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A new method for the rapid and accurate detection of pathogenic Naegleria fowleri amoebae in surface
environmental water was developed. The method is based on an immunofluorescent assay combined with
detection by solid-phase cytometry. In this study we developed and compared two protocols using different
reporter systems conjugated to antibodies. The monoclonal antibody Ac5D12 was conjugated with biotin and
horseradish peroxidase, and the presence of cells was revealed with streptavidin conjugated to both R-
phycoerythrin and cyanine Cy5 (RPE-Cy5) and tyramide-fluorescein isothiocyanate, respectively. The RPE-Cy5
protocol was the most efficient protocol and allowed the detection of both trophozoite and cyst forms in water.
The direct counts obtained by this new method were not significantly different from those obtained by the
traditional culture approach, and results were provided within 3 h. The sensitivity of the quantitative method
is 200 cells per liter. The limit is due only to the filtration capacity of the membrane used.

The free-living amoeba Naegleria fowleri (3, 16), found in
diverse freshwater environments, produces a rapidly fatal pri-
mary amoebic meningoencephalitis after exposure to contam-
inated water (7, 11, 12). N. fowleri infects mostly young and
healthy people swimming in contaminated water. Symptoms
occur in a few days, followed by a dramatic clinical course and
death. Therefore, risk prevention is essential and necessitates
environmental monitoring using a rapid and accurate assay to
distinguish pathogenic N. fowleri from other free-living
amoeba in water samples.

Current methods for detection and enumeration of Naegleria
species are based on culture techniques (8) followed by iden-
tification using monoclonal antibodies (19, 21), PCR (10, 20),
or enzyme electrophoresis (15). Additionally, isolates are
tested for pathogenicity in mice. These methods are time-
consuming, and novel methods are being developed to increase
the sensitivity and rapidity of detection and thus reduce the
amount of time required to obtain results. The main challenges
for the development of an assay are to provide tools for the
real-time monitoring of the pathogen in the aquatic environ-
ment which are highly quantitative and sensitive.

Epifluorescence microscopy and flow cytometry are com-
monly used for the detection and enumeration of cells after
fluorescent staining (1, 6). However, none of these techniques
can be applied to the detection of low concentrations of patho-
gens in the aquatic environment because of their low quanti-
tative sensitivity (10). The ChemScan system (Chemunex, Ivry,
France) is a recently developed solid-phase cytometer that uses
fluorescent labeling of microorganisms after concentration of

organisms by filtration on a membrane in combination with an
automated detection and counting system (13, 23). Solid-phase
cytometry is the only technique that allows the accurate enu-
meration of rare events (down to one cell on a filtration mem-
brane), providing the same sensitivity as traditional culture
methods (10). This system can be applied to the detection of
specific microorganisms when combined with the use of taxo-
nomic probes such as fluorescent antibodies (17, 19).

The aim of this work was to develop an immunofluorescent
assay for the detection of N. fowleri in water by solid-phase
cytometry. We have developed and compared two staining
procedures using the monoclonal antibody Ac5D12, which spe-
cifically reacts with the three forms of N. fowleri: cysts, tropho-
zoites, and flagellates (19). The two staining procedures were
based on the use of two conjugated antibodies. One antibody
was conjugated with biotin and revealed by streptavidin labeled
with a tandem conjugate: R-phycoerythrin (RPE) conjugated
with the cyanine dye Cy5 (RPE-Cy5). The second antibody was
conjugated with horseradish peroxidase (HRP) and revealed
by fluorescein isothiocyanate (FITC)-conjugated tyramide.
Both protocols were optimized and compared on pure cultures
before being applied to the detection of free-living amoebae in
naturally contaminated waters. Direct counts were compared
to those obtained by culture.

MATERIALS AND METHODS

Amoeba strains and growth conditions. Two environmental strains of N.
fowleri were used in this study: Na420c and By 99.2.3.f15a isolated from the
Bugey and Cattenom sites, two nuclear power stations of Electricité de France
(Paris, France) located on the Rhône and Moselle rivers, respectively. Na420c
was maintained axenized in Chang’s medium (5) and incubated in 50-ml Erlen-
meyer flasks at 37°C, whereas By 99.2.3.f15a was grown at 43°C on nonnutrient
agar (NNA) plates spread with Escherichia coli (CAPSIS, Les Ulis, France).

Cultures and natural samples. Amoebae were harvested from axenic cultures
to collect vegetative forms. After decantation and elimination of Chang’s me-
dium, cells were resuspended in phosphate-buffered saline (PBS; pH 7.2), stored
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on ice for 15 min in order to reduce cell attachment to the flask walls, and then
vortexed for 5 min. This procedure allows reduction of membrane damage and
cellular fragmentation. Cysts could not be obtained from axenic cultures. For cyst
production, By 99.2.3.f15a was grown on NNA plates previously spread with E.
coli and incubated at 43°C for 5 days. Cysts were harvested in 2 to 3 ml of
Ringer’s solution (Merck, Darmstadt, Germany) by gentle scraping of encysted
areas using a Pasteur pipette with a tapered tip bent at 90°. In all cases, cell
concentrations were determined by counting four replicate samples on a Thoma
hemacytometer. Then cell suspensions were fixed (2% formaldehyde, final con-
centration) and stored at 4°C in the dark until analysis.

For natural samples, contaminated water samples were collected during the
summers of 2000 and 2001 at different power plants. Samples were collected in
the cooling effluents of two nuclear power stations located on the Seine river
(Nogent) and on the Rhône river (Bugey). Samples were collected in the cooling
system of these stations with a 1-liter plastic bottle. An aliquot was used imme-
diately to determine the viable counts of the amoebae and the remaining volume
was fixed with 2% formaldehyde (final concentration) and stored at 4°C in the
dark until further analyses.

Spread plate count. The most-probable-number (MPN) method was used to
determine the concentration of viable N. fowleri in natural waters (4). Immedi-
ately after collection, the sample was suspended by magnetic stirring, and 10
replicate subsamples of 1 and 0.1 ml were spread onto NNA plates previously
overlaid with E. coli. Plates were incubated at 43°C, and the presence of amoebae
was determined daily for 5 days by microscopic examination (14). To confirm the
Naegleria genus, positive samples were further analyzed to determine enflagel-
lation induced by suspending vegetative forms in demineralized water at 37°C for
2 h (2). Then the species was identified by an enzyme-linked immunosorbent
assay (Indicia Biotechnology, Oullins, France) using monoclonal antibody 5D12.

Filtration procedure. Natural water samples were treated with ultrasonic ir-
radiation to eliminate cell adherence on bottle walls for 30 min with a Branson
2510 sonicator (Bransonic) operated at 42 kHz � 6%. Fixed samples were
filtered under a maximum vacuum of 70 mm of mercury through polycarbonate

white membranes (pore size, 2 �m; diameter, 25 mm; Millipore). The mem-
branes were chosen after a preliminary comparison study in which different types
and porosities of membranes were compared (data not shown). The volume of
sample was dependent on the concentration of suspended matter. For cultures,
the filtered volume was determined from the concentration of the suspension in
order to obtain 50 to 150 trophozoites or cysts on the membrane. For natural
samples, the procedure consisted of filtering the highest possible volume which
was determined by the concentration of suspended matter. This volume was
generally in the range of 2 to 10 ml.

Labeling techniques. Two immunofluorescence staining procedures were com-
pared. Amoebae were revealed by using specific monoclonal antibody 5D12
(Indicia Biotechnology) described by Sparagano et al. (20) and Reveiller et al.
(18). The antibody was diluted at different concentrations in PBS (8 g of NaCl,
0.2 g of KCl, 1.44 g of Na2HPO4, and 0.24 g of KH2PO4 per liter, pH 7.2)
containing 0.1% Tween 20 and 2% bovine serum albumin (PBS-T–BSA). All
reagents were from Sigma Chemical Co. (St. Louis, Mo.). The antibody was
conjugated with biotin or HRP and revealed by streptavidin conjugated with
RPE-Cy5 or FITC-conjugated tyramide, respectively (see below for protocols).
All incubations were performed in petri dishes to keep the membrane humid.

Streptavidin–RPE-Cy5 detection. After filtration, the membrane was trans-
ferred onto a 100-�l drop of a labeling solution: a 1:250 dilution of biotin-
antibody in PBS-T–BSA containing 4�,6�-diamidino-2-phenylindole (DAPI; 2.5
�g. ml�1, final concentration; Sigma). DAPI was included in the staining solution
for DNA labeling. Incubation was performed in a petri dish (Gelman Sciences,
Arbor, Mich.) for 30 min at room temperature (RT). Cells were washed by
transferring the membrane onto an absorbent pad (Chemunex, Ivry-sur-Seine,
France) saturated with 650 �l of PBS-T–BSA solution for 1 min. Then the
membrane was incubated in a 100-�l drop of a 1:20 solution of RPE-Cy5-
conjugated streptavidin (Dako, Glostrup, Denmark) in PBS-T–BSA. Incubation
was carried out for 30 min at RT in the dark, and the membrane was rinsed by
single transfer onto a pad soaked with 650 �l of PBS-T–BSA.

FIG. 1. Optical configuration of the ChemScan system. PMT, photomultiplier tube; DSP, digital signal processor; UPC, user computer.

VOL. 68, 2002 RAPID DETECTION OF N. FOWLERI BY SOLID-PHASE CYTOMETRY 3103



Tyramide-FITC detection. The use of tyramide conjugates for fluorescence
labeling is sometimes difficult or impossible due to the presence of natural
organisms producing peroxidase and contributing to the precipitation of tyra-
mide conjugates. In preliminary assays, we observed the presence of naturally
occurring microorganisms producing peroxidase activity (data not shown).
Therefore, to avoid the possible overlap between fluorescent signals provided by
both sources of peroxidase, the cells were pretreated with hydrogen peroxide to
eliminate natural peroxidase activity before the labeling step. After filtration, the
membrane was incubated onto 100 �l of a H2O2 (Sigma) solution (3%, vol/vol)
and incubated at RT for 15 min. Then the membrane was rinsed by transfer onto
an absorbent pad soaked with 650 �l of PBS-T–BSA and incubated for 1 min at
RT to eliminate the excess H2O2 before labeling. For cell labeling, the mem-
brane was incubated with 100 �l of labeling solution containing a 1:1,000 dilution
of HRP-conjugated antibody and 2.5 �g of DAPI ml�1 (final concentration). The
membrane was incubated for 30 min at RT and rinsed as described previously.
The detection step was performed by transfer on 100 �l of a solution containing
a 1:50 dilution of FITC-conjugated tyramide (NEN, Boston, Mass.). Incubation
was stopped after 15 min in the dark at RT, and the membrane was rinsed by
single transfer onto a pad soaked with 650 �l of PBS-T–BSA.

Enumeration of labeled cells by solid-phase cytometry. After labeling, the
membrane was transferred onto the sample holder of the ChemScan solid-phase
cytometer (Chemunex) (Fig. 1). The ChemScan laser scanning device is de-
scribed elsewhere (9, 13). The system is able to differentiate between labeled
microorganisms and autofluorescent particles present in the sample based on the
optical and electronic characteristics of the generated signals (22). The scanning
procedure ensures a full overlapping of each scan line, and therefore, a single
labeled cell present on the membrane can be detected on different lines by the
multiple detection channels within 3 to 4 min. The position of each detected
event on the membrane is displayed. Then the ChemScan sample holder, with
the membrane in place, can be transported to an epifluorescence microscope for
validation (see below).

Light was provided by a water-cooled argon laser emitting at 488 nm. The
fluorescence emission was collected in the green channel (500 to 530 nm) for
FITC and in the red channel (655 to 705 nm) for RPE-Cy5. In this study, the
holder was previously overlaid with a support pad (black membrane; Chemunex)
soaked with 100 �l of mounting medium (Chemunex) and recovered with a CB04
membrane (Chemunex) for fluorescein labeling to optimize detection of fluo-
rescent signals and the focusing procedure.

FIG. 2. Microscopic photographs of N. fowleri stained by immunofluorescence and two fluorochromes, FITC and RPE-Cy5. (A and B) Labeled
trophozoites from axenic culture samples; (C and D) labeled cyst from monoxenic samples; (E and F) labeled flagellates from natural water
samples.
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Two procedures of discrimination between amoebae and background could be
used according to the manufacturer’s instructions (13). The first used automatic
validation. The signals were analyzed with MatLab-based software (Matworks,
Natick, Mass.) for comparison with Gaussian curves and to remove non-Gaus-
sian signals, which are sometimes generated by nonbacterial autofluorescent
particles (13). A set of discriminants was applied to all fluorescent events de-
tected after the entire surface of the membrane had been scanned, which then
allows the differentiation of labeled microorganisms from autofluorescent parti-
cles present in the sample. At the end of the analysis procedure, the exact
position of each detected cell on the membrane was displayed; this spatial
information can be used to drive the motorized stage of the microscope, allowing
immediate visual result confirmation by epifluorescence microscopy. All events
positively selected after the discrimination process are validated by microscopic
examination as true positive or false positive. In addition, when this automatic
discrimination procedure was not used, all detected fluorescent events including
background signals were counted by the cytometer and were then manually
discriminated under the microscope using the motorized stage as described
above. The two procedures were applied to all experiments, and data obtained
from both cells and particles were used to optimize the setting of the instrument
and the automatic discrimination procedure. When doubts as to the nature of the
event observed during validation under the microscope with epifluorescence
remain, it is possible to use the dichroic filter specific for DAPI and thus to
confirm the nature of the event observed, cell or particle.

The calibration of the instrument was tested daily with fluorescent beads
emitting green and red fluorescent signals. Standard C beads (Chemunex) were
used to calibrate green fluorescence, whereas 1-�m-diameter transfluorosphere
beads (T-8883; Molecular Probes, Leiden, The Netherlands) were used for red
signals.

Expression of results and statistical analyses. The mean numbers of cells were
determined from three to five replicates, and mean values were compared by
Student’s t test. A regression model was used to compare viable counts (culture)
from natural water with total counts obtained by cell labeling and direct enu-
meration by solid-phase cytometry. All analyses were performed with Statgraph-
ics Plus software (Fontsoftware; Bitstream, Inc., Cambridge, Mass.) running on
a PC.

RESULTS AND DISCUSSION

Comparison of two staining procedures. Two techniques
were used to stain trophozoites (axenic cultures) and cysts
(monoxenic cultures) forms of N. fowleri. Representative pic-

tures of the two labeling procedures are shown in Fig. 2. The
efficiency of each staining protocol was evaluated from two
parameters determined by solid-phase cytometry: the peak of
fluorescence intensity and the heterogeneity of fluorescence
signals as determined by the coefficient of variation (CV)
(mean value divided by the standard error). The best proce-
dure was determined by optimizing the signal/noise ratio.

The results obtained from a wide diversity of samples were
pooled and obtained from the analyses of approximately 1,000
cells (Table 1). The best labeling technique appears to be that
generating the highest peak of fluorescence intensity, the low-
est CV, and the lowest fluorescence background. Cells labeled
with tyramide-FITC showed great differences between tropho-
zoites and cysts and also an important heterogeneity of fluo-
rescent signals for cysts. This heterogeneity may be due to the
low reproducibility of the tyramide precipitation induced by
enzymatic activity. However, the peak intensity of vegetative
forms was the highest recorded in this assay. In contrast, the
peak intensity of cysts was much lower and varied greatly. The
lowest fluorescence intensity recorded for cysts was very simi-
lar to that of nonspecific fluorescent signals.

The difference between the two cellular forms was greatly
reduced when staining was performed with streptavidin–RPE-
Cy5. Nevertheless, although the mean fluorescence intensity of
trophozoites was lower than that recorded for FITC-labeled
cells, the mean fluorescence intensity of cysts was higher with
RPE-Cy5. Furthermore, in all cases the CV was higher than or
similar to those reported for the tyramide-FITC labeling pro-
cedure. This suggests that the cellular fluorescence is more
homogeneously distributed within the amoeba population. Al-
though the flagellated form was not systematically studied be-
cause of its transient nature, the cellular signals obtained from
these cells were similar to those provided by trophozoites.

Comparison of cell counts obtained by the two labeling
procedures. Cell counts were also compared by applying the
two protocols to cellular suspensions of trophozoites and cysts.
At least three replicate analyses were performed on each sam-
ple. This approach was used also to assess the efficiency of
solid-phase cytometry to detect all labeled cells. The numbers
of cystic and vegetative forms obtained by staining with FITC
were 118 � 6.6 (n � 3) and 99.6 � 15.6 (n � 5), respectively.
When cells were stained with RPE-CY5, the numbers were
113.3 � 7.15 (n � 3) and 101.25 � 121.99 (n � 5), respectively.
For both trophozoites and cysts, the counts determined by the
two staining protocols were not significantly different (t test, P
� 0.05). This suggests that all cells were labeled by both tech-

TABLE 1. Comparison of peak intensity (PI) mean by the two
staining procedures (FITC and RPE-Cy5) on vegetative

and cystic forms by solid-phase cytometry

Fluorescent
dye

Morphological
form

No. of N. fowleri
amoebae validateda PI CV

RPE-Cy5 Trophozoites 1,063 5,647 3.11
Cysts 1,092 3,949 1.76

FITC Trophozoites 981 17,139 4.20
Cysts 1,049 3,085 0.95

a Obtained after microscopic validation.

TABLE 2. Comparison of N. fowleri counts in natural water obtained with two labeling procedures (FITC and RPE-Cy5)
and plate counts (MPN)a

Sample date
(date/mo./yr)b

Fluorescent
dye ChemScan resultc No. of validated

cellsd

No. of amoebae/liter

ChemScan MPN

06/07/00 RPE-Cy5 244.20 � 33.63 13.6 � 4.72 3,047 � 1,058 2,872 � 1,054
FITC 121.00 � 78.42 2.60 � 1.34 583 � 292 2,872 � 1,054

11/07/00 RPE-Cy5 166.00 � 69.45 2.80 � 1.30 628 � 292 428 � 218
FITC 22.20 � 6.94 0.40 � 0.55 90 � 110 428 � 218

a Values are means � standard deviations.
b Water samples were collected from the Bugey nuclear power plant site.
c Counts determined by the ChemScan system after discrimination.
d Counts obtained after microscopic validation.
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niques and could be discriminated by the ChemScan. Further-
more, no significant differences between replicate values ob-
tained for a given cellular form and protocol were reported,
suggesting that the labeling procedure was very reproducible.

Detection of amoebae in natural waters. Different water
samples were collected in the cooling effluent from two nuclear
power stations, and analyses were performed on five replicate
samples using the two staining procedures (Tables 2 and 3).

The counts determined by the ChemScan after the auto-
matic discrimination by the instrument and those obtained
after microscopic validation are reported in Table 2. For sam-
ples collected at the Bugey station, only 5 ml could be filtered
on the membranes because of the presence of a large amount
of organic and inorganic particles. The primary counts varied
greatly between membranes for a given sample, and these
variations were more important when the tyramide-FITC pro-
tocol was used (data not shown). Furthermore, results and
validation counts were much higher when cells were stained
with the streptavidin–RPE-Cy5 protocol and the amoeba
counts were comparable to those obtained by the traditional
plate count technique. A similar trend was found for samples
collected on two different dates. The significant differences (t
test, P � 0.05) between the two protocols can be explained by

the fact that nonspecific particles occurring in the natural en-
vironment provide more important emissions in the green than
in the red channel. The automatic discrimination used to gen-
erate the results was very efficient, since more than 95% of the
nonspecific signals were eliminated (data not shown). How-
ever, this discrimination process alone was not enough to pro-
vide accurate and definitive cell counts. The microscopic ex-
amination was necessary to eliminate the remaining
nonspecific events.

The microscopic examination of nonspecific signals detected
in the green fluorescence channel (FITC labeling) and taken
into account in the primary counts revealed that cells closely
associated with particles are considered single particles by the
ChemScan and are therefore not considered further in the
results. Consequently, amoeba counts were underestimated
when cells were stained with FITC. Inversely, when these par-
ticle-attached cells are detected in the red channel, they are
considered cells and not particles, because the red fluorescence
emission of the particle is very low. The most appropriate
immunofluorescence protocol was the streptavidin–RPE-Cy5
staining procedure. This method was used to further compare
viable counts obtained by the MPN method with those found
by immunofluorescence and solid-phase cytometry (Table 3).

FIG. 3. Correlation between solid-phase cytometry and MPN counts of N. fowleri in natural water samples at different concentrations.

TABLE 3. Detection of N. fowleri in natural waters by RPE-Cy5 labeling associated with solid-phase cytometry (ChemScan)
and plate counts (MPN)a

Samples date
(day/mo./yr)b ChemScan resultc No. of validated cellsd

No. of N. fowleri amoebae/liter

ChemScan MPN

07/05/01 141.20 � 52.70 13.40 � 3.51 7,504 � 1,964 5,423 � 2,336
12/05/01 68.40 � 51.55 14.40 � 4.39 16,128 � 4,920 16,095 � 6,324
15/05/01 33.80 � 11.67 12.80 � 4.02 6,048 � 2,183 5,423 � 2,336
17/05/01 426.60 � 44.25 8.00 � 1.58 4,480 � 885 3,477 � 1,337
18/05/01 321.60 � 153.35 4.00 � 2.35 2,240 � 1,313 1,959 � 689

a Values are means � standard deviations of five subsamples.
b Water samples were collected from Nogent nuclear power plant site.
c Counts determined by the ChemScan after discrimination.
d Counts obtained after microscopic validation.
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Precision of counts determined by solid-phase cytometry.
The accuracy of amoeba counts was estimated by comparing
the two counting methods applied to natural samples (Tables 2
and 3). Although the ChemScan results were always higher
than those determined by the MPN procedure, the results of
the two methods were very close, and no significant difference
was found (t test, P � 0.05). The correlation between counts
obtained by cytometry and cell culture was very significant
(Fig. 3). This suggests that the two methods provide similar
results, due to the high standard deviations associated with the
counts. In most cases, the standard deviation was higher for
MPN results, suggesting a lower reproducibility of this count-
ing procedure. However, the higher counts obtained by direct
counting also may be explained by the detection of nonviable
organisms.

Conclusions. The immunofluorescence method developed
in this study proved very efficient for the direct and rapid
detection of amoebae in natural waters. The solid-phase cy-
tometer allows the detection of a single cell in a filtered volume
in less than 3 h, whereas the traditional method requires at
least 5 days to provide a diagnostic result. If we assume that the
volume that can be filtered is in the range of 2 to 5 ml, the
detection limit of amoebae is in the range of 200 to 500 cells
per liter. One way to improve the detection limit is to increase
the filtration capacity, which is limited by saturation of the
membrane porosity by nonspecific particles; alternatively, an
immunomagnetic sorting process could be used prior to filtra-
tion in order to physically separate the cells from nonspecific
particles. The detection of N. fowleri in surface waters by solid-
phase cytometry provides a very efficient method for the real-
time monitoring of aquatic ecosystems. However, this immu-
nofluorescent assay did not provide information on the
viability of the detected cells. Further investigations will be
performed to combine the antibody with a viability fluorescent
probe. This multiparametric approach will be developed using
the three fluorescent channels (PMT1 to PMT3) actually avail-
able on the solid-phase cytometer.
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