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Development of a Rapid and Sensitive Method Combining a Cellulose
Ester Microfilter and a Real-Time Quantitative PCR Assay To Detect
Campylobacter jejuni and Campylobacter coli in 20 Liters of Drinking
Water or Low-Turbidity Waters
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Investigations of Campylobacter jejuni and Campylobacter coli in samples of drinking water suspected of being at the origin of
an outbreak very often lead to negative results. One of the reasons for this failure is the small volume of water typically used for
detecting these pathogens (10 to 1,000 ml). The efficiencies of three microfilters and different elution procedures were deter-
mined using real-time quantitative PCR to propose a procedure allowing detection of Campylobacter in 20 liters of drinking wa-
ter or low-turbidity water samples. The results showed that more than 80% of the bacteria inoculated in 1 liter of drinking water
were retained on each microfilter. An elution with a solution containing 3% beef extract, 0.05 M glycine at pH 9, combined with
direct extraction of the bacterial genomes retained on the cellulose ester microfilter, allowed recovery of 87.3% (£22% [standard
deviation]) of Campylobacter per 1 liter of tap water. Recoveries obtained from 20-liter volumes of tap water spiked with a C. coli
strain were 69.5% (*=10.3%) and 78.5% (%=15.1%) for 91 CFU and 36 CFU, respectively. Finally, tests performed on eight samples
of 20 liters of groundwater collected from an alluvial well used for the production of drinking water revealed the presence of C.
jejuni and C. coli genomes, whereas no bacteria were detected with the normative culture method in volumes ranging from 10 to
1,000 ml. In the absence of available epidemiological data and information on bacterial viability, these last results indicate only

that the water resource is not protected from contamination by Campylobacter.

hermotolerant Campylobacter species are an important cause

of gastroenteritis disease throughout the world (7, 13, 23).
Campylobacter jejuni and Campylobacter coli are the main species
implicated in human Campylobacter infections. These bacteria
have been shown to be widespread in the natural aquatic environ-
ment (6, 11, 12, 25). Feces of contaminated poultry, cattle, or birds
and discharge of sewage constitute sources of pollution for the
natural aquatic environment (21, 29). Consumption of contami-
nated drinking water constitutes a major route of transmission of
Campylobacter and has been implicated in numerous water out-
breaks in various countries (14, 16, 17, 18). However, isolation of
Campylobacter from samples of water suspected of being the
source of an outbreak remains difficult and frequently produces
negative results (2, 18). There are three reasons that could explain
this low recovery.

First, the period between the onset of human infection and the
sampling of water involved in the outbreak may be too long to
recover the implicated bacteria (18, 30). This period can vary
widely depending on (i) the incubation time of the infection, (ii)
notification of several cases to the authorities in charge of organiz-
ing the investigation, and (iii) the lapse of time until suspected
water are sampled and analyzed by specialized laboratories. The
longer the interval between disease onset and sampling, the lower
the probability of detecting the microorganism, especially if the
contamination is an isolated event.

Second, the current methodology used to detect Campylobac-
ter may be ineffective and lead to false-negative results for differ-
ent reasons. Laboratories generally use the normative procedure
ISO 17995 (20) for detecting this pathogen in water in the event of

0099-2240/12/$12.00 Applied and Environmental Microbiology p. 839-845

a waterborne outbreak. This method requires filtering water
through a cellulose ester microfilter. The filter is then directly
placed in a selective broth for enrichment, followed by subculture
on selective agar plates. The enrichment procedure increases the
recovery of damaged cells present in water (19) and could also
increase the growth of any background microflora present, partic-
ularly in fecally contaminated water (1, 15), that could prevent the
detection of Campylobacter. Moreover, the presence of viable but
noncultivable (VBNC) forms, under stressful environmental con-
ditions (2, 8, 10), may also produce a negative result. Moreover,
cells initially present in water can be irreversibly damaged if sam-
pling or storage is not appropriate, and these can also not be de-
tected. Molecular methods, such as PCR, are an alternative to
traditional culture methods. PCR could be sensitive, specific, and
provide results in a few hours (5 h compared to 4 to 6 days when
using the ISO 17995 method). Furthermore, PCR can detect Cam-
pylobacter genomes from viable, VBNC, and dead cells. The detec-
tion of DNA from these three forms could constitute an advantage
during the investigation of an outbreak. Characterization and typ-
ing the sequences of the bacterial genomes detected in water sam-
ples and comparison with those detected in feces of infected hu-
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TABLE 1 pH, conductivity, and turbidity results for the tested waters

Conductivity Turbidity

Water sample pH (mS/cm) (NFU)
Drinking waters

™ 7.7 0.38 0.03

SW 7.2 0.53 0.03

MW1 7.2 0.57 0.02

Mw2 7.2 2.73 0.21
Tap waters contaminated

with surface water
TWml 7.6 0.32 0.44
TWm2 7.5 0.4 1.91

mans can help confirm that this pathogen is involved in the
waterborne outbreak. Several protocols for PCR assays to detect
Campylobacter in drinking water, well water, and surface water
have been described (6, 25, 26).

Third, the volume of water used for Campylobacter detection
may not be sufficient. Typically, volumes of 10 ml to 1 liter of
water are tested (20). Hdnninen et al. (18) reported that these
volumes were too small for detecting Campylobacter present in
drinking water samples collected during a waterborne outbreak.
In their study, 4- to 10-liter samples of tap water or groundwater
suspected to be at the origin of waterborne outbreaks were used to
detect C. jejuni and C. coli using a culture method.

Taking into account all these observations, the aim of the study
was to develop a sensitive and rapid method for detecting C. jejuni
and C. coli in 1 to 20 liters of drinking water or in low-turbidity
waters. We first selected methods to concentrate bacteria present
in the sample by using microfilters, typical of the ones that envi-
ronmental water analysis laboratories may use, and then com-
pared recovery rates using real-time quantitative PCR (qQPCR) and
culture methods. The selected method was then assessed for nat-
ural water collected from an alluvial well used for the production
of drinking water.

MATERIALS AND METHODS

Campylobacter strains and preparation of inocula. C. coli strain ATCC
33559 and C. jejuni strain NCTC 11168 purchased from the National
Reference Center for Campylobacter and Helicobacter (Bordeaux, France)
were used as controls in the study. Each strain was cultured under a mi-
croaerobic atmosphere (5% O,, 10% CO,, and 85% N,) in Preston broth
(Preston base with 5% defibrinated horse blood and antibiotic supple-
ment [Oxoid, Dardilly, France]). After 44 = 4 hat 37 = 1°C, enrichments
of bacteria were streaked onto mCCDA plates (modified charcoal ce-
foperazone desoxycholate agar; Oxoid). Plates were incubated at 41.5 =
1°C for 44 = 4 h under a microaerobic atmosphere. Bacterial cells ob-
tained on agar were suspended in sodium chloride-peptone water com-
posed of 0.85% sodium chloride and 0.1% peptone in purified water (AES
Chemunex, Bruz, France) and enumerated on mCCDA plates from 10-
fold serial dilutions to obtain a stock solution of 10° to 107 CFU/ml. This
solution was used to spike the different waters tested in this work.

Types of water samples. (i) Spiked water. Different types of drinking
water were included in the test (Table 1). Tap water (TW) was collected in
the laboratory by using sterile polyethylene bottles containing 20 mg/liter
of sodium thiosulfate (Sigma, Saint-Quentin Fallavier, France). Bottled
spring water (SW) and two types of bottled natural mineral water, con-
taining low and high salt concentrations (MW1 and MW2), were also
tested. Drinking water mixed with surface water was also tested using the
method to simulate water contamination. Surface water used for this sim-

840 aem.asm.org

ulation was collected from the Moselle River. Tap water was mixed with
about 10% (vol/vol) surface water (TWm1) or 50% (vol/vol) surface wa-
ter (TWm2). All these waters samples were spiked with the appropriate
quantity of bacteria from the stock solution.

(ii) Groundwater. Eight samples of 20 liters of groundwater (GW)
were collected from an alluvial aquifer used for the production of drinking
water in a water supply near the greater Nancy area. All samples were
collected in summer 2010, and the pH ranged from 7.02 to 7.57, conduc-
tivity ranged from 0.49 mS/cm to 0.56 mS/cm, and turbidity ranged from
0.05 NTU to 0.24 NTU (nephelometric turbidity units).

Microfilters. Three 47-mm-diameter flat disc microfilters were se-
lected for the study. Two 0.45-um-pore-size filters were tested: (i) a cel-
lulose ester filter (reference EZHAWG474; Millipore, Molsheim, France)
and (ii) an electropositive, charge-modified, diatomaceous earth/cellu-
lose filter (catalog number NM04701; Zetapor; Cuno, Cergy-Pontoise,
France). A third electropositive flat filter not rated by pore size, containing
amixture of fiberglass and cellulose (catalog number NM04711; Zetaplus
Virosorb 1-MDS; Cuno, Cergy-Pontoise, France), was also included in
this work.

Concentration and elution of bacteria. After filtration of 1 to 20 liters
of the spiked water or groundwater samples through the microfilters, they
were introduced into a 50-ml tube containing 3 ml of elution buffer, and
the whole mixture was shaken for 10 min for eluting the bacteria retained
or adsorbed on the filters. Three types of buffer were tested: (i) a solution
of 1% beef extract with glycine (0.05 M) at pH 7, (ii) a solution of 3% beef
extract with glycine (0.05 M) at pH 7, and (iii) a solution of 3% beef
extract with glycine (0.05 M) at pH 9.

Campylobacter detection methods. (i) Detection of Campylobacter
in groundwater by using the ISO method. Concentration and isolation
of Campylobacter organisms present in GW were carried out according to
the ISO 17995 method. For each sample, volumes of 10, 100 and 1,000 ml
were assessed in duplicate. After filtration of the test volume, one micro-
filter (a cellulose ester filter with 0.45-um pore size; Millipore) was im-
mersed in Preston broth, and the other microfilter was immersed in
Bolton broth (Bolton enrichment broth with 5% defibrinated horse
blood, Campylobacter growth supplement, and selective supplement from
Oxoid). Broths were incubated at 37 *= 1°C for 44 = 4 h under a mi-
croaerobic atmosphere and bacteria, present in broths, were streaked on
mCCDA plates after the enrichment step. After incubation of the plates at
41.5 * 1°C for 44 * 4 h, typical Campylobacter colonies were streaked
onto two Columbia blood agar plates (Oxoid) for confirmation. We
checked for the absence of growth after incubation under an aerobic at-
mosphere at 41.5 = 1°C for 21 * 3 h, confirmed the presence of curved
forms and cell mobility by phase-contrast microscopy (Olympus,
BX51TF), and used a latex agglutination test to identify enteropathogenic
Campylobacter spp. (Dryspot Campylobacter test kit; Oxoid).

(ii) Detection of Campylobacter in spiked water using the culture
method. Ten-fold serial dilutions of 100 ul of spiked water collected be-
fore and after filtration or in the elution buffer used for the elution step
were carried out using sodium chloride-peptone water (AES Chemunex).
A 100-pul aliquot of each dilution was spread over the surface of mCCDA
agar supplemented with CCDA supplement (Oxoid) by using a sterile
spreader. Plates were incubated at 41.5 * 1°C for 44 * 4 h under a mi-
croaerobic atmosphere.

(iii) Detection of Campylobacter using real-time qPCR. Real-time
qPCR was used to determine the recoveries of each type of microfilter or
each condition tested on spiked water and also to detect Campylobacter in
the natural aquatic environment (GW). Bacterial genomes were extracted
prior to performing qPCR.

(a) DNA extraction. After concentrating Campylobacter from waters
samples using the microfilters, DNA extraction was performed on the
entire volume (3 ml) of the tested elution buffer. Extraction was carried
out by applying one thaw-freeze cycle (100°C for 10 min and —80°C for 10
min) in the presence of 2.5% (wt/vol) Chelex (Bio-Rad, Marnes la Co-
quette, France). After centrifugation for 10 min at 4,000 rpm, the super-
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TABLE 2 Primers and probes used for detection of C. jejuni and C. coli by gPCR

Species detected Primer or probe

Sequence (5'—3")7

Localization
(nucleotide position)?

C. coli Primers
F3-gyrA-CJ-CC GTACTTTTGGTGTGATTATG 986-1005
R4-gyrA-CJ-CC TTATCTCTTTTAATTCATCGCG 1429-1408
FRET probes
Sensor Red 640-GTTCGTCTGATAATCACTGTTTTTCTATG-p 1100-1072
Anchor GCTCTTGCTCTTGCTTTTTGAAGTTCAA- F 1133-1106
C. jejuni Primers
F3-gyrA-CJ-CC GTACTTTTGGTGTGATTATG 986-1005
R4J-gyrA TWATYTCTTTTAATTCATCGCG 1429-1408
FRET probes
Sensor] LC705 - GTTCTTCTAATAATAACTGTTTTTCTATG-p 1100-1072
Anchor] GCTCTTGCTCTTGCCTTTTGAAGTTCAA- F 1133-1106

@ p, phosphate; F, fluorescein.

b The nucleotide positions of primers and probes were compared to the gyrA gene numbering system used for the Campylobacter jejuni NCTC 11168 reference strain.

natant was collected and mixed with 4 ml of a guanidine thiocyanate
buffer provided by Qiagen and left for 10 min at room temperature. Then,
4 ml of ethanol was added and the mix was filtered through a silica column
(Qiagen, Courtaboeuf, France). DNA bound on the column was eluted in
50 ul of sterile water by centrifugation for 1 min at 8,000 rpm. DNA was
stored at —20°C until use.

(b) Real-time qPCR. Campylobacter detection in DNA extracts was
assessed using a fluorescence resonance energy transfer (FRET)-PCR as-
say targeting the gyrA gene as previously described by Ménard et al. (24)
with minor modifications in the sequence of the probes and of the reverse
primer used for C. jejuni (Table 2). The anchor and anchor] probes were
fluorescein labeled at the 5" end, and the sensor and sensor] probes were
phosphorylated at the 3" end. Each PCR mixture contained 1X Light-
Cycler FastStart DNA Master HybProbe (Roche Diagnostics, Meylan,
France), 3 mM MgCl,, 0.5 uM each primer, 0.2 uM each probe, and 5 ul
of template DNA in a total volume of 25 ul. Amplification was done on a
Rotor-Gene 6000 thermocycler using the following program: 10 min at
95°C, followed by 45 cycles of 6 s at 95°C, 30 s at 54°C, and 25 s at 72°C.
Rotor-Gene software was used to analyze the parameters of each run and
define the threshold cycle (C;) values. The C;- value corresponds to the
PCR cycle number at which the generated fluorescence crosses the thresh-
old. It is inversely correlated to the logarithm of the quantity of genome
copies.

Evaluation of efficiencies of methods using qPCR to detect bacterial
genomes. Evaluation of the efficiency of the detection method was per-
formed on 3 ml of PBS (phosphate-buffered saline, pH 7.4). PBS was
spiked with serial 10-fold dilutions of C. coli to obtain final concentrations
ranging from 2.3 X 10*to 2.3 X 10~ ! CFU/ml in PBS. A test on a theoretical
concentration of 2.3 X 10~ ! ml was conducted to confirm the limit of detec-
tion of the method used. The same was done for C. jejuni, to obtain final
concentrations ranging from 8.3 X 103 to 8.3 X 10! CFU/ml in PBS.

To explore the impact of the beef extract present in the elution solu-
tion, 3 ml of elution buffer containing 3% beef extract with 0.05 M glycine
was used. Buffer was spiked with serial 10-fold dilutions of C. coli to obtain
final concentrations ranging from 3.9 X 10° to 3.9 X 10° CFU/ml in the
buffer. The same was done for C. jejuni to obtain final concentrations
ranging from 8.3 X 103 to 8.3 X 10~ ! CFU/ml.

Each test was repeated three times. The slope (S) of the 10-fold dilu-
tion curve was used to assess the efficiency (E) of the procedure according
to equation 1:

E=10"" —1 (1)

The correlation coefficient squared (r?), the sensitivity, and the limit of
detection of the procedure were also determined.
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Evaluation of recovery rates. Different types of recovery were ex-
plored in the study.

(i) Retention recovery. Retention recovery (RR) was defined as the
microfilter’s efficiency in removing, by size exclusion or adsorption, bac-
teria from the spiked test water. The RR was determined for the three
microfilters tested with 1 liter of tap water contaminated with a known
quantity of Campylobacter. Three-milliliter water samples were collected
before and after filtration and were analyzed using a real-time qPCR assay
after DNA extraction. From the C; values obtained, recoveries (as per-
centages) were calculated using equation 2:

RRpcg = 100 — 100/ {10(CTHO=CTOIS) (2)

where Cy;) and Cyy are the Cy values that correspond to the quantity of
bacteria after DNA extraction from the water sample before [Cy;)] and
after [Cyp] filtration and S is the slope of the standard calibration curve.
Retention recovery was also determined using the plate count method on
mCCDA plates (RR.) and equation 3:

RR, = [(C;— C)/Ci] X 100 (3)

where C, is the concentration of bacteria present in the spiked water before
filtration and C; is the concentration of bacteria present in the filtered
water.

(ii) Global recovery. Global recovery (GR) was defined as the effi-
ciency of the concentration procedure, including filtration of water
through the tested microfilter and also the elution step, to recover the
bacteria in spiked tap water. GR values were determined for the three
microfilters tested on 1 liter of tap water spiked with a known quantity of
Campylobacter cells. After concentrating the bacteria, each microfilter was
introduced into a 50-ml tube containing 3 ml of elution solution com-
posed of glycine (0.05 M) and 1% beef extract at pH 7 and vortexed for 10
min. Before DNA extraction, the microfilter was removed. For the cellu-
lose ester microfilter, two other buffers containing glycine (0.05 M) and
3% beef extract at pH 7 and pH 9 were also tested. The quantity of ge-
nomes obtained in the 3 ml of buffer solution after the removal of the
microfilter was compared to the quantity of genomes of the bacteria pres-
ent in the solution used for water contamination from a final volume of 3
ml in the same elution buffer. This was done to avoid bias in the calcula-
tion of the GR due to the chemical composition of the buffer. From the C.
values, GRs (as percentages) were calculated using equation 4:

GR = 100/{10[CTO) = CTX5) (4)

where Cyy, is the value corresponding to the quantity of genomes of the
bacteria in solution used to contaminate the water sample, Cyy, is the
value corresponding to the quantity of genome obtained in the 3 ml of
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TABLE 3 Slopes, correlation coefficients, and limits of detection of the qPCR assays used to detect C. coli and C. jejuni genomes present in

3 ml of buffer
Species Medium Mean slope (* SD) Mean r2 (= SD) Limit of detection (CFU/ml)
C. coli PBS —3.791 (£ 0.01) 0.998 (£0.002) 2.3 X 10°
Elution buffer —3.939 (+0.143) 0.996 (+0.004) 3.9 X 10!
C. jejuni PBS —3.890 (*£0.029) 0.990 (£0.011) 8.3 X 10°
Elution buffer —3.71 (+0.608) 0.995 (+0.000) 8.3 X 10°

buffer after the concentration procedure, and Sis the slope of the standard
qPCR curve for calibration.

(iii) Global direct recovery. To determine the global direct recovery
(GdR) rate, DNA was extracted from 3 ml of elution buffer in the presence
of the tested microfilters. GdR was measured using the same principle and
equation as for the GR (equation 4).

Statistical analysis. For all data, values are expressed as means (*
standard deviations). Analysis of variance (ANOVA) was used to compare
the differences among recovery rates (GR and GdR) obtained for tap
water spiked with Campylobacter cells under various conditions. Post hoc
analyses using Bonferroni’s test were used for pairwise multiple compar-
isons. All the statistical analyses were performed using Statistica (StatSoft
Inc.).

RESULTS

Efficiency of the genome detection method using qPCR. After
filtration of 1 to 20 liters of drinking water using a 47-mm flat
microfilter, bacteria were successfully recovered in a volume of 3
ml of elution buffer. To achieve high sensitivity, we first evaluated
and validated the method described above to extract DNA on the
entire volume of elution buffer. This evaluation was done with
PBS and with a buffer containing beef extract.

The standard curves obtained from qPCR on the serial 10-fold
dilutions of C. coli in 3 ml of PBS resulted in a slope of —3.791
(#0.01) with a correlation coefficient (%) of 0.998 (£0.002) (Ta-
ble 3). According to equation 1, the efficiency of the procedure was
estimated at 83.7%. The limit of detection was determined to be
2.3 X 10° CFU/ml. For C. jejuni, an efficiency of 80.7% was calcu-
lated from a slope of —3.890 (%£0.029). The ? value was 0.990
(£0.011), and the limit of detection of the procedure for this
strain was 8.3 X 10° CFU/ml.

With 3 ml of elution buffer containing 3% beef extract, the
slope for C. coli was —3.939 (*+0.143) with an r? coefficient of
0.996 (+0.004), which corresponds to an efficiency of 79.5%. The
limit of detection was 3.9 X 10' CFU/ml. For C. jejuni the slope of
the curve was —3.71 (£0.608), with an 2 of 0.995 (*0.000),
which corresponds to an efficiency of 86.2%. The limit of detec-
tion of the procedure was 8.3 X 10° CFU/ml.

Recovery rates for the three tested microfilters. RR,y and
RR. were evaluated with C. coli for each type of filter in 1 liter of
tap water spiked with 1.3 X 10° CFU or 3 X 107 CFU, respectively.
RRpcr values were 90.3% (£4.1%), 96% (*£3.5%), and 83.8%
(£7.9%) for cellulose ester, Zetapor, and Zetaplus Virosorb
1-MDS microfilters, respectively. RR. values were 90.2%
(+5.7%), 89.6% (+4.4%), and 89.7% (*=4%) for cellulose ester,
Zetapor, and Zetaplus Virosorb 1-MDS microfilters, respectively.

GRs, calculated using equation 4, were assessed in 1 liter of tap
water spiked with 340 CFU of C. coli after elution using buffer
containing 0.05 M glycine and 1% beef extract at pH 7. GR values
of 12.2% (*+4.9%) and 19.2% (*+3.5%) were obtained for the
cellulose ester and Zetapor microfilters, respectively. The Viro-
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sorb 1-MDS filter showed the lowest recoveries (<1%). For the
cellulose ester filter, the percentages of bacteria recovered after
elution, estimated using real-time qPCR, were similar to those
estimated using the culture method (17.3% = 4.9%). Taking into
account these results, we chose to use the cellulose ester microfilter
in subsequent experiments.

Improved recoveries with cellulose ester microfilters. Sam-
ples of tap water (1 liter) spiked with 66 to 340 CFU of C. coli were
filtered through cellulose ester microfilters, and bacteria were
eluted with different elution buffers. GR and GdR rates were de-
termined in triplicate for each experimental condition using the
real-time qPCR assay after extracting the bacterial genomes. The
results are presented in Table 4. We found that for GR, increasing
the concentration of beef extract to 3% and the pH to 9 signifi-
cantly enhanced the GR to 85.6% * 3.6% (versus 12.2% * 4.9%)
(P < 0.05). As with the GR, the GdR was also enhanced when a
buffer at pH 7 containing 1% or 3% beef extract was used: 55.4%
(£6.2%) and 69.3% (*=12.9%), respectively (P < 0.05). However,
similar recoveries were obtained when a buffer containing 3% beef
extract at pH 9 was employed, with or without direct extraction
(85.6% = 3.6% versus 87.3% = 22%). Under these latter condi-
tions, tests performed on 1 liter of tap water spiked with 196 CFU
of C. jejuni showed similar results for GR (71.6% = 28.5%) and
GdR (70.3% = 19.8%). Given these results and with the aim of
minimizing handling of the microfilters, we decided to use the
direct extraction procedure with the buffer containing 3% beef
extract at pH 9.

Impact on GdR of the physico-chemical composition of the
water. The impacts of the physico-chemical composition of the
different waters tested on the efficiency of the method were
assessed with 1-liter volumes spiked with 88 to 1,720 CFU of C.
coli. GAR values were determined with the elution buffer con-
taining 3% beef extract and 0.05 M glycine at pH 9. Each test
was done in triplicate. Results obtained are presented in Fig. 1.
For the various drinking waters, GdR values varied between
63.1% * 3.9% and 99.99% = 0.00% for mineral water with a
high salt concentration (MW2). Simulated contamination of
tap water with surface water caused a decrease in the efficiency
of the method to 2.02% (0.8%) for tap water mixed with 50%
surface water (TWm?2).

TABLE 4 Global recovery and global direct recovery rates for 1-liter
samples of tap water spiked with Campylobacter coli based on use of
three different elution buffers

Microfilter Mean GR (%)  Mean GdR (%)

tested Elution buffer (%= SD) (%= SD)

Cellulose ester 1% beef extract,pH7  12.2 (+4.9) 55.4 (+£6.2)
3% beef extract,pH7  27.4 (*£8.7) 69.3 (+12.9)
3% beef extract,pH9  85.6 (+3.6) 87.3 (+22)
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FIG 1 GdR rates observed in different drinking waters and in tap water sam-
ples mixed with surface water spiked with C. coli, based on use of elution buffer
containing 3% beef extract, 0.05 M glycine, at pH 9. Error bars indicate the
standard deviations of the means.

Global direct recovery for the method with 1 and 20 liters of
tap water. The GdR for the method using the cellulose ester mi-
crofilter was assessed on 1 and 20 liters of tap water spiked with
different quantities of C. coli from serial 10-fold dilutions of the
solution stock (n = 2). The mean GdR values from 1 liter of tap
water spiked with 4.3 X 104, 4.3 X 103, 4.3 X 10?, and 4.3 X 10!
CFU were 85.3% (*+20.8%), 79.7% (£10.5%), 66.5% (*=30.7%),
and 83.5% (*23.4%), respectively. It was possible, for only one
assay, to measure a recovery of 4.6% when a quantity of 4.3 X 10°
CFU was tested. In 20 liters of tap water spiked with 9.1 X 103,
9.1 X 102, and 9.1 X 10! CFU, GdR values were, respectively,
15.1% (+0.8%), 27.5% (*£0.1%), and 69.5% (*£10.3%). The low-
est quantity detectable in this trial was 9.1 X 10! CFU. This quan-
tity was detected in the two trials conducted. To confirm the re-
covery for the lowest quantity of bacteria spiked in 20 liters, a
supplementary trial was organized in triplicate with 3.6 X 10!
CFU. The mean GdR was 78.5% (*+15.1%).

Sensitivity of the method. Sensitivity of the method was as-
sessed on both 1 liter and 20 liters of tap water spiked with C. coli.
Samples of water were spiked with different quantities of C. coli
and filtered through an ester cellulose microfilter. Bacteria were
recovered with the buffer containing 3% beef extract, 0.05 M gly-
cine at pH 9, and the detection was performed by real-time gPCR.
For 1 liter of tap water (Fig. 2a), the slope obtained from serial
10-fold dilutions ranging from 4.3 X 10* to 4.3 X 10° CFU was
—4.172, and the r? value was 0.949. According to equation 1, the
efficiency was estimated to be 74%. The limit of detection was
considered to be 43 CFU (n = 2). For 20 liters, a slope of —2.374
and a correlation coefficient of 0.989 were obtained with water
spiked with 9.1 X 103 t0 9.1 X 10' CFU (Fig. 2b). Given these data
and those for supplementary on water spiked with 3.6 X 10! CFU
(see above), the detection limit was considered to be between
3.6 X 10! CFU and 9.1 X 10* CFU.

Validation of the method on natural groundwater samples.
The method combining cellulose ester microfilter and direct DNA
extraction of the bacteria retained or adsorbed on the filter was
tested with 20 liters of groundwater from an alluvial aquifer that is
used for the production of drinking water. Of the eight samples
collected in summer 2010, thermotolerant Campylobacter spp.
were not detected using the standard method (ISO 17995 [2005]).
Genomes of C. coli and C. jejuni were detected by real-time qPCR
in four of the samples. C. coli were detected in three samples, C.
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FIG 2 (a) Standard curve obtained by filtration of 1 liter of tap water spiked
with different quantities of C. coli through an ester cellulose microfilter. Elu-
tion of bacteria was performed with a buffer containing 3% beef extract, 0.05
M glycine, at pH9 (n = 2). (b) Standard curve obtained by filtration of 20 liters
of tap water spiked with different quantities of C. coli through an ester cellulose
microfilter. Elution of bacteria was performed with a buffer containing 3%
beef extract, 0.05 M glycine, at pH 9 (n = 2).

jejuni was detected in two samples, and both species were detected
in one sample.

DISCUSSION

The aim of this study was to develop a methodology to rapidly detect
C. jejuniand C. coliin 20-liter samples of water by combininga simple
concentration technique and real-time gPCR. Using a cellulose ester
microfilter with 0.45-um pore size, we showed that Campylobacter
genomes could be detected in samples of 20 liters of groundwater
from an alluvial aquifer. In a volume of this size, recoveries ranging
from 69.5% (£10.3%) to 78.5 (=15.1%) were obtained for a C. coli
strain when tap water was spiked with bacteria concentrations rang-
ing from 9.1 X 10' CFU to 3.6 X 10! CFU, respectively. To our
knowledge, this is the first time that use of this type of microfilter in
combination with a molecular method, such as gPCR, has been re-
ported. In fact, other authors (26) or the standard technical proce-
dure (5) have even discouraged the use of this combination. Oyofo
and Rollins (26) reported binding of DNA to the ester cellulose mi-
crofilter, which would impact the detection.

Typically, volumes of 10 to 1,000 ml of water are employed to
detect Campylobacter in water (6, 20, 22). While these volumes are
sufficient for detecting these bacteria in contaminated natural aquatic
environments, such as surface waters, they are not satisfactory for
analyzing drinking water involved in a waterborne outbreak, espe-
cially if the contamination is an isolated event. Various authors have
already recommended the use of greater volumes for analysis. Han-
ninen et al. (18) described the detection of Campylobacter strains in
samples of tap or groundwater suspected to be at the origin of water-
borne outbreaks by analyzing 4- to 10-liter samples using a cellulose
ester filter and a culture method. Analysis of water volumes greater
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than 1 liter is typically carried out to detect other pathogens that have
different morphological characteristics, such as viruses and parasites.
For example, standard procedures (3, 4) for detection of enterovi-
ruses or Cryptosporidium spp. oocysts recommend testing between 10
and 1,000 liters of water, depending on water quality. For bacteria,
various authors have evaluated the efficiencies of flat filters or car-
tridges for filtering large volumes of water. Polaczyk et al. (28) showed
recoveries for Salmonella enterica of 12% to 29% for 10* CFU seeded
in 20 liters of tap water, using an electropositive microfilter and var-
ious elution buffers. With electronegative filters, such as glass fiber
filters, Block and Rolland (9) and Payment et al. (27) reported recov-
eries higher than 50% for Salmonella enterica serovar Typhimurium
and Legionella pneumophila, respectively, seeded in volumes of tap
water of =15 liters and treated with acid (pH 3.5) to enhance electro-
static attraction.

In this study, we demonstrated that the cellulose ester microfilter
retained more than 90% of the C. coli inoculated in 1 liter of tap water
when we used either a culture method or the gPCR method. The
absence of complete retention can be attributed to the size and mor-
phology of Campylobacter, which can be lower than the microfilter
pore size. The use of membranes with a 0.22-pum pore size may im-
prove retention of bacteria. However, with this type of membrane it is
not possible to filter more than 2 liters of tap water (data not shown).
Free bacterial genomes in the solution used for spiking the test water,
which cannot be retained on the filter and consequently would not be
detected after filtration, would not lead to complete retention. How-
ever, the similar values of RRs measured with the culture and gPCR
methods (RRpcy and RR) seem to exclude this possibility.

The use of an electropositive microfilter (Zetapor) with the same
porosity as the cellulose ester microfilter did not improve retention
efficiency. However, (i) the high recovery rates obtained with the
electropositive membrane Zetaplus Virosorb 1-MDS, with a porosity
of >1 um (RRpcr and RR, >80%) and, inversely, (ii) the very low
GdR value obtained with this filter (<1%), even with an elution buf-
fer containing 1% beef extract at pH 7, confirmed that there are elec-
trostatic interactions between the surface of the bacteria and the mi-
crofilter. This type of interaction has been reported for other bacteria,
such as S. enterica by Polaczyk et al. (28) with the Zetaplus Virosorb
1-MDS electropositive filter when used to detect these bacteria in tap
water.

In this study, we showed that the efficiency of the procedure to
concentrate bacteria depends on the elution step. The GR values ob-
tained with the cellulose ester microfilter were enhanced with the use
of an alkaline elution buffer (pH 9) containing 3% beef extract. These
results can be explained by the change in the charge of the membrane,
which becomes negative, thereby promoting repulsion with the neg-
ative charge of the bacteria. Other interactions, such as hydrophobic
interactions, may be involved in the adsorption process. Proteins
present in the beef extract buffer used to elute the bacteria may com-
pete with bacterial wall surface proteins. Hydrophobic interactions
between bacteria and membrane or cartridge filters have been re-
ported by other researchers (28). The elution of Campylobacter re-
tained on a filter is not realized when these bacteria are screened in
drinking water using the conventional culture method (20). Filtra-
tion membranes are directly immersed in culture broth, which limits
inactivation due to compounds present in the elution buffer. The use
of a buffer at pH 9 has an effect on the viability of bacteria. At this pH,
we showed that Campylobacter could no longer be detected using
culture methods (data not shown), while DNA of Campylobacter was
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still detected by qPCR methods, which cannot differentiate between
genomes from viable, VBNC, or dead bacteria.

To minimize the impact of the elution step on the overall effi-
ciency of the process, we chose to directly extract DNA from the
Campylobacter organisms retained on the filter before carrying out
the qPCR. This procedure has already been used for these bacteria by
Opyofo and Rollins (26). A protocol by which the membrane is com-
pletely immersed in 3 ml of buffer followed by a specific thaw-freeze
cycle (100°C/—80°C) and treatment with guanidine thiocyanate was
tested for DNA extraction efficiency. However, this protocol recov-
ered DNA in a final volume of 7 ml. With the aim of obtaining DNA
in a total volume of less than 100 ul, we chose to concentrate and
purify DNA using a silica column. Given the efficiencies of the pro-
cedure obtained with PBS buffer and various quantities of C. coli and
C. jejuni (83.7% and 80.7%, respectively), we are able to validate the
extraction step. We also verified that the use of a solution containing
proteins (3% beef extract) did not alter the efficiency of the process
(79.5% and 86.2%). This was important to verify, because we decided
to use this concentration of beef extract to perform direct extractions.
A buffer containing 3% beef extract at pH 9 was chosen in order to
minimize adsorption of naked DNA onto the cellulose ester filter by
electrostatic interactions. Adsorption of naked DNA on cellulose es-
ter filters has been reported by Oyofo and Rollins (26).

Efficiencies of (i) the method for concentrating bacteria when us-
ing a cellulose ester filter, (i) DNA extraction, and (iii) the gPCR
assay revealed a significant robustness when different types of drink-
ing water (with different physical and chemical characteristics) were
evaluated. GdR values of 99.9% were obtained on bottled mineral
water containing high levels of salt. Testing this type of water showed
that the salts present in the water did not alter any of the three steps of
the method. High recovery with this particular water confirmed the
presence of electrostatic interactions in the process of retention. In
other studies, salt has even been added to water samples to enhance
adsorption of bacteria on filters (9, 27). The test performed on tap
water spiked with different quantities of bacteria showed that our
procedure was sensitive enough to detect 4.3 X 10! bacteria for all
replicates, with a GdR of 83.5% (*23.4%). Increasing the volume to
20liters did not greatly affect the GdR values for 3.6 X 10! t0 9.1 X 10!
CFU spiked in 20 liters (GdR of 69.5% = 10.3% to 78.5% * 15.1%).

The simulation of drinking water contamination by adding up to
50% (vol/vol) river water showed that Campylobacter strains can be
detected in spiked water. However, the overall performance of the
method was greatly altered (GdR, 2.02% * 0.8%). Environmental
compounds present in water may be retained on the microfilter along
with bacteria and may induce decreases in the efficiency of the elution
step. Moreover, these compounds may also interfere with elution and
DNA extraction or alter the amplification efficiency, causing a reduc-
tion in recovery. With a greater volume of mixed water, filtration
would not be possible, because the filter would become clogged.
However, for this proportion of contamination, analysis of 1 liter of
water would be sufficient to detect the bacteria present in the water.

Detection of C. jejuni and C. coli in 20 liters of groundwater from
an alluvial aquifer confirmed that the procedure developed in this
study is effective for both species when tested in volumes of this size.
C. jejuni or C. coli was detected using our method in four of the eight
samples collected in summer of 2010, although no thermotolerant
Campylobacter organisms were detected in 1 liter when the standard
culture method was used (20). Moreover, neither Escherichia coli nor
enterococci were detected by normative procedures (data not
shown). Although the qPCR gave positive results in groundwater, it
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was not possible to draw conclusions concerning the viability of the
bacteria and thus assess the health risks. As discussed above, the qPCR
method cannot distinguish between viable and nonviable forms or
viable but noncultivable forms. In this case, where no epidemiological
data have been reported and in the absence of any fecal indicator or
information on the bacterial viability, it is not possible to assess the
risk. These results only indicate that the water resource is not pro-
tected from contamination by Campylobacter. Inversely, when epide-
miological data are available, this method can provide rapid results to
the authorities in charge of an investigation and to water supply man-
agers. The comparison of genomic sequences detected in water with
sequences detected in stools of infected patients can confirm that the
strains found in the water are indeed the cause of a waterborne out-
break.

Conclusions. In this study, we showed that it is possible to detect
Campylobacter strains in 20-liter samples of water by using a cellulose
ester filter to concentrate the sample and a molecular method to de-
tect these bacteria. In this volume of water, high recoveries were mea-
sured, even for low concentrations of bacteria seeded in water.
Among all the microfilters tested in this study, the cellulose ester filter
was simple and inexpensive to use. This filter can be used to test large
volumes of tap water without clogging. Moreover, these filters are
typically employed in laboratories that control the microbiological
quality of drinking water, which involves screening for bacteria used
as fecal indicators. Compared to the normative method, the method
developed in this study has the advantages of being quick (6 h for
samples of 20 liters) and can detect Campylobacter in water samples
with or without high levels of background bacteria. The application of
this method during an investigation of a waterborne outbreak, in
parallel with use of the normative method, should improve the iden-
tification of the pathogen involved. Finally, this method can also be
used to characterize the protection of a water aquifer used for the
production of drinking water against microbial pollutions. Given the
quantitative aspect of real-time qPCR and the recovery rates mea-
sured in this study, the concentrations of these pathogens in such
waters can be determined.
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