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Abstract A brain abscess is a life-threatening infection, fre-
quently with serious sequelae. Culture-based methods present
many limitations and do not enable an exhaustive documen-
tation of the bacterial flora. 16S rRNA-based amplification,
cloning, and high-throughput sequencing have dramatically
increased the number of identified agents of brain abscesses,
showing that the causative flora is polymicrobial in up to 40%
of cases, with the presence of at least one anaerobic bacterium.
In contrast, real-time polymerase chain reaction (PCR) tech-
nology is an appealing alternative to culture-based methods
for diagnosing brain abscesses due to its speed, sensitivity, and
specificity. Molecular typing is available for several bacterial
and fungal genera, and this user-friendly tool is accessible for
the clinical microbiology laboratory to diagnose microbes
involved in a brain abscess. This article reviews the applica-
tions of the currently available tools for the etiological
diagnosis of a brain abscess.

Introduction

A brain abscess is a focal, intracerebral infection that
begins as a localized area of cerebritis and develops into
a collection of pus surrounded by a well-vascularized
capsule [1]. The medical management of this condition
remains mostly empirical because of a lack of compre-
hensive knowledge of the causative microorganisms.
Bacteria are the main recognized agents, but fungi and
parasites may be involved. Brain abscesses occur at all
ages, more frequently in men than in women [2]. In
children and adolescents, bacterial intracerebral abscess
is a particularly serious condition, often leading to per-
manent neurological sequelae or death [3]. Sequelae
have been reported in 9–36 % of patients [2, 4].

Brain abscesses may develop when the integrity of
the central nervous system is compromised (trauma or
neurosurgery) in 8–19 % of cases [2], by direct exten-
sion from a contiguous suppurative focus (sinuses, mid-
dle ear, mastoids, or oral cavity) in 25–50 % of cases
[1], or by hematogenous dissemination from a distant
focus in 15–30 % of cases [5]. Despite all these poten-
tial routes, 20–30 % of cases, for which no obvious
source can be identified, are classified as cryptic brain
abscesses [1, 5]. Etiologic organisms vary according to
the source of infection as well as the immunocompe-
tence of the host [1, 6]. Polybacterial infections are
frequent when a brain abscess results from sinusitis or
a dental abscess [6], and Streptococcus, Bacteroides,
Prevotella, Porphyromonas, and Fusobacterium species
as well as Micrococcus micros are frequently associated
with brain abscesses in these cases [6]. In addition,
many as yet uncultured bacteria were also detected in
this situation [6]. Brain abscesses of otogenic origin
mostly associate Streptococcus species, Bacteroides spe-
cies, Pseudomonas aeruginosa, and Enterobacteriaceae.

A. K. Mishra :D. Raoult : P.<E. Fournier (*)
URMITE, UM63, CNRS 7278, IRD 198, Inserm 1095,
Aix-Marseille Université, Faculté de Médecine, 27 Boulevard Jean
Moulin, 13385 Marseille cedex 05, France
e-mail: pierre-edouard.fournier@univ-amu.fr

H. Dufour
Service de Neurochirurgie, Hôpital de la Timone, Marseille, France

P.<H. Roche
Service de Neurochirurgie, Hôpital Nord, Marseille, France

M. Lonjon
Service de Neurochirurgie, Hôpital Pasteur, CHU de Nice, Nice,
France

D. Raoult : P.<E. Fournier
Fédération de Microbiologie Clinique, Hôpital de la Timone, Rue
Saint-Pierre, 13385 Marseille cedex 5, France

Eur J Clin Microbiol Infect Dis (2014) 33:2083–2093
DOI 10.1007/s10096-014-2166-z



The most commonly reported bacterial agents for brain ab-
scesses are Staphylococcus aureus in the case of metastatic
spread; viridans streptococci from endocarditis; Enterobacte-
riaceae and Pseudomonaceae from urinary tract infections;
Streptococcus species, Enterobacteriaceae, and anaerobes
from intra-abdominal infections; and Streptococcus,
Fusobacterium, and Actinomyces species from lung abscess-
es. In brain abscesses resulting from a penetrating trauma,
S. aureus, Clostridium species, and Enterobacteriaceae are
the most common causative agents. The most common agents
associated with brain abscesses following neurosurgical pro-
cedures are S. aureus, Staphylococcus epidermidis, Entero-
bacteriaceae, and Pseudomonaceae. Immunocompromised
patients with human immunodeficiency virus (HIV) infec-
tions, organ transplantation, chemotherapy, or steroid use
suffer infections caused by Nocardia, Staphylococcus,
Streptococcus, and Pseudomonas species [6].

Using culture, polymicrobial infections are reported to rep-
resent only 11–18 % of brain abscesses [6]. However, molec-
ular techniques showed that these infections represent 40 % of
all brain abscess samples, with at least one anaerobic bacterium
being isolated in every case of polybacterial brain abscess [6].
Currently, more than 147 bacterial taxa have been reported to
cause brain abscess, including 29 reported for the first time
using a metagenomic approach [6–8]. These include 129
known species from 48 genera and 18 as yet unclassified and
uncultured bacteria (Table 1).

Overall, the most common bacterial species causing brain
abscesses in the literature was Streptococcus intermedius, de-
tected in 35% of brain abscess samples [9]. In the past 20 years,
major advances in the diagnosis and management of brain
abscesses have contributed to the decrease in associated mor-
bidity and mortality [9]. These include progresses in radio-
graphic scanning, the availability of new antimicrobials, and
the development of novel surgical techniques [9]. However,
brain abscesses remain associated with a high mortality and a
clinically significant neurological morbidity [6].

A rapid and accurate identification of an infectious source
of a brain abscess is required in order to rationally and appro-
priately utilize an antibiotic therapy to reduce mortality and
sequelae. Therefore, a close coordination between neurosur-
geons, infectious diseases specialists, and microbiologists is
increasingly important in the management of this disease [1].
In this review, we survey the various diagnostic methods used
for brain abscesses (Fig. 1) and discuss their advantages and
pitfalls.

Culture-based identification of brain abscess pathogens

Culture remains widely used as a first-line tool for the
diagnosis of infectious diseases, despite significant lim-
itations, such as issues surrounding the transportation

of samples, indeterminate and presumptive quantifica-
tion and identification, and demanding techniques [10,
11]. In brain abscesses, culture is mostly performed
from pus collected by neurosurgical drainage [12].
However, culture from brain abscess pus has been
reported to be negative in 9–63 % of cases [4, 10].
A comparative study has been conducted by using both
culture- and molecular-based techniques to evaluate the
bacterial spectrum of brain abscesses [6]. The results
demonstrated that culture was unable to detect a sub-
stantial proportion of the bacterial population that is
fastidious or nonculturable. In addition, culture may be
impaired by one of the following problems: (i) admin-
istration of an empirical antibiotic therapy prior to
specimen collection may prevent bacterial growth; cul-
ture can yield misleading answers in polymicrobial
infections if the administered antibiotics have affected
the involved bacteria unequally, permitting some to
grow but not others. In previous studies, molecular
methods have detected a significantly larger number
of species than culture-based methods for patients
who had received antibiotics prior to sample collection
[6, 13]. (ii) The nutritional media used for sample
transportation and the general conditions of transporta-
tion may also influence culture results. Species that
grow well on the medium used during transport can
continue to grow until the sample is finally plated for
culture. This growth then results in a significant
change in the balance of microbes identified, since
some species can actively grow at the expense of
others. Another factor is the atmosphere used to incu-
bate the pus specimen. This is especially the case for
anaerobic bacteria, as they require adequate transport
conditions and special care in the laboratory, which are
not systematically achieved [6]. In many studies, an-
aerobic bacteria have only been detected by molecular
methods [6, 13]. Most bacteria grow within 24 to 72 h.
However, some fastidious bacteria need more than
5 days to be cultivated [7]. As an example, Nocardia
isolation and susceptibility testing may take weeks and,
due to time-consuming phenotypic methods, nocardiosis
is sometimes diagnosed after the dissemination of the
strain to other organs or after the patient’s death [14]. In
addition, in polymicrobial infections, fastidious bacteria
such as Mycoplasma spp. may be overgrown in culture
by faster-growing organisms. It is also widely accepted
that plate culturing techniques may only reveal a small
fraction of the true microbial population, primarily due
to an inability to detect organisms that might not be
cultivable with existing media, requirement of a specific
temperature, phases of metabolic activity, or are viable
but enter a noncultivable state [15]. A recent study of
the digestive flora using more than 200 culture

2084 Eur J Clin Microbiol Infect Dis (2014) 33:2083–2093



Table 1 Bacterial taxa detected from brain abscesses

Species Phylum Family Genus

1 Streptococcus intermedius Firmicutes Streptococcaceae Streptococcus

2 Streptococcus constellatus – – –

3 Streptococcus pneumoniae – – –

4 Streptococcus anginosus – – –

5 Streptococcus sanguinis – – –

6 Streptococcus salivarius – – –

7 Streptococcus equi – – –

8 Streptococcus equinus – – –

9 Streptococcus mutans – – –

10 Streptococcus oralis – – –

11 Streptococcus milleri – – –

12 Streptococcus bovis – – –

13 Streptococcus acidominimus – – –

14 Streptococcus pyogenes – – –

15 Clostridium butyricum Firmicutes Clostridiaceae Clostridium

16 Clostridium sordellii – – –

17 Clostridium tertium – – –

18 Clostridium perfringens – – –

19 Clostridium septicum – – –

20 Clostridium glycolicum – – –

21 Clostridium ramosum – – –

22 Clostridium bifermentans – – –

23 Clostridium difficile – – –

24 Clostridium clostridioforme – – –

25 Nocardia farcinica Actinobacteria Nocardiaceae Nocardia

26 Nocardia asteroides – – –

27 Nocardia otitidiscaviarum – – –

28 Nocardia cyriacigeorgica – – –

29 Nocardia nova – – –

30 Nocardia abscessus – – –

31 Nocardia cavia – – –

32 Nocardia transvalensis – – –

33 Nocardia veterana – – –

34 Staphylococcus capitis Firmicutes Staphylococcaceae Staphylococcus

35 Staphylococcus epidermidis – – –

36 Staphylococcus aureus – – –

37 Staphylococcus xylosus – – –

38 Staphylococcus massiliensis – – –

39 Staphylococcus simulans – – –

40 Staphylococcus haemolyticus – – –

41 Staphylococcus lugdunensis – – –

42 Prevotella oris Bacteroidetes Prevotellaceae Prevotella

43 Prevotella intermedia – – –

44 Prevotella tannerae – – –

45 Prevotella baroniae – – –

46 Prevotella loescheii – – –

47 Prevotella melaninogenica – – –

48 Prevotella buccae – – –

49 Prevotella bivia – – –

50 Haemophilus aphrophilus Proteobacteria Pasteurellaceae Haemophilus

51 Haemophilus parainfluenzae – – –

52 Haemophilus influenzae – – –

53 Haemophilus paraphrophilus – – –
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Table 1 (continued)

Species Phylum Family Genus

54 Haemophilus parahaemolyticus – – –

55 Citrobacter koseri Proteobacteria Enterobacteriaceae Citrobacter

56 Citrobacter diversus – – –

57 Citrobacter sedlakii – – –

58 Citrobacter freundii – – –

59 Citrobacter meningitis – – –

60 Neisseria sicca Proteobacteria Neisseriaceae Neisseria

61 Neisseria mucosa – – –

62 Neisseria meningitidis – – –

63 Neisseria sicca – – –

64 Neisseria elongata – – –

65 Salmonella typhimurium Proteobacteria Enterobacteriaceae Salmonella

66 Salmonella enteritidis – – –

67 Salmonella typhi – – –

68 Salmonella enterica – – –

69 Fusobacterium nucleatum Fusobacteria Fusobacteriaceae Fusobacterium

70 Fusobacterium necrophorum – – –

71 Fusobacterium naviforme – – –

72 Proteus vulgaris Proteobacteria Enterobacteriaceae Proteus

73 Proteus rettgeri – – –

74 Proteus mirabilis – – –

75 Enterobacter cloacae Proteobacteria Enterobacteriaceae Enterobacter

76 Enterobacter sakazakii – – –

77 Enterobacter aerogenes – – –

78 Enterococcus faecalis – – –

79 Enterococcus faecium – – –

80 Enterococcus avium 3 – – –

81 Campylobacter rectus Proteobacteria Campylobacteraceae Campylobacter

82 Campylobacter gracilis – – –

83 Campylobacter fetus 3 – – –

84 Porphyromonas endodontalis Bacteroidetes Porphyromonadaceae Porphyromonas

85 Porphyromonas gingivalis – – –

86 Mycoplasma hominis Mycoplasma Mycoplasmataceae Mycoplasma

87 Mycoplasma faucium – – –

88 Klebsiella pneumoniae Proteobacteria Enterobacteriaceae Klebsiella

89 Klebsiella oxytoca – – –

90 Burkholderia pseudomallei Proteobacteria Burkholderiaceae Burkholderia

91 Burkholderia cepacia – – –

92 Capnocytophaga canimorsus Bacteroidetes Flavobacteriaceae Capnocytophaga

93 Capnocytophaga ochracea – – –

94 Brucella abortus Proteobacteria Brucellaceae Brucella

95 Brucella melitensis – – –

96 Eubacterium lentum Firmicutes Eubacteriaceae Eubacterium

97 Eubacterium brachy – – –

98 Micrococcus varians Actinobacteria Micrococcaceae Micrococcus

99 Micrococcus luteus – – –

100 Peptostreptococcus anaerobius Firmicutes Clostridiaceae Peptostreptococcus

101 Peptostreptococcus stomatitis – – –

102 Gemella haemolysans Firmicutes Streptococcaceae Gemella

103 Gemella morbillorum – – –

104 Abiotrophia adiacens Firmicutes Aerococcaceae Abiotrophia

105 Abiotrophia defectiva – – –

106 Escherichia coli Eubacteria Enterobacteriaceae Escherichia
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conditions through ‘culturomics’ enabled the identifica-
tion of more than 30 new bacterial species [16] and
could be of benefit to the study of brain abscess path-
ogens. (iii) An additional problem related to culture
methods is the isolation and identification of predomi-
nant bacteria and not the other species which are pres-
ent in lower concentrations. This may also be due to
difficulties in differentiating colonies on agar plates.
Contamination of the culture medium is one of the most

frustrating problems faced by laboratories and physi-
cians [17]. Poor plating techniques or the use of an
improper device for plating the collected samples can
contaminate the culture medium by external bacteria or
fungi. Such contamination can result in a misleading
documentation of brain abscess samples [17].

Regarding the identification of cultivated pathogens, in
most brain abscess studies, bacterial identification was obtain-
ed using manual or automated biochemical tests. However,

Table 1 (continued)

Species Phylum Family Genus

107 Propionibacterium acnes Actinobacteria Propionibacteriaceae Propionibacterium

108 Micromonas micros Chlorophyta Mamiellaceae Micromonas

109 Bacteroides fragilis Bacteroidetes Bacteroidaceae Bacteroides

110 Mogibacterium timidum Firmicutes Clostridiales Family XIII. Incertae Sedis Mogibacterium

111 Treponema maltophilum Spirochaetes Spirochaetaceae Treponema

112 Mycobacterium tuberculosis Actinobacteria Mycobacteriaceae Mycobacterium

113 Listeria monocytogenes Firmicutes Listeriaceae Listeria

114 Dialister pneumosintes Firmicutes Veillonellaceae Dialister

115 Eikenella corrodens Proteobacteria Neisseriaceae Eikenella

116 Serratia marcescens Proteobacteria Enterobacteriaceae Serratia

117 Bilophila wadsworthia Proteobacteria Desulfovibrionaceae Bilophila

118 Acinetobacter calcoaceticus Proteobacteria Moraxellaceae Acinetobacter

119 Leuconostoc mesenteroides Firmicutes Leuconostocaceae Leuconostoc

120 Rhodococcus equi Actinobacteria Nocardiaceae Rhodococcus

121 Lactobacillus fermentans Firmicutes Lactobacillaceae Lactobacillus

122 Morganella morganii Proteobacteria Enterobacteriaceae Morganella

123 Kocuria varians Actinobacteria Micrococcaceae Kocuria

124 Vibrio cholerae Proteobacteria Vibrionaceae Vibrio

125 Tsukamurella tyrosinosolvens Actinobacteria Tsukamurellaceae Tsukamurella

126 Providencia rettgeri Proteobacteria Enterobacteriaceae Providencia

127 Aggregatibacter actinomycetemcomitans Proteobacteria Pasteurellaceae Aggregatibacter

128 Rhodococcus terrae Actinobacteria Nocardiaceae Rhodococcus

129 Phocaeicola abscesses Bacteroidetes ND Phocaeicola

131 Uncultured bacterium 1 ND ND ND

132 Uncultured bacterium 2 ND ND ND

133 Uncultured bacterium 3 ND ND ND

134 Uncultured bacterium 4 ND ND ND

135 Uncultured bacterium 5 ND ND ND

136 Uncultured bacterium 6 ND ND ND

137 Uncultured bacterium 7 ND ND ND

138 Uncultured bacterium 8 ND ND ND

139 Uncultured bacterium 9 ND ND ND

140 Uncultured Eubacterium E1-K13 ND ND ND

141 Uncultured Eubacterium E1-K9 ND ND ND

142 Uncultured Eubacterium spp. ND ND ND

143 Bacteroidales genomo spp. oral clone ND ND ND

144 Uncultured Prevotella spp. clone BA1 Bacteroidetes Prevotellaceae Prevotella

145 Prevotella spp. oral clone DO033 Bacteroidetes Prevotellaceae Prevotella

146 Prevotella spp. Bacteroidetes Prevotellaceae Prevotella

147 Uncultured Neisseria spp. clone BA1 Proteobacteria Neisseriaceae Neisseria

148 Uncultured Capnocytophaga spp. clone BA1 Bacteroidetes Flavobacteriaceae Capnocytophaga

ND not defined
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conventional methods sometimes fall short when microorgan-
isms exhibit unusual phenotypic profiles or express few of the
phenotypic criteria characterized by these methods, as is the
case for Mycoplasma species. In contrast, recent advances in
matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry (MS) bacterial identi-
fication and DNA sequencing technology have greatly
enhanced the ability of microbiologists to precisely
identify a bacterial isolate [18]. Arends et al. used this
technique to report a brain abscess case attributable to
Nocardia veterana infection [19]. Currently, intriguing
MALDI-TOF MS developments are being made regard-
ing the phenotypic detection of certain antibiotic resis-
tance mechanisms and could serve as a promising ap-
proach in brain abscess cases. Molecular biology-based

diagnosis seems to be a modern research tool that may
become the technique of choice in the diagnosis of
brain abscesses due to the inevitable limitations of
culture-based detection methods.

Molecular detection of brain abscess pathogens

Direct 16S ribosomal DNA (rDNA) gene amplification
and sequencing

In recent years, molecular methods have been increasingly
used to detect microorganisms in clinical samples, including
those from patients with central nervous system infections. In
particular, polymerase chain reaction (PCR) assays targeting

Fig. 1 Methods used for the diagnosis of brain abscess are mainly based
on refined traditional methods, such as: (i) culture and microscopy; (ii)
matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF):
spectra generated directly from organisms are compared to a reference
database of spectra from known organisms and the results are reported
based on the confidence of the spectral match; (iii) 16S ribosomal DNA
(rDNA)-based identification: this method increased the number of bacte-
rial species isolated from brain abscesses as compared with standard
culture; (iv) DNA fingerprinting approaches [chromosomal restriction

fragment length polymorphism (RFLP), randomly amplified polymor-
phic DNA (RAPD), multilocus sequence typing (MLST), and repetitive
sequence-based polymerase chain reaction (rep-PCR)] that depend on the
combination of rapid nucleic acid amplification and detection methods to
facilitate real-time analysis; and, more recently, on the specific and high-
sensitive detection methods such as (v) real-time PCR andmultiplex PCR
that are able to detect and differentiate a wide range of Gram-negative and
Gram-positive bacteria involved in brain abscesses
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conserved regions of the 16S rDNA gene were useful in
identifying fastidious, uncultivable, and novel microorgan-
isms from various clinical specimens [20]. Several studies
suggested that broad-range bacterial PCR may be the only
method to yield an etiological diagnosis of brain abscesses in
several situations, including the administration of antibiotics
prior to sampling or the presence of fastidious pathogens
[21–24].

This technology also offers a more rapid and accurate iden-
tification of microbes causing brain abscesses than standard
phenotypic methods that depend on bacterial growth [21–24].
As an example, rDNA PCR-based diagnosis of brain abscess
caused by S. intermedius, Nocardia spp. or mycobacteria in-
fections [22], and fastidious organisms, such as Mycoplasma
hominis, Gemella morbillorum, Aggregatibacter aphrophilus,
and Fusobacterium necrophorum, can be achieved in one day,
compared with microbiological isolation that may take weeks
[24]. In addition, molecular detection identified streptococci in
children who received antibiotics prior to brain abscess punc-
ture [22].

However, a major drawback of conventional 16S rDNA
sequencing is that it is inadequate to discriminate among taxa
in clinical specimens that contain mixed floras. The limited
sensitivity of direct 16S rDNA gene sequencing and identifi-
cation of microbes involved in brain abscesses is another
drawback that can never exclude the presence of bacterial
DNA in a brain abscess pus sample [6, 25]. In addition, some
samples produce false-negative results due to the low concen-
tration of bacteria and the presence of inhibitory substances.
Beta-globin gene amplification has been recommended to
check the efficiency of DNA extraction and the possible
presence of inhibitors in the brain abscess samples that exhibit
negative PCR amplification [8].

16S rDNA gene cloning and sequencing

PCR amplification of the 16S rDNA gene, followed by clon-
ing and sequencing, has resulted in improved identification of
the bacterial diversity from clinical and environmental sam-
ples [26–30]. When applied to brain abscess specimens, this
approach dramatically increased the number of identified
agents of cerebral abscesses, showing that the flora is signif-
icantly more variable than that characterized by culture or
regular PCR [6, 7]. High-throughput analyses of the bacteria
associated with brain abscesses showed that the flora was even
more variable than expected, including 27 bacterial species
found in cerebral abscesses that had not been previously
reported [6]. Moreover, this approach permitted the identifi-
cation of two novel bacteria, the first being a novel
Staphylococcus species [8] and the second being a novel
anaerobic bacterium that represents a novel species in a new
genus within the phylum Bacteroidetes [7]. The observed
increase in the repertoire of brain abscess-causative organisms

can be linked to molecular evidence for fastidious, but yet
uncultured, organisms. Fifteen sequences matched contempo-
rarily uncultured bacteria that had previously been character-
ized among anaerobic periodontal and intestinal flora [6].

The results of 16S rDNA gene cloning and sequencing
could be influenced by many factors. Amplification of DNA
from mixed bacterial templates may result in the formation of
molecular artifacts that do not truly represent any valid organ-
ism [31]. In addition, chimeric molecules may be created by
broad-range amplification of DNA extracts containing multi-
ple bacterial species. The presence of such molecules can
compromise the integrity of sequence databases and cause
misinterpretation of the phylogenetic status by the creation
of false genetic diversity within prokaryotes. The percentage
of chimeric insert in 16S rDNA gene libraries generated from
brain abscess samples ranged from 0 to 5 %, depending on the
sample [6], and such sequences should be excluded from the
libraries using the CHIMERA_ CHECK program of the Ri-
bosomal Database Project II [31]. Another important factor is
the number of clones which are necessary to represent the
bacterial population present in the sample. Al Masalma
et al. suggested that 100 clones might not be enough to
enable the identification of all bacterial species present in
the samples [6].

Genotyping

Genotyping is an important epidemiological technique for
recognizing outbreaks of infection, detecting the cross-
transmission of nosocomial pathogens, determining the source
of the infection, and recognizing particularly virulent strains
of organisms. Outbreaks of infectious disease often result
from exposure to a common source of an etiologic agent.
Generally, the etiologic agent causing an outbreak is derived
from a single cell whose progeny are genetically identical or
closely related to the source organism. However, there is
sufficient diversity at the species level that organisms isolated
from different sources at different times and in different geo-
graphical regions may be differentiated or classified into sub-
type strains. Fingerprinting of bacteria associated with brain
abscesses is usually accomplished by the following
approaches.

Repetitive sequence-based PCR (rep-PCR)

rep-PCR typing is based on the presence of interspersed
multiple copies of short repetitive specific conserved se-
quences [including repetitive extragenic palindromic (REP)
sequences, enterobacterial repetitive intergenic consensus
(ERIC) sequences, and BOX elements] found in noncoding
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regions of microbial genomes, commonly used to genotype
isolates and to differentiate highly related strains [32, 33].

rep-PCR typing has been used in several studies to detect
brain abscess pathogens. Citrobacter diversus causes sporadic
sepsis and meningitis in neonates and young infants, which is
usually associated to brain abscesses. Harvey et al. used rep-
PCR-generated DNA fingerprints to show that C. diversus
causes brain abscesses in infants as a result of vertical trans-
mission from mother to infant in utero [34]. rep-PCR analysis
was also used for the identification and subtyping of
Bartonella henselae and Bartonella quintana isolates associ-
ated with brain abscesses [35].

As commercial typing systems for rep-PCR are available
for several bacterial and fungal genera, the use of molecular
typing has become a user-friendly tool accessible to the clin-
ical microbiology laboratory. The DiversiLab system
(bioMérieux, Marcy l’Etoile, France) offers a complete pack-
age for typing and data analysis, incorporating database librar-
ies for organisms. This system could be used for the detection
of microbes such as methicillin-resistant S. aureus, Entero-
coccus faecium, and Clostridium difficile involved in brain
abscesses.

PCR-restriction fragment length polymorphism (PCR-RFLP)

RFLP analysis has been used successfully to establish the
taxonomic relatedness and identification of several bacteria in
clinical specimens [36]. PCR-RFLP was used in few brain
abscess studies, including cases of Nocardia otitidiscaviarum
[37], Tsukamurella tyrosinosolvens [38], and Streptococcus
constellatus infections [39]. The study conducted by Pelaez
et al. was based on RFLP analysis of 16S rDNA genes, which
enabled the identification and comparison of the different iso-
lates of N. otitidiscaviarum from the brain abscess patient [37].
Accurate identification of Tsukamurella by phenotypic methods
is difficult, as it may lead to the diagnosis of Corynebacterium,
Rhodococcus, Nocardia, Gordonia, or Mycobacterium species
[38]. Moreover, 16S rDNA gene sequences have not been
found to be discriminative enough for the correct identification
of Tsukamurella species, because of small differences in the
16S rDNA gene sequence. Sheng et al. showed that RFLP
analysis of the hsp65 gene of Tsukamurella is useful for the
identification of T. tyrosinosolvens involved in brain abscesses
[38]. Even though PCR-RFLP is cheap and accessible to many
laboratories, it has some drawbacks, including a lack of dis-
criminatory power, databases to be compared to, and it has low
reproducibility and interlaboratory comparability.

Randomly amplified polymorphic DNA-PCR (RAPD-PCR)

RAPD assays are based on the use of short random sequence
primers which hybridize with sufficient affinity to chromo-
somal DNA sequences at low stringency conditions. The

number and location of these random primer sites vary for
different bacterial species or strains, and the banding pattern
reflects the particular bacterial species or strain [40].

Marques da Silva et al. [39] reported a brain abscess case
caused by S. constellatus in an immunocompromised patient
by using RAPD and RFLP techniques. The source of infection
was suspected to be oral infection (periodontitis). This study
also demonstrated that gene transfer by genetic recombination
in the periodontal pocket was responsible for the emergence of
a strain variant of S. constellatus that had the potential to cause
an abscess at a distant site (brain). RAPDwas used to compare
this strain to Nocardia species and isolates recovered from
different brain abscess patients for epidemiological study,
investigating the sources of outbreaks and the relatedness of
isolates from the same patient [41].

Multilocus sequence typing (MLST)

MLST is a genotyping method that detects allelic varia-
tion at multiple housekeeping loci that are accumulating
very slowly in the bacterial population [42]. The proce-
dure characterizes isolates of bacterial species using the
DNA sequences of internal fragments of multiple (usually
six) housekeeping genes. Approximately 450–500-bp in-
ternal fragments of each gene are used, as these can be
accurately sequenced on both strands using an automated
DNA sequencer [42]. For each housekeeping gene, the
different sequences present within a bacterial species are
assigned as distinct alleles and, for each isolate, the alleles
at each of the loci define the allelic profile or sequence
type (ST) [43]. MLST is highly unambiguous, portable,
and provides good discriminatory power to differentiate
isolates. Several bacterial species involved in brain ab-
scesses have been analyzed by this method [44].

Cronobacter species are rare causes of infant brain abscess,
resulting in death in approximately 40 % of cases [45]. Due to
the relatedness among Cronobacter species, it is difficult to
distinguish them by 16S rDNA sequence analysis. MLST
has the ability to identify the species, and also reveals a
better understanding of the genomic variation between
Cronobacter spp. Accumulating evidence shows that the
periodontal pathogen Porphyromonas gingivalis [46]
causes extra-oral infections, such as lung and brain ab-
scesses [47, 48]. MLST was developed for P. gingivalis
using internal 310- to 420-bp DNA fragments of the
eight ubiquitous chromosomal genes. Likewise, MLST
was developed for S. aureus using seven housekeeping
genes [49]. The devised method was used in a fatal case
of a brain abscess caused by a community-associated,
methicillin-resistant S. aureus strain (USA300) in a 37-
year-old incarcerated woman with a history of furuncu-
losis and intravenous drug use [49]. McDowell et al. [50]
developed a novel MLST methodology and database
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(http://pubmlst.org/pacnes/) for Propionibacterium acnes
based on the analysis of seven core housekeeping genes
for future epidemiological and evolutionary studies of P.
acnes associated with brain abscesses. Besides these, MLST
methods have been developed for common pathogens of brain
abscesses, i.e., Neisseria spp., Salmonella, Burkholderia
cepacia complex, and P. aeruginosa, among others.

The deposit of MLST sequence data in an internet-based
repository greatly enhances the global understanding of epi-
demiological trends, prognostic factors, and outcomes of sev-
eral bacterial diseases, and its implication in brain abscesses
could improve the therapeutic strategy for this disease.

Multiplex PCR assays

The multiplex PCR assay technique is widely employed in
clinical laboratories because it is capable of providing a de-
tailed picture of a bacterial community. Moreover, this ap-
proach commonly targets the 16S rDNA gene and is especial-
ly useful in the identification of slow-growing and fastidious
organisms when applied to brain abscesses. A Streptococcus-
specific multiplex PCR analysis targeting the 16S rDNA
could detect various Streptococcus species correctly in one
step [23]. In another study, a multiplex PCR assay was used to
detect and identify S. aureus, Haemophilus influenzae,
Streptococcus spp., and P. aeruginosa in clinical specimens,
including brain abscesses [51]. This assay was able to detect
as little as 5 to 50 pg of bacterial DNA. The sensitivity of the
assay was evaluated as 100 % for P. aeruginosa, S. aureus,
and Streptococcus spp., and 94.3 % for H. influenzae;
the specificity was 100 % for all four microorganisms
(positive predictive value, 100 %; negative predictive
value, 98.2 %) [51].

Cerebral abscesses caused by amoebae are uncommon and
are rarely diagnosed antemortem. Morphologically,
Balamuthia and Acanthamoeba are difficult to distinguish,
which is problematic clinically, given the differences in anti-
microbial susceptibility [52]. A multiplex PCR assay for
Acanthamoeba, Balamuthia, and Naegleria targeting the mi-
tochondrial 18S rDNA gene was developed with high speci-
ficity and sensitivity (96 %, 98 %, and 99 %, respectively)
[53]. This assay can identify and distinguish the presence of
different amoeba in brain abscess specimens with a detection
limit of one amoeba per sample.

Real-time PCR

Over the past ten years, several studies have evaluated the
application of real-time PCR for both the detection and quan-
tification of pathogens associated with brain abscesses by

either the TaqMan probe or SYBR Green techniques
[54, 55]. Adaptation of these approaches to real-time PCR
offers a closed system of detection requiring no post-PCR
processing that permits the simultaneous examination of sev-
eral agents involved in acute bacterial cerebral abscesses.
Discrimination between species-specific amplicons can be
achieved by the analysis of amplicon melting curves and
inferring the corresponding melting temperature of each
amplicon. Probe hybridization can also be used to discrimi-
nate between amplicons.

Several studies have demonstrated that real-time PCR is a
powerful tool for the microbiological examination of brain
abscesses. This technique was used for the detection of
F. necrophorum in aspirates from brain and renal abscesses,
resolved diagnostic confusion to prevent unnecessary investi-
gation, and to direct specific antimicrobial treatment [54]. In
another study, Pascual et al. highlighted the importance of
real-time PCR for the detection of M. hominis, which is not
routinely detected on axenic media and by Gram-staining due
to a lack of a cell wall [55]. Real-time PCR represents an
efficient tool for the diagnosis of M. hominis infections and,
thus, contributes to better defining the prevalence and patho-
genicity of M. hominis. Moreover, unique species-specific
conserved targets have been reported for TaqMan-based
real-time PCR detection of brain abscess pathogens. The
pneumolysin gene (ply) and the autolysin gene (lytA) are
targeted for the identification of S. pneumoniae [56]. The gene
bexA encoding a critical component of the polysaccharide
exporter [57] is frequently used for the identification of
H. influenzae. The invasion-associated protein gene (iap),
the listeriolysin O gene (hlyA), and the metalloprotease gene
(mpl) have been targeted for the identification of Listeria
monocytogenes [58]. The coagulase gene (coa) for S. aureus
and the hyaluronidase gene (hylB) for S. agalactiae have also
been reported [59].

Concluding remarks

A brain abscess is a life-threatening infection with frequent
serious sequelae, whose medical management remains mostly
empirical due to a lack of comprehensive knowledge of the
organisms responsible for this condition and delays in micro-
biological results. The identification of microbes involved in
brain abscesses using culture-based techniques is time-
consuming and extremely biased in their evaluation of micro-
bial genetic diversity. Molecular approaches for the diagnosis
and typing of strains involved in brain abscesses have greatly
improved the management of brain abscess. However, most
studies have relied on the use of broad-range 16S ribosomal
DNA (rDNA) as the target, with limited discriminatory power,
in particular in polymicrobial infection. In addition, molecular
methods do not provide any indication of the potential
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antibiotic resistance of the involved bacterial infection. In
contrast, 16S rDNA-based polymerase chain reaction (PCR),
cloning, and sequencing unveiled an elevated proportion of
polymicrobial infection and identified a large number of caus-
ative agents that were uncultivated, including several putative
new species. Systematic diagnosis of brain abscesses using
16S and 18S rDNA-based PCR for the identification of bac-
terial and fungal pathogens and species-specific PCR to iden-
tify Streptococcus intermedius, Mycoplasma faucium, and
Mycoplasma hominis are currently being employed in our
laboratory to detect fastidious bacteria for further therapeutic
approaches.

The diagnostic features of both broad-range and multiplex
approaches could be exponentially improved, in terms of
specificity and the number of identifiable pathogens, with
the development of DNA microarrays, that is, microchips
coated with a great number of bacterial targets. In addition,
the use of antibiotic resistance genetic markers (to be adapted
according to the geographic distribution of resistance genes)
and virulence markers in microarrays may provide new in-
sights about microbial resistance to antimicrobials and host
immune defenses, as well as potential avenues of therapeutic
treatment in brain abscesses. Microarrays containing
expressed sequence tags would allow the identification of host
response to infection, hopefully to reveal markers of infection,
mechanisms of disease pathogenesis, and therapeutic avenues.
Moreover, the development of rapid microarray assays would
make the diagnosis of brain abscess infections more compre-
hensive and would permit ‘real-time’ analysis of a tremendous
number of samples using several typing approaches
simultaneously.
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