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Preface

Biofilms are recognized as one of the earliest ecosystems on earth. They are
composed of aggregates of microbial cells enclosed in a self-produced matrix
adherent to a surface. Root canal biofilms are complex polymicrobial structures
adherent to the root canal surface that are formed by microorganisms invading the
pulpal space of teeth. Important histopathological studies published several decades
ago first noted the presence of adherent cells on root canal surfaces. However, it was
not until the introduction of advanced microscopy and molecular biology tech-
niques that they were recognized to be the dominant form of microbial life in the
root canal system. Similarly, it was only in the past decade that root canal infections
were acknowledged to be biofilm infections. Subsequently, recent studies have
shown that root canal biofilms are associated with persistent endodontic infections
and as such are likely to be significant contributing factors determining the outcome
of endodontic treatment.

Concerted efforts to study root canal biofilms have been made in the past decade
resulting in the publication of observational and experimental studies that detail the
morphology and biology of these structures in infected root canals. In addition to
confirming that bacteria in root canals do not exist in free-floating planktonic states
as previously assumed, this new information on root canal biofilm infections has
provided an opportunity to reevaluate conventional clinical protocols and improve
endodontic therapeutic measures.

The aim of this volume is to provide a current understanding of the basic
scientific aspects of root canal biofilm biology within a clinically applicable
context. This volume is divided into three sections. Part I discusses the basic
biology of root canal biofilms and addresses key questions about the ecological
and physiological aspects that play a role in the formation and resistance of biofilms
in root canals (chapter “Ecology and Physiology of Root Canal Microbial Biofilm
Communities”). The last two chapters of this section review the general mecha-
nisms of biofilm adhesion (chapter “Molecular Principles of Adhesion and Biofilm
Formation”), and the mechanisms of antimicrobial resistance in endodontic-related
pathogens (chapter “Antimicrobial Resistance in Biofilm Communities”). In Part II,
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attention focuses on observational and experimental evidence of root canal micro-
bial biofilms. Part II starts with an overview of observations of biofilms in root
canals using scanning electron microscopy (chapter “The Use of Scanning Electron
Microscopy (SEM) in Visualizing the Root Canal Biofilm”). Evidence for biofilm
formation in histopathological preparations, and a review of novel molecular
techniques to identify bacteria in biofilm populations in clinical samples, is pro-
vided in chapter “Bacterial Biofilms and Endodontic Disease: Histobacteriological
and Molecular Exploration”. Part II closes with a description of common experi-
mental approaches utilized to study root canal biofilms including in vitro biofilm
modeling techniques (chapter “Laboratory Models of Biofilms: Development and
Assessment”) and examines the challenges behind anatomic complexities in root
canals as these may play a role in root canal disinfection (chapter “Root Canal
Anatomy: Implications in Biofilm Disinfection™). The final section, Part III, con-
siders how infections caused by root canal biofilms are clinically treated and review
the implementation of novel anti-biofilm approaches. An overview of the outcome
of persisting root canal biofilm infections and appropriate treatment options is first
presented (chapter “Biofilm-Associated Infections in Root Canals: Treatment and
Outcomes”). This is followed by an explanation of the influence of clinical irri-
gation techniques (chapter “Root Canal Irrigation”) and the importance of inter-
appointment medication on root canal biofilms (chapter “Inter-appointment Medi
cation with Calcium Hydroxide in Routine Cases of Root Canal Therapy”). Finally,
innovative methods and devices directed towards the removal of biofilms from root
canals are discussed (chapter “Advanced Therapeutic Options to Disinfect Root
Canals”).

This volume will be of interest to a wide range of endodontics-related profes-
sionals, including basic microbiologists, clinical microbiologists, and clinicians, and
should be useful to undergraduate, postgraduate, and postdoctoral scientists working
at the frontier of a new understanding of the role of microbial biofilms in endodontic
disease.
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Part I
General Biological Aspects



Ecology and Physiology of Root Canal
Microbial Biofilm Communities

Luis E. Chavez de Paz and Philip D. Marsh

Abstract Microbial communities formed in root canals of teeth constitute the heart
of the infected root canal ecosystem, and yet their establishment and development
remains challenging to measure and predict. Identifying the ecological and physi-
ological drivers of microbial community colonization, including resistance (insen-
sitivity to disturbance) and resilience (the rate of recovery after disturbance), is
important for understanding their response to antimicrobial treatment. This chapter
will provide an overview of the ecological and physiological factors that are
relevant for root canal microbial communities in terms of their establishment and
endurance in root canal ecosystems. Initially, insights from ecological and physi-
ological parameters that are useful for defining and measuring activities in root
canal biofilm communities will be reviewed. The ecological progress of root canal
infections will be discussed in terms of three ecological processes: (1) selection of
successful root canal colonizers by habitat filtering, (2) selection of resistant
bacteria to major disturbances in the environment (e.g., provoked by antimicrobial
therapy in endodontics), and (3) resilience of the community after the disturbance.
Finally, current methods for analyzing these ecological processes will be described,
as these are key elements for identifying the biological features of individual
microorganisms and of root canal microbial communities.

1 Introduction

Our current understanding of the microbiota of infected root canals is based on the
findings from classical culture-based studies (Moller 1966; Bergenholtz 1974;
Sundqvist 1976; Baumgartner and Falkler 1991) and in recent years from studies
that have applied modern culture-independent molecular technologies (Munson
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et al. 2002; Spratt 2004; Rocas and Siqueira 2010; Chugal et al. 2011). The
accumulated information from both these approaches has led to the characterization
of species diversity in different clinical situations from the necrotic tooth to the
chronically infected root-filled tooth. Notwithstanding this increase in valuable
information on the identification of members from root canal microbial communi-
ties in different clinical scenarios, there are still significant limitations in explaining
the fundamental ecological and physiological basis by which these microbial
communities form in root canals. In particular, we still lack a clear understanding
of the basis of ecology community-level functions and the potential physiological
role that key members of the microbial communities play to maintain stability and
structure after antimicrobial treatment. While studies based on 16S rRNA identifi-
cation have characterized communities of bacteria in root canals with tens to
hundreds of species (for a review see chapter “Bacterial Biofilms and Endodontic
Disease: Histo-Bacteriological and Molecular Exploration™), it is usually not pos-
sible to experimentally establish which species actively take part in the community
and perform pivotal functions. The development of root canal microbial commu-
nities might also depend on the nature of the primary root canal infection, as well as
on environmental selection and physiological adaptation, the effects of which
would be difficult to control or characterize under laboratory conditions.

Furthermore, the influence of each of the ecological drivers on the composition
of a community established in root canals can vary according to the temporal scale
of observation. For example, untreated necrotic root canals are found to be domi-
nated by proteolytic anaerobic organisms, while treated root canals seem to be
dominated by a less diverse community with species that can persist for long
periods of time under harsh conditions, e.g., facultative anaerobic Gram-positive
organisms (Sundqvist 1992, 1994; Figdor and Sundqvist 2007). The low numbers of
such facultative anaerobic species detected in untreated necrotic cases using
sequencing approaches create a further challenge in establishing the relation
between community composition and dynamics from one clinical state to the other.

In this chapter, an ecological concept is presented, focusing on three main
ecological processes. These will introduce an ecological and physiological inter-
pretation of the role of microbial biofilm communities in the pathobiology of root
canal infections. The first of these processes occurs after the invasion of bacteria
from the oral cavity into the root canal, in which the root canal environment acts as
a habitat filter to select for specific microorganisms. The second process occurs
after or during root canal treatment. It will be proposed that the application of
antibacterial solutions, dressings, etc., will cause a simplification in the root canal
microbiota, where stressful environmental changes will select for more resistant
microorganisms. Finally, the third process comprises the resilience of the
remaining community, where the multiple ecological adaptive factors by which
microorganisms will establish as a post-disturbance community are examined.
Insights obtained from studying the ecology of microbial communities in root
canals can be used to improve the management of endodontic infections.
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2 Habitat Filtering: Selection of Root Canal Colonizers

A general consensus is that the growth and survival of microorganisms invading the
pulpal space is controlled by a variety of environmental factors occurring at the
time of the infection. These factors, of physical and chemical nature, constitute the
habitat filter that will limit the growth of certain organisms compared to others
(Fig. 1). To be able to define the factors included in this ecological filtering process,
it is important to first define the status of the pulp at the time of the microbial
invasion, i.e., the presence of a responsive or necrotized pulp. Clearly, the main
difference between these two states of the pulp is the capacity to exert an inflam-
matory reaction in response to the bacterial invasion (Bergenholtz 2001). In the
case of a responsive pulp that is exposed to the oral microbiota due to trauma as
well as in a pulp that is undergoing an acute inflammatory reaction due to a deep
carious process, the invading organisms must face an environment characterized by
the infiltration of neutrophils. In this case, the chemical composition of the envi-
ronment is represented by the tissue-destructive elements released by neutrophils,
including oxygen radicals, lysosomal enzymes, and high concentrations of nitric
oxide (NO).

Fig. 1 Selection of root Oral bacteria
canal colonizers by habitat
filtering. Schematic
depiction of the habitat-
filtering process, showing
invading oral bacteria (cells
in colors), the ecological
filtering factors, and the
successful root canal
colonizers (cells in green).
Oral bacteria invading the
pulp chamber after

exposure via caries, trauma, Habitat Filtering
or periodontal disease are factors in play: oxygen,
ecologically filtered by nutrients, nitric oxide

environmental factors such
as oxygen, nutrients, and
nitric oxide. The presence
of nitric oxide in the pulp
ecosystem is due to the
infiltration of neutrophils
during the inflammatory
process in the pulp.
Successful colonizers will
constitute the root canal
microflora

Root canal community
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Nitric Oxide (NO) NO is a small, lipophilic, and freely diffusible radical that has
strong cytotoxic properties due to its high reactivity. NO directly affects the activity
of enzymes in bacteria by the reaction with bound free radicals or with metal ions
(Kim et al. 2008; Zagryazhskaya et al. 2010; Pearl et al. 2012). NO has been found
to affect bacterial respiration and amino acid biosynthesis, thereby causing cell
growth arrest and suppression of DNA synthesis (Jyoti et al. 2014; Kolpen
et al. 2014; Liu et al. 2015). Although the molecular interaction of NO with root
canal bacteria has not been clarified, the ability of bacteria to adapt their phenotype
in order to survive NO environments may be a crucial characteristic of oral
microorganisms for colonization in the root canal ecosystem.

Oxygen Oxygen is the terminal electron acceptor in aerobic respiration that is by
far the most efficient type of energy metabolism. Oxygen levels in the pulpal
ecosystem may play an important role in selection and in determining functional
interactions and spatial structures of root canal microbial communities. Studies on
the dynamics of root canal infections have shown that the relative proportions of
anaerobic microorganisms increase with time and that the facultative anaerobic
bacteria are outnumbered when the canals have been infected for 3 months or more
(Moller et al. 1981; Dahlan et al. 1987; Fabricius et al. 2006). In the infected root
canal environment, there are concentration gradients in oxygen that can vary from
low to complete anoxia. Although the oxygen gradients can be relatively stable over
time, oxygen seems to be a major ecological factor in the root canal milieu and one
that promotes the development of an anaerobic or microaerophilic microbiota
(Sundqvist 1992, 1994).

Nutrients All organisms must scavenge nutrients and then coordinate central
metabolism, monomer synthesis, and macromolecule polymerization for biomass
synthesis and growth (Chubukov et al. 2014). Thus, one of the most important
environmental factors that will determine the selection of root canal bacteria is the
principal source of nutrient available to the microbiota for growth. The invading
oral microorganisms are usually influenced by saliva, its components, and the diet
of the host, but would be exposed in root canals primarily to serum constituents,
including glycoproteins from the inflamed pulp and periapical tissues (Svensiter
and Bergenholtz 2004).

The large and densely connected network of metabolites, enzymatic reactions,
and regulatory interactions makes it challenging to understand the metabolic and
regulatory network taking place at the time of colonization of the pulpal space in its
totality (Sundqvist 1992, 1994). However, by means of specific laboratory models,
it is possible to define in vitro individual regulatory circuits that will provide
specific information on the nutritional demands of individual members or groups
of the root canal microbial community (for a review see Sundqvist and Figdor
2003).

It is of great interest, however, that some of the actual molecular components
and mechanisms that control the nutritional demands of root canal bacteria are
determined by phenotypic adaptation to the environment. As the prime energy
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source of facultative anaerobic bacteria is carbohydrates, it is believed that a
decrease in availability of carbohydrates in the root canal will limit the growth
opportunities for these organisms (Sundqvist 1994; Figdor and Sundqvist 2007).
However, bacteria from the oral cavity possess complementary patterns of glyco-
sidase and protease activities and combine their complementary metabolic capa-
bilities to degrade host glycoproteins in a synergistic manner (Bradshaw
et al. 1994). In a process known as phenotypic switching, dual metabolic patterns
found in some oral bacteria are proposed to play a role in the catabolism of complex
glycoproteins from saliva (Wickstrom et al. 2009). For example, when the
saccharolytic organism S. oralis was exposed to carbohydrate-deprived environ-
ments, this organism upregulated a number of proteolytic enzymes that help them to
increase in numbers relative to other oral species (Beighton and Hayday 1986;
Homer et al. 1990; Heinemann and Sauer 2010). This particular ability in S. oralis
to digest protein could be considered as an advantage for their survival in the oral
community at the times of carbohydrate famine. Phenotypic switching is an effi-
cient strategy of bacteria to thrive in nutrient-limited environments, by a high
frequency and reversible switch (ON/OFF) of the expression of one or more
genes (Casadesus and Low 2013; Hammerschmidt et al. 2014). Phenotypic
switching by oral bacteria in response to the availability of nutrients in the envi-
ronment, e.g., in response to the lack of carbohydrates and presence of serum
proteins, is an important characteristic that may explain the persistence of faculta-
tive anaerobic organisms in all clinical stages of the endodontic infection.

Studies of the root canal environment as a habitat filter will aid us to understand
how oral microbes adapt their phenotypes in response to environmental changes to
successfully colonize the root canal. Concentrating basic research on these adaptive
mechanisms by, for example, using comparative genomic approaches to investigate
habitat filtering, will help us relate changes in individual microbial genomes and the
environments to which they are selected. In the future, this problem may be
approached from a single-species genomics, carefully tested in a range of environ-
mental conditions, and can be followed by the investigation of the complete
genomes of representative multispecies communities obtained directly from root
canal environments. Furthermore, with the advent of novel post-genomic tech-
niques such as microbial metabolomics, the complete set of metabolites within a
selected microorganism could be monitored, as well as their global outcome of
interactions between its development processes and its environment (Takahashi
et al. 2010). These results will finally help us elucidate the association between
sequenced root canal microorganisms and the root canal habitat.

3 Disturbance and Selection of Resistant Bacteria

In ecology, disturbances are causal events that alter the immediate environment and
have possible repercussions for a community of organisms (Gonzalez et al. 2011;
Shade et al. 2012). Ecological disturbances may also directly alter a community by
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killing their members or change their relative abundances (Shade et al. 2012).
Disturbances occur at various spatial and temporal scales with different frequen-
cies, intensities, extents, and periodicities. Communities have nonlinear responses
to disturbances that are mainly determined by their levels of resistance and resil-
ience. Resistance is defined as the degree to which a community is insensitive to a
disturbance (Ding and He 2010; Wardle and Jonsson 2014), and resilience is the
rate at which a community returns to a pre-disturbance condition (see below
resilience process). A related concept, sensitivity, is the inverse of resistance and
defined as the degree of community change following a disturbance.

In endodontics, mechanical instrumentation in combination with chemical anti-
microbial agents is a good example of an ecological disturbance. In this example,
shear forces applied through direct contact of machine-driven files on the surfaces
of the root canals aim to achieve physical removal of biofilm communities. Root
canal biofilm control is further accomplished by the use of antimicrobials that aim
to kill bacteria. Recently, microbiological research in endodontics has focused on
evaluating the killing effect of chemicals with antimicrobial properties for disin-
fection (Kobayashi et al. 2014; Wang et al. 2014; Xhevdet et al. 2014). According
to such studies, however, it is apparent that a portion of the microbial biofilm
communities in root canals may tolerate and remain viable after treatment (see an
schematic depiction of selection in Fig. 2). For example, a recent study showed that

a) Environmental
disturbance

ik L -7
S

Root canal community Resistant community

25
20
10

5

0

0 50 100 150 200 250 0 50 100 150 200 25 0 50 100 150 200 250

Fig. 2 Selection of resistant root canal bacteria. (a) Schematic depiction of the selective process
in a root canal community by environmental disturbances. Environmental disturbances in end-
odontics are the shear forces by mechanical instrumentation, irrigation with antimicrobials, and
intracanal medication. Affected cells are shown in red and the resistant bacteria selected after
disturbance are shown in light green. (b) 3D reconstructions show microscopic structure of
biofilms formed by oral bacteria grown on polystyrene surfaces and exposed to 2.5 % NaOCl
and stained with the LIVE/DEAD stain (green (viable cells) and red (damaged cells)). The units on
the axes are micrometers
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it was not possible to eradicate wild strains of bacteria of endodontic origin grown
in vitro using ampicillin, doxycycline, clindamycin, azithromycin, or metronida-
zole (Al-Ahmad et al. 2014).

Clinical studies have also confirmed the tolerance of selected members of
microbial communities to endodontic procedures and that these organisms are likely
to play a role in treatment failures (Engstrom et al. 1964; Gomes et al. 1996;
Molander et al. 1998; Sundqvist et al. 1998; Sunde et al. 2002). Not surprisingly,
bacteria that are tolerant to endodontic treatment are normal inhabitants of the oral
cavity, with some exceptions like E. faecalis (Sedgley et al. 2004). Gram-positive
facultative anaerobic bacteria from the genera Streptococcus, Lactobacillus, and
Actinomyces are frequently recovered from root canals of teeth after treatment
(Engstrom et al. 1964; Molander et al. 1998; Sundqvist et al. 1998; Chavez de Paz
et al. 2003). The higher tolerance of Gram-positive bacteria may be related to
different structural and physiological factors, for example, in cell-wall structure,
innate resistance to antimicrobials, and phenotypic plasticity that allows them to
adapt and endure harsh environmental conditions (Dessen et al. 2001; Berger-Bachi
2002). However, the information about the mechanisms involved specifically in
tolerance to environmental disturbances in root canals is scarce. There have been
few studies that have tried to model the influence of environmental conditions on
microbial physiological responses and microbial community composition changes
(Chavez de Paz 2007, 2012). In this section, the hypothesis will be introduced that a
sudden change in the root canal environment will create conditions that are stressful
for microorganisms and to which they are obliged to adapt for survival. Under such a
selective ecological pressure, root canal microbes must have physiological adaptive
mechanisms to survive and remain active in the face of this stress or they will die.

Adaptive Mechanisms of Resistance The main mechanisms of microbial resis-
tance to survive disturbances in the environment rely on their ability to adapt their
phenotype in the form of a rapid physiological response. In general, the cellular
machinery of bacteria is prepared to change in response to various types of
environmental threats such as shifts from aerobic to anaerobic conditions and
rapid fluctuations of pH, temperature, and osmotic conditions (Bowden and Ham-
ilton 1998; Marsh 2003). In the case of changes provoked by antimicrobials,
immediate responses can often be achieved by regulation of the activities of
preformed enzymes (Svensiter et al. 2001). In the case of mechanisms of tolerance
by root canal bacteria, a recent study analyzed the survival of a selected group of
root canal bacteria in biofilms under alkaline stress. In this study, it was observed
that biofilm bacteria resisted by releasing specific enzymes out into the environment
(Chavez de Paz et al. 2007). Cytoplasmic housekeeping enzymes, such as
phosphocarrier HPr, the heat-shock chaperone DnaK, FBA, and GAPDH, were
the most frequently identified proteins. Although the physiological role of these
housekeeping enzymes outside the cell is presently unknown, most of these
enzymes have also been found to be associated with the bacterial response to
other similar environmental stresses such as acid challenge. Hence, it is not
unreasonable to consider that the molecular mechanisms of stress response are
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orchestrated concomitantly from a main general stress response with the interplay
of various regulatory processes taking place at the same time.

In the case of continual changes in the environment, for example, with the
application of intracanal medicaments over a period of time, resistance may be
also accomplished by alterations in the pattern of gene expression. This can be
accomplished via an operon, where all related genes are located adjacent to each
other in the chromosome and transcribed as a single transcript controlled by a single
promoter site, or by means of regulatory units that utilize genes situated in different
locations on the chromosome (Ghazaryan et al. 2014; Raivio 2014). Unfortunately,
for most of the root canal microorganisms, we do not even have a minimal view of
these fundamental molecular adaptive processes. Even in general medical micro-
biology there are actually not many microorganisms whose physiology is thor-
oughly understood and little is known about conditions prevailing in biofilms
comprised of multispecies communities such as those in the root canals of teeth.

Recent studies on the whole genomes of a number of oral microorganisms have
shown that there are more similarities than differences in the way bacteria handle
stress (Jenkinson 2011; Zaura 2012; Wade 2013). As discussed above, an important
feature of adaptation and survival of bacterial cells in stressful environments seems
to be the expression of a range of proteins that promote the survival of the cells
(Hamilton and Svensiter 1998). To understand how a single microbial cell is able to
cope with an ecological disturbance within a multispecies community is an over-
whelming challenge since adaptation or response to stress may take place at
different levels in the community and vary in intensity among its members.

Tolerance to Antimicrobials by Biofilm Communities The physiology of a
microbial community, like the one established in root canals, is certainly distinct
from the physiology of individual members as the community lifestyle provides
advantages compared to those of the component populations. In a multispecies
community, the ranges of potential habitats for colonization are extended, resis-
tance to stress and host defenses increase, and cooperative degradation of complex
substrates can take place (Marsh 2003). Elucidating the physiologies of biofilm-
associated communities is necessary for our understanding of infection and survival
of bacteria in a changing environment.

In endodontics, there is an increasing interest in studying the effect of antimi-
crobials on multispecies biofilm communities. Studies have shown that mixed root
canal microbial communities are variably “resistant” to disturbances, as measured
by viability of the biofilm cells (Chavez de Paz 2012; Stojicic et al. 2013; Shrestha
and Kishen 2014). Generally, these ex vivo studies that explored the effect of
antimicrobials on multispecies communities are observational and typically involve
large-scale antimicrobial disturbances or nutrient starvation (e.g., sodium hypo-
chlorite, chlorhexidine, glucose starvation, etc.).

In a recent study, the phenotypic response of a multispecies biofilm model using
four root canal bacterial isolates to the absence of glucose was determined (Chavez
de Paz 2012). The results of this study showed a significant variation in the
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three-dimensional structure of the multispecies biofilms in response to the absence
of glucose. In addition, physiological adaptation by members of the community to
glucose depletion was observed. The metabolic activity was concentrated in the
upper levels of the biofilms, while at lower levels, the metabolism of cells was
considerably decreased. Subpopulations of species with high glycolytic demands,
such as streptococci and lactobacilli, were found predominating in the upper levels
of the biofilms. This distinct spatial organization in biofilms grown in the absence of
glucose shows a clear reorganization of the community in order to satisfy their
members’ metabolism in order to enable the long-term persistence of the commu-
nity. This result lends support to the hypothesis that the reorganization of sub-
populations of cells in multispecies biofilms is also important for survival to stress
from the environment (Shapiro 2007).

The results of these in vitro studies, however, suggest that we have still much to
learn about the physiological adaptive mechanisms orchestrated by root canal
microbial communities. In addition, only few studies have implemented
multispecies models to investigate the compositional and functional responses to
disturbance by a community of bacteria, which hinders more quantitative cross-
system comparisons (see methodological review in chapter “Laboratory Models of
Biofilms: Development and Assessment” and alternative ecological methods
below). By developing laboratory experimentation on multispecies microbial com-
munities, the implications of ecological disturbance screenings and their effect on
root canal bacteria will advance. After these methodological systems are success-
fully established and results from different research groups are correspondingly
replicated, the question arises as to how and at what level these artificial root canal
multispecies communities (and data obtained from them) can be compared to their
counterparts in the original environment.

Nevertheless, from classical studies on general biofilm biology, we know that
the problem on the relative tolerance of bacteria, especially when growing as a
biofilm, to antimicrobial agents is accounted for due to transport-based and
physiology-based mechanisms or a combination (Mah and O’Toole 2001).
Transport-based mechanisms indicate that the biofilms act as barrier to antibiotic/
antimicrobial diffusion, although the main attributes of this mechanism rely on the
features that govern transport rates and generate structural, chemical, and biological
heterogeneity in biofilm communities (Stewart and Franklin 2008). Heterogeneity
in biofilm communities is a result of the distinct metabolic activities of the cells that
provoke different concentration gradients of nutrients and local chemical condi-
tions (for a review in biofilm heterogeneity see (Stewart and Franklin 2008)).

Inherent Resistance to Ecological Disturbances Inherent resistance involves
evolutionary selection of a growth form and a history strategy that allows a microbe
to resist disturbances without having to induce specific mechanisms at the time of
the disturbance. Developing such inherent resistance invariably involves physio-
logical trade-offs that affect microbial function (Mah and O’Toole 2001). Among
endodontically isolated organisms, for example, E. faecalis is thought to be more
inherently resistant to alkaline stress than oxygen-sensitive Gram-negative bacteria.
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The mechanisms behind the innate resistance of enterococci to alkaline pH are
thought to include the activation of specific proton pumps and specific enzymatic
systems and/or buffering devices that help to keep the internal pH neutral
(Kayaoglu and Orstavik 2004). In a recent study, however, it was observed that in
response to alkaline pH, a general transcriptional process including the expression
of housekeeping genes, such as dnaK and GroEL, and the cytoskeletal molecule,
ftsZ, took place in E. faecalis (Appelbe and Sedgley 2007). Thus, it would seem that
a network of regulatory interactions including central cytoskeletal processes and
expression of chaperones regulate the response of E. faecalis to alkaline stress (see
chapter “Antimicrobial Resistance in Biofilm Communities”). Knowing the tran-
scriptional regulatory network in this organism could aid in understanding central
adaptive regulatory operations within a root canal biofilm community.

In conclusion, it is of importance to establish a stronger connection between
microbial resistance to ecological disturbances and root canal ecology. With an
enhanced understanding of microbial physiological responses to stress provoked by
clinical procedures in endodontics, we will have a better understanding of the
mechanisms employed by bacteria in response to antimicrobial therapies. Some
questions that remain unanswered are, for example, how does physiological resis-
tance to stress vary among microbial communities in root canals? How do those
patterns of resistance relate to ecosystem-level consequences in response to stress?

4 Resilience of Root Canal Microbial Communities

This third ecological process addresses the concept of resilience of root canal
microbial communities that have been selected by environmental disturbances
(see above) and that have resisted antimicrobial endodontic treatment. The resil-
ience of a microbial community focuses on its capacity to surmount ecological
disturbances and still preserve viability and physiological function. But there is also
another aspect of bacterial resilience that concerns the capacity for regrowth,
reorganization, and development, which in the case of endodontic infections is
essential for maintaining chronic inflammatory periapical lesions (Fig. 3).

In a resilient root canal microbial community, ecological disturbances may
cause important physiological consequences in cells. For instance, it is likely that
in the resilient community, stress-adapted cells may differentiate into low physio-
logical states or dormancy. In these states of low metabolism, bacteria are implicitly
driven to stasis to thrive in environments where nutrient resources may be scarce.

Dormancy and Adaptation to Starvation Bacteria under the stress of starvation
have developed efficient adaptive regulatory reactions to shift their metabolic
balance away from biosynthesis and reproduction, toward the acquisition of energy
for essential biological functions (Matin 1992; Nystrom 1999). Under nutrient
limitation, bacteria rapidly reallocate cellular resources by stopping the synthesis
of DNA, stable RNAs, ribosomal proteins, and membrane components (Potrykus
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Phenotypically adapted

Persister cells

b Dormant

Fig. 3 Scanning electron microscopy (SEM) image of a resilient root canal microbial community
in the apex of an infected root canal. The SEM image show false colors of green, yellow, and blue
representing cells that are phenotypically adapted, persister, and dormant, respectively

and Cashel 2008). This effective responsive process to nutrient stress, termed “the
stringent response,” is characterized by the production of factors that are crucial for
stress resistance, glycolysis, and amino acid synthesis (Dalebroux and Swanson
2012). The stringent response is accomplished in part by a massive switch in the
transcription profile, coordinated by an effective alarmone system that includes the
nucleotides guanosine tetraphosphate (ppGpp) and guanosine pentaphosphate
(pppGpp)- (P)ppGpp plays an important role in low-nutrient survival of
E. faecalis, an organism that is known to withstand prolonged periods of starvation
and remain viable in root-filled teeth for at least 12 months (Molander et al. 1998;
Sundqvist et al. 1998). Furthermore, the alarmone system (p)ppGpp has also a
profound effect on the ability of E. faecalis to form, develop, and maintain stable
biofilms (Chavez de Paz et al. 2012). These improved understandings of the
alarmone mechanisms underlying biofilm formation and survival by E. faecalis
may facilitate the identification of pathways that could be targeted to control
persistent infections by this organism.

From a physiological perspective, nutrient deprivation causes bacteria to revers-
ibly switch to a state of metabolic arrest (dormancy) (Nystrom 1999). In the
dormant phenotype, bacteria will survive a wide range of environmental threats,
in addition to deprivation of nutrients, such as temperature shifts and extreme pH
changes, as well as exhibiting decreased sensitivity to antimicrobial agents (Stewart
and Franklin 2008). When the nutrient supply is favorable again, the stress response
is released and the bacteria resume metabolic activity and cell division. A large
amount of RNA and protein appears to be degraded rapidly at the onset of
starvation, which is believed to be part of a general stress response (GSR) that is
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connected to survival responses in changing environments like the oral cavity
(Bowden and Hamilton 1998).

In some cases, the occurrence of persister cells has been identified. Persistence is
a feature where bacteria that are phenotypically susceptible to antibiotics are not
effectively eliminated upon exposure to high doses of those drugs. Persister cells do
not have specific regulatory mechanisms of resistance, but they undergo general
physiological changes, like diminishing their metabolism similar to a dormant state.
The persistent phenotype is believed to be responsible for the recalcitrant nature
and therapy unresponsiveness of several chronic infections (see chapters “Molecu
lar Principles of Adhesion and Biofilm Formation” and “Antimicrobial Resistance
in Biofilm Communities”).

Metabolic Reactivation In cases with a chronic periapical infection that suddenly
reactivates and causes an acute inflammatory response after many years, it is
reasonable to assume that resilient dormant cells have “woken up” and resumed
their metabolic activity to provoke acute periapical inflammation. Thus, from the
metabolic perspective, the reactivation of dormant cells will render biofilm bacteria
able to contribute to the persistence of inflammation. For example, a recent case
report of a tooth that was adequately treated and showed no signs of disease
revealed recurrent disease after 12 years. Histopathological analyses showed a
heavy dentinal tubule infection surrounding the area of a lateral canal providing
evidence on the persistence of an intra-radicular infection caused by bacteria
possibly located in dentinal tubules (Vieira et al. 2012). This hypothesis on the
metabolic reactivation of biofilm cells was tested in a recent study (Chavez de Paz
et al. 2008). Biofilm cultures of oral isolates of Streptococcus anginosus and
Lactobacillus salivarius were forced to enter a state of dormancy by exposing
them to nutrient deprivation for 24 h in PBS buffer. After the starvation period
the number of metabolically active cells decreased dramatically to zero and their
cell membrane integrity was kept intact. Biofilm cells were then exposed to a
“reactivation period” with fresh nutrients, but even after 96 h, the cultures were
dominated by undamaged cells that were metabolically inactive. The data produced
by this study showed that starved biofilm cells exhibit a slow physiological
response and do not reactivate in short time periods even in the presence of fresh
nutrients. This observation confirms the slower physiological response of biofilm
cells, which may act as a strategic mechanism to resist further disturbances (Mah
2012).

In conclusion, global regulators of bacterial physiology are involved in micro-
bial community resilience and have important roles in biofilm reorganization,
virulence, and antibiotic resistance. All these molecular processes can be taken
into consideration in the development of treatment strategies for bacterial infections
resistant to conventional antimicrobial root canal treatment.
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5 Methods to Analyze Microbial Ecosystems

In order to monitor physiological responses of organisms in communities and
understand their relevance to resist and overcome environmental disturbances, it
is necessary to build up a strong database of information describing the physiology
of the participating organisms under controlled conditions. Many physiological
properties of bacteria can be investigated by means of common microscopic tools
and analytic strategies. Modern molecular tools offer approaches to in situ studies
of specific physiological processes in the presence of essential nutrients or in
disturbed environments (e.g., after application of antimicrobials). This section
describes some of the most common microbiological methods to analyze microbial
ecosystems in situ and under laboratory conditions.

Scanning Electron Microscopy (SEM) Modern techniques to analyze microbial
ecosystems comprise a variety of traditional and modern microscopy techniques.
For example, electron microscopy has provided a vast amount of information on the
structure of microbial ecosystems. As discussed in chapter “The Use of Scanning
Electron Microscopy (SEM) in Visualizing the Root Canal Biofilm,” the use of
SEM analysis has increased due to its rapidity and sensitivity to detect structural
changes in microbial ecosystems. As seen in Fig. 3, imaging of the intra-radicular
biofilm alongside a segment of an infected root canal by scanning electron micros-
copy clearly demonstrates the heterogeneous architecture of the oral biofilm. The
biofilm is adherent adjacent to the dentinal tubule lumen and is characterized by
cocci, filaments, and both yeast and hyphal cell-forming networks of extracellular
matrix strands. In specific sections of the image, densely packed cells are accumu-
lated surrounded by extracellular material. Although detailed qualitative informa-
tion is obtained from these types of SEM images, other studies have showed
limitations of the SEM technique. In 1994, Sutton et al. (1994) compared conven-
tional scanning electron microscopy (SEM), low-temperature SEM, and electro-
scan wet mount SEM in monocultures of S. crista to expose large differences in the
final grayscale image. It was observed that under natural conditions, extracellular
polymeric substances (EPS) take over the resulting image, not yet allowing explo-
ration of the cellular distribution in the biofilm below. The use of SEM to analyze
oral biofilms and infected root canals is further reviewed in chapter “The Use of
Scanning Electron Microscopy (SEM) in Visualizing the Root Canal Biofilm.”

Confocal Scanning Laser Microscopy (CSLM) Confocal scanning laser micros-
copy (CSLM) has become the preferred technique to study the architecture of
biofilms because it provides a powerful microscopy tool to analyze microbial
communities in situ. Usually CSLM is applied with fluorescent probe techniques
that take advantage of the optical geometry construction of the CSLM. The
coherent light beams of CSLM have a very narrow depth of focus at the same
time as all out-of-focus information is discarded. CSLM produces a series of narrow
focal planes that are recorded at different depths throughout a three-dimensional
sample (Neu et al. 2010). Subsequently, the single-plane images can be assembled
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using image-processing techniques to generate three-dimensional digitized images.
These three-dimensional reconstructions of microbial biofilm sections allow the
in-depth profile of a biofilm sample in situ. These techniques have helped reveal the
highly heterogeneous structure of microbial biofilm.

Fluorescent Probes The above-discussed CSLM technique is usually applied in
combination with fluorescent probes to discriminate between classes, genera,
species, and also the viability of individual organisms present in the microbial
ecosystem. Furthermore, chemical interactions within the biofilm can also be
monitored. Common fluorescent probes include negative stains such as fluorescein,
which provides a fluorescent background upon which the bacteria can be viewed as
unstained cells. Other agents such as resazurin are used to distinguish between
“live” and “dead” cells (Netuschil et al. 2014). Actively metabolizing cells reduce
resazurin to a colorless nonfluorescent form, in contrast to dead cells, which
maintain the fluorescent dye in their cytoplasm.

CSLM in combination with commercial fluorescent probes can aid in
distinguishing between living and dead organisms within a microbial biofilm
community. Although in traditional microbiology, a living cell could only be
determined as one that can grow and reproduce, in the end developing a colony,
with the advent of fluorescence microscopys, it is assumed that organisms capable of
catalyzing fluorescent metabolites are metabolically active. For example, tetrazo-
lium salts are markers that target oxidation/reduction reactions. In contrast, cell
membrane integrity can be investigated with the widely used commercial agent, the
LIVE/DEAD BacLight viability probe. In this technique, undamaged cells fluo-
resce green, whereas cells whose membrane structure is damaged (but not neces-
sarily dead) fluoresce red (Fig. 2b).

Other more sophisticated fluorescent techniques include fluorophores that are
linked to other agents in order to specify their target elements. For example,
conjugated lectins can be used to determine the distribution of oligosaccharides
in the biofilm matrix (Neu and Lawrence 2014). Monoclonal antibodies attached to
fluorophores can also be used to determine the location of species within a biofilm
(Chalmers et al. 2007). A more advanced technique is to use fluorophores attached
to 16S rRNA oligonucleotide sequences in order to identify bacterial species in situ
(see below).

In recent years, with the development of super-resolution microscopy, a suite of
cutting edge microscopy methods that are able to surpass the resolution limits of
light microscopy have dramatically improved both the localization and quantifica-
tion of target molecules in single cells (Moraru and Amann 2012). In a pilot study, a
combination of super-resolution microscopy and rRNA targeted oligonucleotide
probing provided the subcellular localization of ribosomes in E. coli (Moraru and
Amann 2012). It was observed that ribosomes were localized surrounding the
central nucleoid and that some of the cells have two distinct nucleoids. The inter-
nucleoid rRNA indicated the position of the division septum, most probably
following rRNA localization along the cell membrane during the division pro-
cesses. This highly advanced technique could be used to allow the tracking of
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ribosome-associated changes in activity levels and subcellular localization at the
single-cell level in complex microbial communities. These would give insights into
variations occurring across community members and after different environmental
conditions.

Fluorescence In Situ Hybridization (FISH) The microbial compositions of
biofilm communities, such as those growing in the oral cavity or root canal of
teeth, are generally diverse. Thus, it is imperative that in situ determination of the
different species present and their distribution in a three-dimensional space are
accomplished for subsequent analysis and interpretations. Figure 4 depicts the main
methodological approach for identification of relevant organisms in biofilm com-
munities by fluorescence in situ hybridization (FISH). FISH allows for the simul-
taneous detection of phylogenetically different bacteria. This method detects
bacteria at the species, genus, and family levels, and FISH with oligonucleotide
probes based on ribosomal RNA (rRNA) specifically identifies targeted bacteria
(Brileya et al. 2014).

Atto 488 5’ -TAG CCG TCC CTT TCT GGT -3’ Streptococcus (STR405)

Atto 565 . 5’ -YCA CCG CTA CAC ATG RAG TTC CAC T-3” Lactobacillus & Enterococcus (LAC722)
Pacific blue @ 5" -GCT ACC GTC AACCCA CCcC -3 Actinomyces (JF201)

Atto 425 @ 5’ -CCC TCT GAT GGG TAG GTT -3’ Enterococcus (EFS129)

Fig. 4 Identification of bacteria by fluorescence in situ hybridization (FISH). 16S rRNA fluores-
cent probes used to identify four root canal bacteria on multispecies biofilms cultures, Strepto-
coccus gordonii (green), Lactobacillus salivarius (red), Actinomyces naeslundii (blue), and
Enterococcus faecalis (violet). The red probe for Lactobacillus targeted also Enterococcus;
hence, the addition of an additional blue probe for Enterococcus shows labeling results in violet
fluorescence. Bar =10 pm
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With the aid of the FISH technique, the identification of individual bacterial cells
within a community will represent an important advantage in order to understand
the organization of microbial ecosystems. Oligonucleotide probes that are designed
to target specific regions of the 16S rRNA gene are then labeled with specific
fluorescent dyes. Different probes can be generated: for example, one that recog-
nizes the Lactobacillus, another for Streptococcus, and successively more specific
probes for particular groups of bacteria right down to individual species. Figure 4
illustrates an example of four-species biofilm targeted with a cocktail of fluorescent
oligonucleotide probes to detect L. salivarius (red), S. gordonii (green),
A. naeslundii (blue), and E. faecalis (violet) to map the diversity of a root canal
microbial population.

In conclusion, with the FISH technique, a nondestructive identification of a
complex microbial population could be accomplished.

6 Concluding Remarks

Understanding the adaptive mechanisms and implications of resistance in root canal
microbial biofilm communities depends on research into the ecological and phys-
iological processes occurring in the root canal ecosystem. This era is an exciting
time for microbial ecology research because the complete genomes of many oral
pathogens have been sequenced and are available for analysis on diverse laboratory
setups. It is therefore possible now to investigate regulatory genes in root canal
bacteria, including those needed to establish and adapt to different environmental
disturbances, so investigators will soon be able to analyze and monitor the respon-
siveness of bacteria to environmental threats, e.g., antimicrobials used in endodon-
tics. The availability of replication origins, chromosome ends, and many of the
genes for DNA, RNA, and protein synthesis will contribute to studies of basic
physiological responses during colonization, resistance, and resilience, as well as
providing access to some of the key elements in gene regulation and root canal
biofilm formation. The near future should see progress toward a clearer understand-
ing of how interspecies interactions lead to the coordination of physiological events
in microbial communities.
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