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Abstract 25	  

Infections of the root canal space and their sequelae can be extremely painful and potentially 26	  

dangerous, yet they do not necessarily have to be. Chronic, asymptomatic inflammatory 27	  

lesions around the apex of a tooth with a necrotic dental pulp or an insufficient root canal 28	  

treatment can develop unnoticed by the patient, and remain so for years. The course of disease 29	  

is modulated by both the virulence of the microbiota established in the root canal space and 30	  

the capacity of the immune system to curb the infection. To both ends, highly convincing 31	  

investigations to help us understand when and why the tissues around an endodontically 32	  

involved tooth become acutely inflamed are missing. We will discuss how recent advances in 33	  

molecular identification of microorganisms have altered our understanding of root canal 34	  

infections, and which information is currently missing to link clinical experience with 35	  

observations from experimental research. 36	  

37	  
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Since the groundbreaking observations in the 1970’s in humans and the preceding controlled 38	  

experiments in gnotobiotic rats, it has become clear that inflammatory conditions of the dental 39	  

pulp and, later in the disease process, the periapical tissues are caused by microorganisms.1-4 40	  

These infections and their concurrent inflammations are the main causes for patients to seek 41	  

emergency dental care.5, 6 The conditions can be excruciatingly painful; associated with sleep 42	  

disturbance, limited ability to work, and difficulty in performing everyday tasks.7 Left 43	  

untreated, exacerbating root canal infections can be an immediate threat to systemic health, 44	  

with nearly 7000 hospitalizations per annum reported in the US alone.8 Root canal infections 45	  

thus pose a problem not only on the individual, but also on the community level.9, 10 The 46	  

intriguing fact in this context, however, is that that pulpal and periapical disease can also 47	  

develop unnoticed by the patient,11 and, because of a lack in accurate diagnostic tools, evade 48	  

detection by the dentist as well.12. Obviously, whether a root canal infection becomes acute or 49	  

not must have something to do with the virulence of the invading microbiota and the capacity 50	  

of the immune system to curb the process.13, 14 But when, how, and why root canal infections 51	  

become acute appears remains unclear. We evaluate and discuss these questions in the current 52	  

communication with a focus on infection and the factors that modulate the virulence of the 53	  

microbiota in the root canal space. 54	  

 55	  

Infection of the root canal space 56	  

The preamble for shedding light on the etiology and pathogenesis of endodontic infections is 57	  

to understand the oral microbiota as a community of commensals that can switch to 58	  

opportunistic pathogens. The oral cavity is colonized by a wealth of diverse microorganisms, 59	  

including bacteria, viruses, fungi, protozoa and archaea, collectively designated the “oral 60	  

microbiome”, which exhibit a considerable redundancy among them.15 Based on phylogenetic 61	  

analysis of collected 16S rRNA gene sequences, the oral microbiome comprises more than 62	  

1000 individual taxa, most of which are as-yet uncultivated. Of note, it is the second most 63	  
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complex microbiome in the human body, following that of the colon.16 Taxa span across 13 64	  

individual phyla, namely: Actinobacteria, Bacteroidetes, Chlamydiae, Chloroflexi, 65	  

Euryarchaeota, Firmicutes, Fusobacteria, Proteobacteria, Spirochaetes, SR1, Synergistetes, 66	  

Tenericutes, and TM7.17 The oral cavity is a dynamic environment consisting of the 67	  

“protective microbiota”, transient invaders from food and other external sources, and 68	  

opportunistic inhabitants of specific niches. Most prominent among the latter are the 69	  

ecological environments created by the teeth, which are the only hard tissue entities in the 70	  

human body that cross a soft tissue barrier (i.e. the gingival mucosa). 71	  

To invade the root canal space, microorganisms present in the oral cavity have to breach 72	  

dental hard tissues. This they achieve by acidic dissolution of hydroxyapatite,18, 19 through 73	  

cracks in the tooth crown,20 or through exposed dentinal tubules in traumatized teeth with a 74	  

disconnected nerve-vessel bundle.21 In addition, microorganisms can reach the pulp space via 75	  

the apical foramen in cases of severe periodontal disease.22 These pathways between the 76	  

endodontium and the periodontal spaces have been discussed in detail.23 Caries, cracked teeth 77	  

and dental traumata apparently have long troubled mankind, as these problems are evident in 78	  

the Neolithic Iceman 3300 BC.24 The pulp contained in the confined space of the root canal 79	  

system is immunocompetent and capable of fending off infection.25 However, if the infection 80	  

is not operatively removed or at least arrested, pulp tissue necrosis ensues eventually via the 81	  

sustained release of proteolytic enzymes by neutrophil granulocytes.26, 27 This then leads to 82	  

infection of the entire root canal space, and the host defense retracts to the tissues surrounding 83	  

the root tip, i.e. the periapex.28  84	  

Given these parameters, dental infections are polymicrobial and opportunistic. This is what 85	  

renders the task of understanding the different courses of disease particularly difficult. It does 86	  

not necessarily help in this context that sampling procedures to identify the taxa present at 87	  

specific sites and in different clinical states are full of methodological pitfalls.29 On the other 88	  

hand, if these errors are avoided, the root canal space offers a unique opportunity to study 89	  
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opportunistic infections in man. 90	  

 91	  

The cultivable root canal microbiota 92	  

Similar to the early attempts at understanding caries and periodontal disease, root canal 93	  

infections were first thought to be non-specific.30 Indeed, the sheer number of microorganisms 94	  

contained in a root canal system appears to influence the severity of the periapical response.31, 
95	  

32 However, the non-specific infection hypothesis was partly driven by the inability to identify 96	  

the variance in the microbiota found in the infected root canal space. The problem with 97	  

studies on oral infections was that anaerobic culturing was not possible until the late 1960s,33 98	  

and consequently, the facultative taxa were over-estimated in early works on the topic.34 99	  

Another problem with investigations on the gradual infection of the root canal space, as 100	  

indicated above, was and is the collection of samples. Based on the fact that the oral cavity is 101	  

full of microorganisms, contamination is a problem, and it is not easy to harvest the taxa that 102	  

form the front of the lesion. This was realized when anaerobic culturing became available to 103	  

dental researchers, and “biofilm” was still known as “plaque”.35, 36 It was also during that time 104	  

when some ground-breaking observations were made. These studies are known to every 105	  

endodontist as “the Fabricius studies”, whereas they should actually be attributed to the late 106	  

Åke Möller (1916-2009). These investigations shaped our biological understanding of root 107	  

canal infections. A first study in monkey (macaca fascicularis) teeth with controlled infection 108	  

using different combinations of 11 bacterial species, obtained from autogenously infected root 109	  

canals in monkeys from earlier work, revealed that these taxa apparently formed multi-species 110	  

communities, which elicited stronger inflammatory responses when combined.37 Especially 111	  

one species from the Bacteroidetes phylum, then termed Bacteroides oralis (which most 112	  

probably corresponds to Prevotella oralis), was able to trigger a strong host response, yet was 113	  

not able to survive if mono-infected. The concept of positive (and negative) association of 114	  

different taxa was later confirmed in man,38 and biofilm-like structures residing in the root 115	  
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canal space were described in histologic specimens of extracted teeth with apical 116	  

periodontitis.39 A further study by the Möller group revealed an important ecological finding: 117	  

when root canals in monkeys were left open to the oral cavity for one week and then sealed 118	  

for different time periods up to 3 years (1060 days, to be exact), the facultative anaerobes, 119	  

which were present at high numbers at first, were gradually out-grown by the obligate 120	  

anaerobes.40 This study introduced a further methodological ingenuity: samples were 121	  

harvested from the main canal, the canal wall dentin, and the most apical part of the root canal. 122	  

Culture results showed that the apical samples were consistently more anaerobic than the 123	  

counterparts taken from coronal aspects of the same root canal system. Using dark field 124	  

microscopy in samples from extracted teeth with apical periodontitis, which were sectioned 125	  

into a coronal, a middle, and an apical root segment, it was later observed that the microbiota 126	  

differed between these aspects in that there were less coccoid forms in the apical segment 127	  

compared to the coronal counterpart.41 This investigation also revealed the presence of 128	  

spirochetes in the root canal system. Spirochetes are not easily cultivable, yet could be highly 129	  

virulent, which highlights the limitations of microbial culture.42 The idea to use the apical 130	  

segment of extracted teeth to identify that aspect of the microbiota in necrotic teeth, which is 131	  

most likely to interact with the immune response of the host was then taken up for culture 132	  

studies.43 These revealed that the apical microbiota is mostly anaerobic, even in teeth with 133	  

open caries lesions. However, there was no control group with teeth with intact crowns, only 134	  

the historic controls of traumatized teeth, which revealed over 90% strict anaerobes,4 as 135	  

compared to less than 70% in the teeth with carious pulpal exposures.43 On the other hand, a 136	  

later study comparing cultivable Bacteroidetes in the coronal and the apical segment of 137	  

necrotic root canals in extracted teeth found no apparent difference between the two 138	  

environments.44  139	  

 140	  

Culture-independent studies 141	  
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Early authors using microscopic techniques knew already that the picture revealed by 142	  

culturing the microbial content of the root canal was rather limited.30, 45 In recent years, 143	  

molecular approaches have validated and expanded further the findings derived from culture-144	  

dependent methods. The first application was DNA-DNA checkerboard hybridization. This 145	  

method confirmed that endodontic infections are of mixed microbial etiology; up to 17 146	  

previously known taxa were detected in a single root canal,46 including the “red complex” 147	  

periodontal pathogens.47 Yet, the significant breakthrough in the characterization of the 148	  

endodontic microbiome came with the use of polymerase chain reaction (PCR)-based 149	  

approaches, which enabled the detection of the uncultivable microbiota. To this end, the first 150	  

authors used 16S rDNA-targeted PCR followed by cloning and then sequencing of the PCR 151	  

products.48 Siqueira & Rocas and co-workers introduced the use of PCR-based denaturing 152	  

gradient gel electrophoresis (PCR-DGGE) to endodontic research.49, 50 Technically combined 153	  

with gel band excision, sequencing and sequence analysis, PCR-DGGE can also be used to 154	  

identify individual taxa. Such studies found unculturable clones of the phyla Spirochaetes and 155	  

Synergistetes (formerly known as Deferribacteres) in root canals of teeth with apical 156	  

periodontitis.51-53 Furthermore, the newly identified taxon Dialister was identified to be a 157	  

frequent member of the endodontic microbiota residing in infected root canals.48 More recent 158	  

approaches included the use of pyrosequencing of 16S rRNA genes to profile the endodontic 159	  

microbiome.54, 55 These studies revealed a previously unknown high diversity of bacterial 160	  

communities, also in the apical portion of infected root canals.55 161	  

A comprehensive joint analysis of culture and molecular studies showed that over 460 unique 162	  

bacterial taxa, belonging to 100 genera and 9 phyla, have been identified in different types of 163	  

endodontic infections.42 The phyla with the highest species richness were confirmed to be 164	  

Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria. Thus, high-throughput nucleic 165	  

acid-based methods have enabled us to discover a surprisingly high diversity of the 166	  

microbiota in infected root canals. At least, this diversity proves to be greater than originally 167	  



8 
	  

appreciated by cultivation or conventional molecular methods. Moreover, the amplitude of 168	  

uncultivable clones of otherwise well established taxa, as well as their standpoint within the 169	  

overall microbiome, was also revealed. Hence, we now have a much broader overview of the 170	  

mosaic of the complex microbiota associated with endodontic infections.  171	  

 172	  

Koch’s postulates revisited 173	  

Simply assessing the presence of certain taxa in the root canal system may be interesting basic 174	  

information, yet this does not help us to understand the disease progress from a 175	  

microbiological point of view. When does a root canal infection become acute, and why? 176	  

Obviously, the original Koch postulates cannot be used to explain acute forms of apical 177	  

periodontitis, or any other opportunistic infection, for that matter.56 However, taking into 178	  

consideration that root canal infections are polymicrobial by nature, it may still be that certain 179	  

constellations of the endodontic microbiome may be more virulent than others. This was 180	  

investigated by Göran Sundqvist. In his classical thesis on the cultivable microbiota of 181	  

traumatized single-rooted teeth with an intact pulp chamber, he noticed that the presence of 182	  

Bacteroides melaninogenicus (now: Prevotella melaninogenica) in all the acute cases with 183	  

pus and/or tenderness, but not in counterparts diagnosed with chronic apical periodontitis.4 He 184	  

also found other taxa to be associated with acute infections, such as Peptostreptococcus spp., 185	  

Eubacterium spp., and Campylobacter sputorum. Given the fact that the teeth in this 186	  

investigation were all similar in terms of their ecological conditions in the root canal system, 187	  

i.e. they all contained a necrotized pulp because of a trauma to the nerve-vessel bundle while 188	  

their crown was intact, these observations highlighted the possibility that composition of the 189	  

microbiota in the root canal drives the course of disease. Sundqvist then tested a revised 190	  

version of Koch’s third postulate: he took the 88 culturable bacterial strains, 85 of which were 191	  

anaerobic, isolated from the traumatized teeth described above.4 Combinations of these taxa 192	  

found in clinical cases were suspended to a cell density of 108 cells per mL. These 193	  
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suspensions were then injected subcutaneously in guinea pigs. Interestingly, the combinations 194	  

from the 11 symptomless teeth did not induce transmissible infection. In contrast, 6 of the 7 195	  

combinations from the symptomatic teeth did cause abscess formation, and the aspirate from 196	  

these abscesses again caused an abscess in another animal.57 The transmission was performed 197	  

4 times for a combination to be called transmissible. Bacteroides spp. were present in all the 198	  

abscesses, mostly together with Parvimonas micra (formerly referred to as 199	  

Peptostreptococcus micros).  200	  

The idea to identify virulent combinations of microorganisms in infected root canals was 201	  

taken up by numerous other investigations, which compared the microbiota in teeth with 202	  

chronic apical lesions with that of counterparts with exacerbating inflammations of 203	  

endodontic origin.58 However, the more sophisticated the identification methodologies, the 204	  

less clear the picture became. Apparently, already within the black-pigmented Bacteroides 205	  

spp., there are certain taxa associated with acute inflammations, while others are not.59 On the 206	  

other hand, taxa such as Enterococcus spp. are shown to correlate with periapical health rather 207	  

than disease.60 Indeed, certain taxa found in recurrent or persistent apical periodontitis after 208	  

root canal treatment may represent environmental contaminants from food or other extra-oral 209	  

sources rather than truly therapy-resistant entities.61 210	  

Culture-independent techniques again widened the field of possible players in acute 211	  

endodontic infections.62 A high-throughput multiplexed 16S rRNA gene pyrosequencing 212	  

analysis of the root canal content of 8 teeth with chronic apical periodontitis was compared 213	  

with the aspirate from 9 abscesses of endodontic origin.63 This study, while not free from 214	  

some methodological doubt (the chronic samples were taken from the root canal, the abscess 215	  

samples from the periapex), revealed that bacteria from the genera Fusobacterium, Atopobium, 216	  

Parvimonas, Dialister, Porphyromonas, Prevotella, and especially Peptostreptococcus 217	  

appeared much more frequently in abscesses as compared to chronic root canal infections. 218	  

This confirmed the earlier observations on transmissible abscess formation by Sundqvist, who 219	  



10 
	  

already noted the importance of the black-pigmented Bacteroides species and 220	  

Peptostreptococci. If we accept the concept that Fusobacteria, as their name indicates, are the 221	  

“bridge-builders” in biofilms, and that apical periodontitis is a biofilm-related disease, then it 222	  

could be postulated that Fusobacteria are simply present in apical abscesses because they 223	  

constitute an important part of the apical biofilm, irrespective of virulence properties. A later 224	  

study taking a similar approach revealed similar findings: Fusobacteria were the most 225	  

abundant genus in the abscesses.64 In the mouse model, Fusobacterium nucleatum, the most 226	  

frequently cultured species from teeth with apical periodontitis,58 can induce abscess 227	  

formation in mono-infection.65 However, its virulence is much greater if administered in 228	  

combination with Porphyromonas gingivalis or Prevotella intermedia.
65 In this same model, 229	  

strains of Peptostreptococcus anaerobius were pathogenic in pure culture.  230	  

So, in summary, results from culture-based studies and culture-independent approaches might 231	  

not be that different after all, as the main players that drive exacerbation of the inflammation 232	  

have remained conspicuously similar. However, it remains to be elucidated if any of the as-233	  

yet non-cultivable or highly fastidious species play any significant role in clinical endodontics. 234	  

Among these taxa, spirochetes appear to be among the main candidates that could be of 235	  

interest.42  236	  

 237	  

Clinical observations versus experimental research 238	  

Dentists know that root canal infections can take all kinds of different pathways. They can go 239	  

unnoticed by the patient, or they can be extremely painful.11 Apparently, there is one form of 240	  

apical periodontitis that takes an immediate aggressive course. Surprisingly, there is sparse 241	  

information in the dental literature regarding the dynamics of endodontic disease and what 242	  

might influence them. In a recent survey performed in the emergency unit of our school, 243	  

roughly half of the teeth with acute abscesses of endodontic origin did not show any 244	  

rarefaction on periapical radiographs indicative of a pre-existing chronic condition. This could 245	  



11 
	  

mean that these teeth had such an aggressive infection that the host could not establish a line 246	  

of defense leading to a non-painful chronic periapical condition. Indeed, studies on carious 247	  

teeth have shown that the initial type of infection has a great impact on the host response in 248	  

the vital pulp.66, 67 It is highly conceivable that a form of caries dominated by high content of 249	  

Gram-negative anaerobic rods results in a root canal microbiota, which can lead to a fast and 250	  

furious host response in the periapical tissues. Direct evidence for this, however, is missing 251	  

and should be collected. 252	  

What is even more intriguing is the other form of acute exacerbation, which occurs from a 253	  

pre-existing chronic periapical lesion of endodontic origin. In the developed world with 254	  

adequate healthcare, this type of acute apical periodontitis is usually restricted to teeth that 255	  

already received root canal treatment. A radiographic lesion around the root apex may persist 256	  

or increase in size without any other clinical signs or symptoms. Yet an apparently dormant 257	  

lesion depicted on the radiograph can suddenly become acute. It should be noted in this 258	  

context that also after state-of-the-art root canal treatment, periapical radiographic lesions can 259	  

take up to 4 years to disappear, sometimes more.68 Longitudinal cross-sectional studies 260	  

suggest that the exacerbation rate of such chronic lesions is relatively low.69, 70 In a randomly 261	  

selected population, from 304 teeth with an apical radiographic lesion on a root-filled tooth, 262	  

within 6 years 30% of the lesions healed, 60% persisted, and a mere 10% of the teeth were 263	  

extracted. On the other hand, root-filled teeth with an asymptomatic periapical lesion are 264	  

routinely re-treated when a patient receives radiation therapy to the jaws or some form of 265	  

immunosuppressive treatment.71 There is no solid scientific proof to support this clinical 266	  

concept, but evidently, a reduction in the local or systemic immune defense can trigger the 267	  

exacerbation of a chronic lesion. Furthermore, clinicians want to avoid any type of 268	  

intervention in irradiated bone. Patients with acute periapical inflammation on an 269	  

insufficiently root canal-treated tooth frequently state that their pain started when they had the 270	  

flu or went through a phase of stress at work or at home. Indirectly, the role of the 271	  
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immunological response may also be revealed by studies that show an association between 272	  

Herpes viruses infection and acute forms of apical periodontitis.72 273	  

Apart from the state of the host, endodontic infections are likely to be driven by changes in 274	  

the local microenvironment within the tooth, permitting for the establishment of the 275	  

opportunistically virulent microbiota that has been identified by culture-dependent or by 276	  

molecular methods. Such conditions are also under-investigated in endodontics. But again, 277	  

clinical practice may lead to some clues. Dentists often prefer to leave teeth open to the oral 278	  

cavity in case of an acute periapical lesion of endodontic origin.73 The impact of the 279	  

endodontic microenvironment on the inflammatory reaction in the periapical tissues was most 280	  

impressively shown in a case report by John Whitworth.74 A patient with an apical lesion of 281	  

endodontic origin did not appear for the scheduled appointment. The reason for the necrosis 282	  

and infection of the pulp was caries. Almost 3 years later, the patient reappeared in the clinic. 283	  

Now the whole crown was decayed, and the pulp space was open to the oral cavity. The apical 284	  

lesion in the radiograph had diminished, without any operative intervention. As stated by the 285	  

author, “the case raises debate on the pathogenesis, diagnosis and monitoring of endodontic 286	  

lesions, and may stimulate renewed research interest in these most fundamental elements of 287	  

clinical endodontology“.74 288	  

 289	  

Summary and outlook 290	  

The oral microbiota lives in harmony with the host, until an induced micro-environmental 291	  

change causes disturbances in this symbiotic relationship. This change may result in selective 292	  

overgrowth of opportunistic pathogens, or in an insufficient capacity of the host to respond to 293	  

otherwise commensal microorganisms. Hence, either a certain bacterial community may 294	  

become now more virulent, or the host mounts an immune response that is not sufficient to 295	  

eliminate its unbalanced growth, eventually resulting in a dysbiotic relationship between the 296	  

two.75 This view perceives the development of oral infectious disease as an “ecological 297	  
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catastrophe” resulting from an imbalanced cross-talk between the resident oral microbiota and 298	  

the host response.76, 77 A significant number of crucial microecological parameters can dictate 299	  

the establishment of specific biofilm microbiota in a given niche of the oral cavity. These 300	  

factors include the local pH, abundance and partial pressure of oxygen, redox potential, 301	  

availability of selective nutrients, and, last but not least, the state of local host defenses.78 302	  

While not much is known about the remaining factors, longitudinal studies have shown that 303	  

the state of the innate immune system affects the outcome of endodontic treatment.79, 80 Along 304	  

with these properties comes the newly introduced concept of “inflammophilic“ bacteria, by 305	  

Hajishengallis; the selective flourishing of bacteria in an inflammation-rich milieu can 306	  

perpetuate tissue destruction by setting-off a “vicious cycle“ for disease progression, in which 307	  

dysbiosis and inflammation reinforce each other.81 Nevertheless, the applicability of these 308	  

emerging concepts of oral ecology awaits further validation in the case of endodontic 309	  

infections. The revelation of the complete endodontic microbiome is an important step in the 310	  

direction of identifying the microbial players and understanding the microecological changes 311	  

that lead to the shift to acute periapical responses. This needs to be investigated not by one, 312	  

but by several sampling and microbial detection methods. Culture-dependent methods are 313	  

needed to determine the viability of isolated taxa. Metagenomic approaches, such as high-314	  

throughput sequencing, would give qualitative information on the full range of 315	  

taxa/phylotypes present in a given sample aspirate from the root canal, irrespective of their 316	  

cultivability.  317	  

Furthermore, fluorescence in situ hybridization (FISH) would be ideal to reveal the spatial 318	  

arrangement of the selected taxa in endodontic biofilms, e.g. in tooth or apicectomy 319	  

specimens obtained from different clinical conditions. FISH could be used to depict the 320	  

previously identified virulent taxa in stages of acute apical periodontitis (Fig. 1). Hitherto, 321	  

FISH has merely been applied in endodontic research to non-selectively identify bacterial 322	  

cells in apparent biofilms,82 or to specify classes of bacteria in the root canal of teeth with 323	  
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different clinical conditions.83 However, as has been shown by conventional microscopy, in 324	  

acute states of apical periodontitis, bacteria are found outside the root canal space, while they 325	  

are curbed inside in chronic apical periodontitis.28, 84 To gain further insight into what is really 326	  

happening when a tooth with a necrotic, infected root canal space becomes acute, it would 327	  

now be timely and important to repeat such studies, combining FISH and scanning electron 328	  

microscopy.82, 85 329	  

Last but not least, microbial shifts are associated with changes of the immune response in the 330	  

root canal and periapical region. For this reason, endodontic samples obtained for 331	  

microbiological analysis should also be evaluated for their inflammatory mediator profile. It is 332	  

more likely that we will be able to characterize and explain the shift to disease by defining 333	  

multi-variable “signatures” of changes, rather than single parameters alone. 334	  

335	  
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Caption 336	  

The images depict an intact biofilm-like fraction identified microscopically in a sample 337	  

obtained from the apical region of tooth with a root canal infection. The sample was further 338	  

processed in the laboratory. Fluorescence in situ hybridization (FISH) staining by the generic 339	  

16S rRNA oligonucleotide probe EUB-338 confirmed that it comprised of eubacteria (A). 340	  

Immunofluorescence staining with the species-specific monoclonal antibody 326PM2 341	  

revealed the presence Parvimonas micra aggregates within this structure (B). 342	  

343	  
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