a 

subpopulation of biofilm cells. After attachment to the substrate, a 

subpopulation of viable cells release DNA into the extracellular matrix (A) via a 

putative secretion system active near the division septum. This eDNA is 

incorporated into the nascent biofilm ECM as a stabilization factor during early 

(< 24 hr) biofilm growth (B). Additionally, a separate programmed cell death-like 

system reported by Thurlow et al39 leads to whole cell lysis in older biofilms and 

concomitant DNA release into the ECM (c).  
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 the defect in the autolysin mutant, we would expect to see the same intracellular 

localization as in the wild-type. 

We would like to emphasize that this model of DNA secretion at early time 

points does not supersede the previously described lytic model of DNA release 

in older (>24 hr) biofilms. We hypothesize, in fact, that the two systems may 

address different functions in biofilm development: the secretion model may 

only be necessary for initial stabilization of the nascent biofilm, while the lytic 

model may provide other intracellular components necessary for mature 

microcolonies or more rapid biofilm growth. Inhibition of the paracrine signaling 

system involved in the lytic model and careful ultrastructural examination of the 

resulting biofilms for delays in maturation may be a productive route in 

elucidating the connection between the two systems.  

Finally, is this putative secretory system unique to E. faecalis or is it 

generalizable to other bacteria? While we are aware of several reports in the 

literature supporting non-lytic sources of DNA in bacterial biofilms, to our 

knowledge no other studies have been done targeting eDNA localization in early 

biofilm development. Given the importance of understanding biofilm physiology 

to answer both basic questions in bacteriology as well as the clinical treatment of 
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chronic bacterial infections, we suggest much would be gained by doing these 

experiments. 

In general, bacteria form biofilms under conditions of stress: from nutrient 

deprivation to unfavorable temperature or pH conditions, and from competition 

or predation by other microbes to rapidly changing metabolite availability and 

physical stresses. However, outside of a laboratory setting, bacteria are 

effectively always in such a state: there are very few natural environmental 

settings where microbes lack nothing. This is part of the reason it has taken so 

long for bacteriologists to recognize the importance of biofilms. In the laboratory 

setting, microbes are grown under idealized conditions that inhibit biofilm 

formation. 

It also follows, then, that bacterial biofilms are prevalent in chronic clinical 

infections. The same types of external factors are in play when bacteria colonize a 

host as when they form in the environment; under these conditions biofilm 

formation is largely a given. In addition, modern medical practice has 

inadvertently promoted biofilm formation in a variety of ways: increases in 

implantable medical devices from catheters to artificial joints to cardiac devices 

and valves provide a wealth of surfaces for microbial growth; improper 

antibiotic usage promotes resistant populations that remain viable for months or 
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years; and the secondary effects of chronic immunosuppressive therapy in a 

wide-range of clinical conditions from transplant patients to cancer survivors. 

For a number of reasons, continuing sole dependence on simple antibiotic 

therapy to treat chronic bacterial infection invites disaster. Clinically it has 

become clear that treating such chronic infections with antibiotics alone is a 

losing proposition in the long term for a number of reasons. In order to 

effectively eradicate biofilm-based chronic disease states we will have to 

understand how bacteria coordinate in these architecturally and biochemically-

complex, multicellular structures that are more than the sum of their parts. 
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APPENDIX 1 

Extending the in vitro eDNA model into an ex vivo porcine model of 

endocarditis  

As this thesis was in preparation, I had the opportunity to collaborate with 

Anne-Marie Leuck, M.D., in extending our in vitro eDNA model into a 

previously reported ex vivo system using explanted porcine cardiac valves as an 

endocarditis model of E. faecalis biofilm formation.60 While the results are 

preliminary and represent a small sample size (two valves in a single labeling 

experiment), the findings suggest our model of eDNA secretion in early biofilm 

formation are relevant on native valve surfaces as well. 

The surface of a native value is complex, both topologically and 

biochemically (fig A1.1A)—especially when compared with the largely uniform 

Aclar membranes—making definitive identification of biofilm structures more 

challenging. Even at early time points (4 hr post-inoculation), however, E. faecalis 

cells can be found attached over a large area (*; fig A1.1B). At higher 

magnifications, the sweater and yarn extracellular matrix phenotypes seen in vitro 

can be easily seen (arrows; fig A1.1C, D). While technical instrumentation 

problems have temporarily limited the micrograph quality, immuno-SEM 
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labeling of the eDNA in the matrix does localize to the same areas in the ECM as 

those reported in the Aclar coupon-based model (arrows; fig A1.2). 
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Figure A1.1: E. faecalis cells attach to porcine cardiac valve surfaces and begin 

forming ECM within 4 hr post-inoculation. The complex surface topology of the 

valve surface (A) provides a rich substrate for bacterial cell attachment. 

Colonization occurs at both undamaged and damaged epithelial surfaces (B).  

Scale bars: 250 µm (A); 10 µm (B) 
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Figure A1.2: LVSEM imaging of early E. faecalis biofilm formation on 

explanted porcine cardiac valves reveals identical structural motifs to those 

found on the in vitro coupons.  

Scale bars: 1 µm (A); 2 µm (B)  
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APPENDIX 2 

Aclar fluoropolymer as an in vitro growth support for E. faecalis biofilms 

A few words on the choice of substrate for these in vitro biofilm assays are 

relevant here. Because biofilms are by definition an interaction between bacterial 

colonies and a surface, the choice of substrate is a primary concern. While 

obviously only analogues for the biological surfaces they stand in for, choosing 

an abiotic surface for in vitro characterization has its own merits. In the work 

presented here, three factors were of major concern: 1) E. faecalis cells must 

regularly—and reproducibly—adhere to the surface; 2) the surface must 

withstand the physical and chemical demands of scanning electron microscopy 

(i.e. extremes of temperature and exposure to organic solvents) without inducing 

distortion in the attached biofilm; and 3) for fluorescent labeling experiments to 

succeed the surface must not be inherently autofluorescent over a substantial 

portion of the visible electromagnetic spectrum. 

Our original substrate of choice—regenerated cellulose membranes—met the 

first and second criteria at least modestly well but failed completely in its strong 

autofluorescense across wide sections of the visible spectrum.90 Glass has been 

successfully used in many biofilm experiments covering a range of gram-positive 

and gram-negative organisms, but in our hands E. faecalis adherence to glass 
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requires pretreatment of the surface with high concentrations of serum (40%, 

typically91) and, even then, has a high failure rate measured by successful 

bacterial cell attachment. After experimenting with more than 20 plastic substrate 

options, a fluoropolymer film originally developed for mammalian cell culture 

embedding—Aclar—was the only surface tested that met all the requirements.  

On the electron microscopy side, Aclar is stable over a wide range of 

temperatures (important for liquid CO2-based critical point drying) and does not 

exhibit swelling when exposed to the solvents used in SEM processing. Aclar 

also resists deformation under the intense electron beam current. The surface 

finish of the material is also smooth and reasonably uniform. For IF imaging, 

Aclar has a remarkably low autofluorescent signal across the visible spectrum. 

Finally, the temperature stability of Aclar extends high enough to allow for 

steam autoclave sterilization (121°C for 20 min) rather than the logistically 

laborious gamma-irradiation treatment required for many polymer substrates. 
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