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We developed a real-time PCR which allowed the highly sensitive detection of Naegleria fowleri in histological
brain tissue sections from experimentally infected mice. This genus-specific small-subunit (18S) rRNA gene-
based PCR can complement conventional (immuno-) histology for the diagnosis of primary amoebic menin-
goencephalitis in paraffin-embedded brain necropsy specimens that had been fixed in formalin buffered with
phosphate-buffered saline.

The free-living amoeba Naegleria fowleri is an etiological
agent of primary amoebic meningoencephalitis (PAM), a rare
but fulminating and mostly fatal disease of the central nervous
system (CNS) (1, 5, 9, 10, 15, 24, 25). The diagnosis of PAM is
mostly performed by (immuno-) histological examination of
formalin-fixed, paraffin-embedded brain necropsy specimens
(1, 4, 8, 18), but the highly sensitive PCR technique will gain
increasing importance in the diagnostic detection of this amoe-
bic pathogen. Normally, diagnostic PCRs require fresh native
test samples (ex vivo or postmortem samples) or trophozoites
that have been obtained by in vitro cultivation from the appro-
priate patient specimen.

In most cases, archival samples are stored as formalin-fixed
and paraffin-embedded tissue specimens. Although this
method is suitable for long-term storage and subsequent re-
testing by histology, at least partial DNA destruction results
from formalin fixation, which may negatively affect the effi-
ciency of PCR (13, 17, 23). Therefore, PCR methods that
are compatible with the use of fixed tissue specimens as the
substrate are required. Several Naegleria sp.-specific PCRs es-
sentially focused on the identification or genotyping of in vitro-
cultivated Naegleria isolates (e.g., primary cultures of environ-
mental samples) have been reported (2, 12, 14, 16, 19, 21).
However, none of these PCRs has proven to be suitable for the
detection of Naegleria in histological samples. For this reason,
we have developed a new PCR to be used for the detection of
N. fowleri DNA in formalin-fixed and paraffin-embedded tissue
specimens. For the evaluation of the PCR protocol presented
here, formalin-fixed, paraffin-embedded brain tissue sections
from experimentally N. fowleri-infected mice were investigated.

For the infection experiment, trophozoites from pathogenic
N. fowleri strain 30863 (ATCC, Manassas, VA) (Table 1) were
axenically cultivated as described by Gianinazzi et al. (6). In
order to increase the virulence of this strain for infection in the

mouse model, the trophozoites were exposed to the murine
fibroblast cell line L-929 (ATCC, Rockville, MD) by coculture
on a monocellular layer of L-929 cells until the majority of the
murine cells were lysed (11, 28). Upon cocultivation, 5 � 105

trophozoites were intranasally inoculated into 6-week-old
C57BL/6 mice (purchased from Charles River GmbH, Ger-
many; the mice were kept at biosafety level 3, according to the
Swiss regulations for animal experiments), as described previ-
ously (6).

Following necropsy of the mice at 24, 48, 72, and 96 h
postinfection (p.i.), the brains were carefully removed, fixed in
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TABLE 1. Determination of the specifity of the
Naegleria sp.-specific PCR

Species Isolate PCR result

Acanthamoeba astronyxis 26 �
A. castellanii 26 �
A. castellanii 26 �
A. castellanii 26 �
A. culbertsoni ATCC 30171 �
A. hatchetti 26 �
A. lenticulata 26 �
A. polyphaga ATCC 30461 �
A. polyphaga 26 �
A. rhysodes 26 �
Balamuthia mandrillaris ATCC 50209 �
Naegleria fowleri ATCC 30174 �
N. fowleri ATCC 30214 �
N. fowleri ATCC 30863 �
N. fowleri ATCC 30893 �
N. fowleri ATCC 30894 �
N. lovaniensis ATCC 30569 �
N. gruberi ATCC 30133 �
Entamoeba histolytica ATCC 30015 �
Echinococcus granulosus 7 �
Echinococcus multilocularis 7 �
Taenia solium 7 �
Streptococcus pneumoniae 3 �
Listeria monocytogenes 20 �
DNA sample of noninfected human

brain tissue (negative control)
NSa �

a NS, not specified.
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4% formalin (buffered with phosphate-buffered saline [PBS])
for 4 days, embedded in paraffin, and finally cut into 6-�m-
thick serial sagittal sections. In these sections, the N. fowleri
infection was demonstrated by immunohistochemistry (IHC)
and hematoxylin-eosin (HE) staining, as described previously
(6). IHC revealed no trophozoites at 24 h p.i. (Fig. 1A), but a
few trophozoites were detectable at 48 h p.i. (�10 trophozoites
per microscopic field) and 72 h p.i.(�100 trophozoites per
microscopic field) (data not shown). The number of trophozo-
ites markedly increased between 72 and 96 h p.i. (�1,000
trophozoites per microscopic field; Fig. 1C). The inflammatory
response, as documented in corresponding adjacent HE-
stained brain sections by the detection of neutrophilic cells that
had infiltrated into the brain parenchyma, was not seen at 24 h
p.i. (Fig. 1B) or 48 h p.i. (data not shown). However, inflam-
mation substantially intensified between 72 h p.i. (data not
shown) and 96 h p.i. (Fig. 1D), matching the increase in the
numbers of trophozoites found within the brain parenchyma.
Higher-magnification views of the tissue sections evaluated by

IHC (Fig. 1C) and HE staining (Fig. 1D) demonstrated the
presence of N. fowleri trophozoites. Conversely, no morpho-
logical structures comparable to the encysted form of N. fowleri
were detected. Brain sections of the mock-infected control
animal were negative for trophozoites and neutrophilic cells
(data not shown).

For quantitative real-time PCR-based detection of N. fowleri,
genomic DNA was extracted from histological tissue sections as
described by Müller et al. (17). PCR was carried out on a Light-
Cycler instrument (Roche Diagnostics, Rotkreuz, Switzerland) by
using SYBR green I as a double-stranded DNA-specific fluores-
cent dye and continuous fluorescence monitoring, as described
previously (27). Amplification of the ribosomal small-subunit
(SSU) (18S) rRNA gene was performed by using the Naegleria
sp.-specific primer pair Nae3-For (5�-CAAACACCGTTATGA
CAGGG-3�) and Nae3-Rev (5�-CTGGTTTCCCTCACCTTA
CG-3�). Selection of the primers was based on the alignment of
sequences of SSU (18S) rRNA gene sequences from N. fow-
leri (GenBank accession number AY376150), Naegleria lovanien-

FIG. 1. Analyses of trophozoite proliferation and inflammatory response during Naegleria fowleri infections in mice. The results of immuno-
fluorescence analyses that included specific staining for trophozoites (green, trophozoites; blue, 4�,6�diamidino-2-phenylindole counterstain for cell
nuclei) in the mouse brain at 24 h p.i. (A) and 96 h p.i. (C) are shown. Corresponding adjacent histological sections taken at 24 h p.i. (B) and 96 h
p.i. (D) were stained with HE and demonstrate the degree of the neutrophilic inflammatory response. No trophozoites were visible in the brain
at 24 h p. i. (A), but large numbers of trophozoites (green) were detectable at 96 h p. i. (C). Intense inflammation (infiltration of neutrophilic
inflammatory cells into the brain parenchyma, as indicated by arrowheads) was detectable at 96 h p.i. (D). Between 72 h p.i. (data not shown) and
96 h p.i. (C) the number of neutrophils was greatly increased, simultaneously including an increase in trophozoite number between 72 h p.i. (data
not shown) and 96 h p.i. (C). The insets show typical examples of immunohistologically stained (C) and HE-stained (D) trophic amoebae at higher
magnifications. No morphological structures corresponding to encysted amoebae were found.
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sis (GenBank accession number U80062.1), and Naegleria gruberi
(GenBank accession number M18732.1) (data not shown). The
primers generated a 183-bp amplification product (representing
nucleotide positions 141 to 323 of the N. fowleri SSU [18S] rRNA
gene sequence; GenBank accession number AY376150) and
were positioned within stretches that were identical among the
SSU (18S) rRNA gene sequences of the different Naegleria spe-
cies listed above. Conversely, the primer alignment did not exhibit
striking sequence matches with SSU (18S) rRNA genes from
free-living amoeba (FLA) species (Acanthamoeba astronyxis,
GenBank accession number AF479546.1; Acanthamoeba castella-
nii, GenBank accession number AF526424.1; Acanthamoeba
culbertsoni, GenBank accession number AF479542.1; Acanth-
amoeba hatchetti, GenBank accession number AF260722.1; Acan-
thamoeba lenticulata, GenBank accession number U94732.1;
Acanthamoeba polyphaga, GenBank accession number AF479557.1;
Acanthamoeba rhysodes, GenBank accession number AF479553.1;
Balamuthia mandrillaris, GenBank accession number AF263351.1)
other than Naegleria spp. Alignment and comparison of the
nucleotide sequences were done by using the MultAlin and the
ESPript1.9 computer software, available at the ExPASy Molecu-
lar Biology Server. The nucleotide sequence authenticity of the
183-bp N. fowleri SSU (18S) rRNA gene amplification product
was confirmed by automated sequencing through a commercial
sequencing service (Microsynth, Balgach, Switzerland).

The real-time PCR was done with 4 �l of a 1:4-diluted
genomic DNA preparation (see above) and the LightCycler-
FastStart DNA Master SYBR green I kit in a 10-�l standard
reaction mixture supplemented with MgCl2 to a final concen-
tration of 3.5 mM and containing a 0.5 �M concentration
(each) of the forward and the reverse primers (Invitrogen,
Basle, Switzerland). PCR was started by initiating the “Hot-
Start” Taq DNA polymerase reaction at 95°C (15 min). Sub-
sequent DNA amplification was done in 50 cycles (denatur-
ation [95°C, 15 s], annealing [58°C, 30 s], and extension [72°C,

45 s]; the temperature transition rate in all cycle steps was
20°C/s). The fluorescence signals from the amplification prod-
ucts were quantitatively assessed in triplicate by applying the
standard software (version 3.5.3) of the LightCycler instru-
ment. The external standards were obtained as follows: ap-
proximately 200 �l of uninfected mouse brain tissue was spiked
with 2 � 106 to 2 � 102 N. fowleri trophozoites, and the DNA
was prepared from the spiked samples as described above.
From these DNA preparations, 1 �l (with 3 �l H2O) contain-
ing genomic DNA equivalents from 104 N. fowleri trophozoites
to a single N. fowleri trophozoite was used for the standard
amplification reactions. Control experiments for identification
of the PCR products included a DNA melting point analysis, as
described by Ririe et al. (22) (data not shown). In all PCR tests
performed, the identical melting temperatures of the ampli-
cons (melting-point peak, 82.8°C � 0.5°C) from the samples
and the respective standards indicated specific amplification
reactions without unwanted primer-dimer formation (data not
shown). This overall specificity of the reactions was confirmed
by subsequent agarose gel electrophoresis (2% gels), which
monitored the PCR products as single DNA bands of the
expected sizes (data not shown). The presence of possible
PCR-inhibition effects were excluded by demonstrating ampli-
fication products in samples simultaneously amplified by PCR
in the presence of genomic N. fowleri DNA at an amount
equivalent to that from approximately 10 trophozoites (data
not shown).

An initial evaluation of the methodological sensitivity of the
real-time Naegleria PCR was performed by testing the ampli-
fication reaction with genomic DNA from different numbers of
N. fowleri trophozoites (data not shown). That test revealed an
extremely high methodological sensitivity of the PCR, in that
genomic DNA from a single N. fowleri trophozoite was de-
tected. Furthermore, the PCR was tested with genomic DNAs
prepared from different N. fowleri strains as well as N. lovani-

FIG. 2. Analysis of diagnostic applicability of the real-time Naegleria spp. PCR for histological specimens. The figure shows the mean
logarithmic values (plus standard deviations) from triplicate determinations representing amplification reactions from formalin-fixed, paraffin-
embedded histological mouse brain tissue sampled at 0 (experimental time point prior to infection), 24, 48, 72, and 96 h p.i. with Naegleria fowleri.
Note that all samples that scored immunohistologically N. fowleri-positive also provided a specific PCR amplification signal.
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ensis and N. gruberi as additional positive controls (Table 1).
The PCR was assessed for the absence of nonspecific amplifi-
cation reactions by testing genomic DNAs from a histological
sample of noninfected human brain tissue (negative control
DNA) as well as from the non-Naegleria FLA species (different
Acanthamoeba species and B. mandrillaris) listed in Table 1.
Nonspecific amplification was also revealed to be absent in
PCRs with genomic DNA preparations representing a selec-
tion of parasitic and bacterial pathogens causing CNS disease
in humans (Table 1). In this analysis, PCR amplification prod-
ucts were exclusively observed for the genomic DNA isolated
from the Naegleria species (Table 1).

To experimentally evaluate the applicability of the real-time
Naegleria PCR in routine histology, formalin-fixed and paraffin-
embedded brain tissue samples originating from immunohisto-
chemically confirmed N. fowleri-positive and -negative mice (Fig.
1) were examined for the presence of genomic N. fowleri DNA
(Fig. 2). PCR inhibition was excluded by demonstrating amplifi-
cation products in samples simultaneously amplified by PCR in
the presence of an amount of genomic N. fowleri DNA equivalent
to approximately 10 trophozoites (data not shown).

All samples that initially yielded positive findings by IHC
(samples taken between 48 and 96 h p.i.; see above) also
provided positive results by PCR (Fig. 2). The high method-
ological sensitivity of the PCR was particularly revealed by the
fact that amplification products were also detected in fixed
brain tissue, sampled at day 48 h p.i., that only contained
extremely low numbers of parasites (�10 parasites per micro-
scopic field; see above).

In the daily routine, tissue samples are often stored tempo-
rarily or even over the long term in 4% formalin solution in the
absence of PBS. It is feasible that nonbuffered formalin fixa-
tion promotes the hydrolytic destruction of the sample DNA
and thus complicates or even excludes the possibility of PCR-
based diagnosis of Naegleria infections in the respective histo-
logical specimens. Our investigation with histological brain
samples from N. fowleri-infected mice revealed that exclusive
fixation with formalin in the presence of PBS allowed the
subsequent detection of N. fowleri in histological specimens.
Under these conditions, the PCR even scored positive when
the samples had been stored for more than 1 year in fixation
solution (data not shown).

In conclusion, the present report describes for the first time a
highly sensitive PCR test for the detection of Naegleria sp. DNA
in formalin-fixed and paraffin-embedded tissue, thus basically al-
lowing retrospective diagnostic assessment of archival specimens.
Moreover, the PCR is supposed to represent a new supplemen-
tary tool for the diagnosis of complicated PAM cases, in that it
enables detection of the amoeba under circumstances in which
microscopic demonstration of the parasite is impossible.
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