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Campylobacter is the leading agent of diarrheal disease worldwide. This study evaluates
a novel culture-PCR hybrid (MPN-PCR) assay for the rapid enumeration of Campylobacter
spp. from estuarine and wastewater systems. To first evaluate the current, culture-based,
Australian standard, an interlaboratory study was conducted on 69 subsampled water
samples. The proposed Most-Probable Number (MPN)-PCR method was then evaluated,
by analysing 147 estuarine samples collected over a 2 year period. Data for 14
different biological, hydrological and climatic parameters were also collated to identify
pathogen-environment relationships and assess the potential for method specific bias. The
results demonstrated that the intra-laboratory performance of the MPN-PCR was superior
to that of AS/NZS (6 = 0.7912, P < 0.001; k = 0.701, P < 0.001) with an overall diagnostic
accuracy of ~94%. Furthermore, the analysis of both MPN-PCR and AS/NZS identified the
potential for the introduction of method specific bias during assessment of the effects of
environmental parameters on Campylobacter spp. numbers.
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INTRODUCTION
Campylobacteriosis is a zoonosis spread into the environment
through the release of fecal material. Current WHO figures sug-
gest that Campylobacter are the leading cause of diarrheal disease
in industrialized nations with annually more than 60, 000 and 17,
000 confirmed cases reported respectively in the United Kingdom
(UK) and Australia alone (Corvisy, 2013; Hughes and Gorton,
2013). The primary route of infection is through ingestion of
contaminated food products. However, environmental sources,
such as water used for recreational purposes and stormwater
flows, represent an often overlooked source of disease transmis-
sion (Adak et al., 1995; Pond, 2005; Arnone and Walling, 2007);
3% of confirmed cases in the UK were reported as the direct
result of contact with contaminated water supplies (Anonymous,
2000). Campylobacter survival within non-biological settings (i.e.,
water and soils) (Thomas et al., 1999; Ross and Donnison, 2006;
Donnison and Ross, 2009; Rodriguez and Araujo, 2012), is depen-
dent on numerous exogenous variables. Sensitivities to seasonal
variations, temperature, sunlight exposure and dissolved nutri-
ents have been observed to directly affect concentrations of the
bacterium within water sources (Jones, 2001; Boyle et al., 2008;
Maal-Bared et al., 2012; Rodriguez and Araujo, 2012). Thus, vari-
ations in climatic, biological and hydrological conditions have
direct implications on human health outcomes (Patz et al., 2003).
Enumeration of Campylobacter from complex source samples
can be difficult due to the fastidiousness and fragility of the organ-
ism (Pitkinen, 2013). Furthermore, isolation from urban waters

is problematic, as they are usually present at low concentrations
(Koenraad et al., 1997). Culture-based methods for the enumera-
tion and isolation of Campylobacter from waters have become the
international standard (Standardization ISO, 2005). The addition
of concentration and pre-enrichment techniques and application
of selective media has significantly improved recovery efficien-
cies (AS/NZS, 2001; Jokinen et al., 2012; Ugarte-Ruiz et al.,
2012). However, culture-based methods are time-consuming and
expensive, requiring filtration, selective enrichment, isolation and
biochemical confirmation (~9 days to report).

The application of molecular tools, such as PCR, may help to
circumvent some of the limitations of current methods. Assays
for the detection of Campylobacter have been trialed and the
results found to be comparable to culture-based methods (Savill
et al., 2001; St-Pierre et al., 2009). It is important to note that
the majority of assays were conducted on food products, pri-
marily chicken rinses, with a limited number of environmental
studies (Pitkidnen, 2013). However, despite observed between-
technique correlations, only three ISO methods currently utilize
PCR for the detection of bacterial pathogens (Ireland NSAo, 2012;
Organisation IS, 2012; Standardization ISO, 2013). One possible
explanation for the lack of up-take of these methods, in water
studies, is the large volume of water that needs to be filtered
in order to detect low concentration microbes. Consequently,
exogenous variables, such as humic acid (a principle organic
component of soil and known PCR inhibitor (Schrader et al.,
2012), are also concentrated (Liibeck et al., 2003). The ability
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of laboratories to remove or limit humics, and other inhibitory
substances, within DNA samples may introduce inter-laboratory
variability in reporting. However, with the globalization of molec-
ular tools, such as DNA purification kits and PCR master-
mixes, the variations between laboratories can be minimized
and should be no different to those observed for culture-based
techniques.

A further consideration is the limited ability of researchers to
remove exogenous naked DNA and DNA derived from non-viable
cells. Direct amplification of environmental samples can result
in the over-estimation of risk if the presence of free DNA is not
accounted for. The use of chemical pre-treatments, such as pro-
pidium monoazide (PMA), has been proposed for the selective
removal of free and non-viable cell DNA (Nocker et al., 2006,
2007). However, the efficiency of these methods to completely
remove DNA from non-viable Campylobacter is still under inves-
tigation (Pacholewicz et al., 2013). Prior enrichment of samples,
by culture based techniques, has been demonstrated to promote
detection of viable cells while limiting the presence of exogenous
DNA (Abulreesh et al., 2006).

Alternative hybrid methods employing cultural enrichment
and PCR confirmation to enumerate Campylobacter in environ-
mental samples have been described (Savill et al., 2001; Sails
et al.,, 2003; Nam et al., 2005; St-Pierre et al., 2009; Rodriguez
and Araujo, 2010). The assays have been successfully applied to
complex matrices including feces, soil, foodstuffs and some recre-
ational waters (Hernandez et al., 1995; Savill et al., 2001; Kulkarni
etal., 2002; Josefsen et al., 2004a; Khan et al., 2009; St-Pierre et al.,
2009; Rodriguez and Araujo, 2010; Rodgers et al., 2012; Gharst
et al., 2013; Rohonczy et al., 2013; Taboada et al., 2013), demon-
strating their broad application potential. The procedures utilize
the benefits of standard filtration and culture to isolate organisms
in combination with PCR-assays for rapid sensitive detection. The
advantage of applying such procedures is that the presence of
inhibitory substances from concentrated samples can be limited
or diluted to enable reproducible assay results. Furthermore, ini-
tial culture-based enrichment increases the number of viable cells
for later PCR amplification procedures. However, current hybrid
protocols remain overly complicated often requiring multiple
enrichment steps, centrifugation and specialized DNA purifica-
tion procedures (Savill et al., 2001; Sails et al., 2003; Nam et al.,
2005; St-Pierre et al., 2009; Rodriguez and Araujo, 2010; Pitkidnen,
2013; Rohonczy et al., 2013). For universal uptake, a successful
standard procedure should require minimal specialized equip-
ment and resources, be easily applied with good correlation across
laboratories and short reporting time.

The complexity and interaction of variables within estu-
arine and stormwater systems has limited the use of direct
culture and molecular-based methods for Campylobacter enu-
meration (Lampard et al, 2012). However, hybrid methods
have not been tested directly on these systems. Here we
describe and evaluate a novel, DNA-purification free, culture-
PCR hybrid assay for the rapid detection and enumeration of
pathogenic Campylobacter from estuarine and wastewater sys-
tems. Concurrently, an inter-laboratory study was conducted
to evaluate the diagnostic accuracy of the current standard,
AS/NZS 4276.19:2001 (AS/NZS). AS/NZS is a MPN culture-based

method requiring filtration of complex samples prior to cul-
tivation and biochemical confirmation of bacterial genus. The
study encompassed 147 samples collected over a 2 year period
to evaluate the potential of the MPN-PCR method as a standard
Campylobacter enumeration procedure for environmental waters.
Environmental parameter relationships, which significantly affect
Campylobacter concentrations and assessment of risk and human
health outcomes, were also evaluated for method specific bias.

MATERIALS AND METHODS

STUDY LOCATIONS AND SAMPLE COLLECTION

Samples were collected from two systems in Victoria, Australia:
the Yarra River and Monash University stormwater harvesting
system.

Five sampling sites from within the Yarra River estuary
(Melbourne, Australia) were selected for study from January 2012
to December 2013 (Figure 1). These consisted of two estuarine
locations [Abbotsford (Abts) and Morrel Bridge (Mor)], two fresh
water inputs (Kew and Dights Falls) and two urban stormwa-
ter inputs, Gardiners Ck (Gard) and Hawthorn Main stormwater
drain (HMDE). Sites were selected to enable measurement of
Campylobacter concentrations in source waters within the bound-
aries of the estuary. The water column within the estuary ranges
from completely fresh at the riverine end (Kew/Dights Falls; 0.06—
0.13 psu 5th, 95th percentile) to a salt water region at the seawater
boundary. The Abbotsford site at the beginning of the estuarine
section of the Yarra River was predominantly fresh (0.06-0.15
psu; 5th; 95th percentile), while Morell Bridge exhibited strong
stratification driven by salt wedge (top layer salinity 0.73-9.25
psu; bottom layer 3.78-28.68 psu). The geographical positions
and location descriptions for each site are presented in Table 1.
Estuarine water grab samples were taken 3 m perpendicular from
the bank and at an approximate depth of 0.15 m at each location.
Samples were collected into 2 L polyethylene terephthalate con-
tainers that had been rinsed with a minimum of 1L of source
water prior to sample collection. The dates on which each sam-
pling was undertaken are specified in Supplementary Material.
A total of 147 estuarine samples comprising, 42 Abts, 45 Mor,
13 Kew, 16 Dights Falls, 34 Gard and 6 HMDE, were collected.
Sampling days were selected to incorporate variable climatic and
hydrological conditions. Rain event samples were collected using
a flow-weighted strategy (McCarthy et al., 2008).

Water samples derived from a stormwater biofiltration sys-
tem were included as part of the inter-laboratory evaluation
of AS/NZS. The Monash University biofilters are located in
Clayton, Australia, and treat stormwater from a 4500 m? multi-
story carpark. The stormwater is initially fed through large
basins which allow some sediment to settle (Hatt et al., 2009;
Chandrasena et al., 2012). The biological filters are planted Carex
apressa and Melaleuca ericifolia. As the stormwater moves through
the sand-based media, the pollutants (nutrients, microbes and
heavy metals) are removed through physical, chemical and bio-
logical processes. Six 30 L low complexity outflow samples, con-
taining an estimated <10 MPN/L C. jejuni NCTC 11168 were
collected. At the outlet, an electromagnetic flow meter (Magflow
by SIEMENS) was connected to monitor flow rate. The data
was stored in a Campbell CR200 data logger which triggered
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Site Name GPS location

A Morrel Brid 37949'23.91"S
orrefEridge 144°57'6.21”E

37°83'74.79"S
145°03’36.17"E
37°82'64.77"S
145°02°27.11"E
37°47°55.39”S
145°0°2.39”E
37°79'68.71"S
145°00°13.58”E
37°47°11.79"S
145°1’31.06"E

B Gardeners Creek

C Hawthorn Main Drain

D Abbotsford

E Dights Falls

F Kew

FIGURE 1 | Location and GPS co-ordinates of the study sites in the
Yarra River, Melbourne. Sampling locations within the Yarra River;
estuarine; Morell Bridge (A), Hawthorn Main Drain and (C) Abbotsford (D).
Outside of the estuary, Dights Falls (E) and Kew (F) are located in the fresh
water reach and Gardiners Creek (B) is an urban creek input. Map sourced
from Google Maps (https://www.google.com.au/maps/).

a Sigma 900 autosampler every 10,000L. A Teflon sampling
tube was inserted into the outlet pipe from which ten 3L
sub samples were collected into clean polyethylene terephthalate
containers.

All samples were placed on ice, divided into replicate sam-
ples and delivered to (1) Monash University, Environmental and

Public Health Laboratory (Lab-Res) and (2) ALS Environmental
(Lab-Comm). ALS is a facility accredited by the National
Association of Testing Authorities (NATA). Delivery and anal-
ysis occurred between 4 and 6h of initial sample collection.
Samples that underwent inter-laboratory evaluation of AS/NZS
are outlined in Supplementary Material.

CULTURE-BASED MULTI-TUBE ANALYSIS OF CAMPYLOBACTER SPP.

IN WATER SAMPLES

To calculate the inter-laboratory reproducibility of AS/NZS the
procedure was conducted at two independent laboratories. Lab-
Res was less than 1 h travel time from Lab-Comm; this small travel
time was essential to prevent significant changes in the microbial
content of samples, and the introduction of unwanted biases.

All samples underwent membrane filtration and examina-
tion for thermophilic Campylobacter spp. as described in the
Australian/New Zealand Standard 4276.19:2001 (AS/NZS, 2001)
(outlined in Figure 2) with the following modifications. Five or
eleven tube MPN analyses were conducted, dependent on sam-
ple source and whether the Campylobacter concentrations were
expected to be high. The number of tubes per sample, and the vol-
umes filtered for each tube, are listed in Supplementary Material.
Both laboratories used equivalent filtration volumes and num-
ber of tubes for each sample. For 11 tube MPN tests, two main
filtrate regimes were applied: (1) 2 x 250, 3 x 100, 3 x 50, and
3 x 10mL (2) 1 x 500, 5 x 100, and 5 x 10 mL. For 5 MPN tube
tests, three main filtrate regimes were used: (1) 50, 15, 5, 1.5, and
0.5mL, (2) 250, 100, 50, and 2 x 1 mL (3) 500, 250, 100, and
2 x 10 mL. Post-filtration onto 0.45 uwM cellulose nitrate filters
(Sartorius, Germany) samples were placed into 25 mL Prestons
broth and resuscitated aerobically for 2 h at 37°C. Campylobacter
selective supplement (Oxoid, United Kingdom) was added as
per manufactures instructions and broths enriched for 48h at
42°C. As outlined in AS/NZS, two 25mL broth cultures were
spiked with Escherichia coli strain ATCC 11775 or C. jejuni NCTC
11168 as negative and positive reaction controls respectively. To
ensure no post-collection environmental contamination, DNA-
free water, equivalent to the highest filtrate volume, was left
opened to the environment for the duration of filtration and
then filtered onto a 0.45 wM filter, placed into Prestons broth and
enriched as described in AS/NZS. No antibiotic negative enrich-
ment controls were included to ensure no media contamination.
Campylobacter jejuni, E. coli, no antibiotic and DNA-free water
contamination controls were conducted with each assay at Lab-
Res, while C. jejuni and E. coli controls were conducted at the
commercial lab [as outlined in (AS/NZS, 2001)].

Post-enrichment (48h at 42°C), 2uL of each sample was
plated onto modified CCDA-Preston and incubated for 48h at
42°C (Oxoid, United Kingdom). Typical colonies were selected
based on comparison to the positive control strain, and plated,
in duplicate, onto Horse Blood Agar (HBA) (Oxoid, United
Kingdom). One of each of the HBA plates were incubated under
either aerophilic or microaerophilic conditions for 48 h at 42°C
after which biochemical confirmation of Campylobacter using
the Oxoid Biochemical Identification System (O.B.LS) (Oxoid,
United Kingdom) was conducted on isolates present under
microaerophilic conditions (Figure 2).
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Table 1 | Sampling site description.

Site name Description

A Morrel bridge
wide channel of salt and fresh water
B Gardeners creek

High density urban developments; high watercraft usage; Queens Bridge Drain located around 950 m upstream; deep,

Completely channelized section of Gardiners Creek; extremely receptive to rainfall events within the catchment; No tidal

effect; High density industrial and residential areas upstream of site; no watercraft activity; surrounded by

recreational/sporting grounds
C  Hawthorn main drain
activity
D  Abbotsford
predominantly fresh water
E  Dights falls

Major urban stormwater drain. Collects stormwater inputs from high density industrial and residential areas; no watercraft

Shallow fast-flowing riffled section; high density industrial and residential developments with recreational parklands;

Site ~20 m upstream of weir; surrounded by parklands; no tidal influence; minimal watercraft; Merri creek junction just

upstream; Eastern Freeway crosses Merri Creek just U/S of Merri-Yarra junction

F Kew

Low density industrial, medium level residential developments; minimal watercraft activity; no tidal affect; fresh water

MPN-PCR ANALYSIS OF CAMPYLOBACTER SPP. FROM ENRICHED
ENVIRONMENTAL ISOLATES

Post-enrichment cultures, described above, were removed
from the incubator and plated onto modified Prestons agar
(AS/NZS, 2001) (Figure2). Concurrently, a 1uL sub-sample
was taken from each 25mL Preston enrichment (including
Campylobacter jejuni, E. coli, no antibiotic and DNA-free water
controls) and diluted 1:20 in DNase/RNase free water and
frozen at —20°C prior to use (Figure2). These samples were
freeze-thawed (one cycle) at —20°C to fracture cells prior to PCR
amplification. One cycle was assumed to be sufficient to release
DNA for PCR amplification. Based on the results of Liibeck
et al. (2003) the forward and reverse primer pair of OT1559
(5% CTGCTTAACACAAGTTGAGTAGG 3') (Uyttendaele
et al., 1994) and 18-1 (5" TTCCTTAGGTACCGTCAGAA 3)
(Uyttendaele et al., 1994) were selected for specific amplification
of an ~200bp product from C. jejuni, C. coli, C. lari and
C. upsaliensis. Each 12 uL reaction consisted of 5.5 WL of SSoFast
Evagreen Supermix (Biorad, USA), 25 nM of each primer, 2.3 pL
of DNase/RNase free water and 2L of lysed sample. Each
sample PCR was conducted in duplicate, a no template control
(NTC) was included in all assays. Amplification was performed
on a Biorad CFX96 Real-Time PCR system (Biorad, USA) under
the following conditions: 1 cycle of 95°C for 3 min; 40 cycles
of 95°C for 55, 56°C for 30s, with a plate read conducted after
each cycle for fluorescence measurement. Melt curve analysis
was conducted at the completion of 40 cycles of amplification
and compared to the C. jejuni positive, NTC and E. coli negative
controls.

ENVIRONMENTAL DATA

For Yarra River samples, rainfall (mm), temperature (°C), humid-
ity (%) and mean sea level pressure (MSLP; hPa) data was
averaged from gauge measurements taken at the Melbourne
Regional Office (Station ID: 86071) and available from the Bureau
of Meteorology (http://www.bom.gov.au/climate/data-services).
Average daily flow rates were available at Abbottsford, Morell
Bridge and Gardiners Ck. Total nitrogen (mg/L), total phospho-
rus (mg/L), total suspended sediment (TSS; mg/L) were mea-
sured by the Water Study Centre (Monash University, Australia)
following the procedures described in APHA-AWWA-WEF

(Association APH, 2005). Electric conductivity (EC; mS/cm), dis-
solved oxygen (DO; mg/L), turbidity (NTU) and salinity (%)
were measured in-situ and in the river flow, when possible, using
a Horiba multi-probe (HORIBA, Japan). Hydrological and envi-
ronmental parameter data was not collected for biofilter derived
samples.

A 10 mL subsample of the environmental water was taken and
examined for the presence of fecal coliforms and E. coli using the
Colilert® MPN method (IDEXX, USA) outlined in AS4276.21-
Method 21 (Australia S, 2005). The method was conducted by
Lab-Res with results presented as MPN/100 mL (Supplementary
Material). A 1:10 dilution was used for all samples except when
rainfall preceding collection was >3 mm where a 1:100 dilution
was applied. A negative deionized water control was included for
all assays.

STATISTICAL DATA ANALYSIS

The inter- and intra-laboratory relationship between AS/NZS and
MPN-PCR consisted of discrete data and were therefore assessed
using the Kappa coefficient of agreement (Carletta, 1996). The
Kappa coefficient measures difference based on a scale from —1
to 1, where a value of 1 indicates complete agreement, 0 sug-
gests a value has been obtained by chance and —1 a disagreement
between results (Viera and Garrett, 2005). Summary statistics
were also used to compare the AS/NZS results from the two
independent laboratories. Wilcoxon matched-pairs signed rank
test was conducted to compare paired concentration data from
Lab-Res and Lab-Comm. Minimum and maximum values are
summarized as well as the 5th and 95th percentile. Wilcoxon
matched-pairs signed rank test was also applied to compare non-
equivalent data derived from AS/NZS and MPN-PCR methods.
Distribution patterns were plotted using box plots (Graphpad
Prism 6.0, Graphpad Software Inc., USA) to demonstrate the
reproducibility of the method.

The diagnostic sensitivity, specificity and likelihood ratios of
the MPN-PCR method and AS/NZS were calculated globally and
for each of the major filtration regimes. (Hoorfar and Cook, 2003;
Simundié¢, 2008). Information on true positive (TP MPN-PCR),
false positive (FP MPN-PCR), true negative (TN MPN-PCR) and
false negative (FN MPN-PCR) were collated for the MPN-PCR by
comparison to AS/NZS. Equivalent information for AS/NZS was
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Water Sample

v

Membrane filtration using 0.45 uM
filter

v
25 mL Preston enrichment broth
without antibiotic selective
supplement

Resuscitate 37°C 2 hrs aerobically,
then add selective supplement

Preston enrichment incubation; 42°C
48 hrs microaerophilic

Plate 2 uL of enriched culture onto
modified blood-free CCDA agar;
incubate 42°C 2 hrs microaerophilic

'

Select typical colonies

A
Plate colonies onto 2 x HBA;
incubate 42°C 2 hrs

v N\

Microaerophilic Aerophilic

A 4
Typical colony morphology

A 4

Biochemical confirmation:

e Oxidase
e Gram stain
e L-alanyl aminopeptidase activity

AS/NZS 4276.19:2001 (AS/NZS, 2001).

1 ul subsample of enriched culture

removed and placed into 19 ulL

DNase free water

v

Sample frozen at -20°C

v

Sample thawed at room temperature

v

MPN-PCR amplification of an ~200bp
16S rRNA amplicon

FIGURE 2 | Flow chart for the isolation and confirmation of Campylobacter spp. following membrane filtration of water samples. Adapted from
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collated by comparison of inter-laboratory culture-based results.
For the current study, diagnostic sensitivity (TP/TP+FP) was
defined as the ability of the assay to identify a positive result when
Campylobacter were actually present (TP) (Cook et al., 2007).
Diagnostic specificity (TN/TN+FN) was defined as the discrim-
inatory ability of the assay to identify that Campylobacter were
absent when they was truly absent (TN) (Cook et al., 2007).
The likelihood ratio (LR) was defined as the likelihood that a
given result would be expected in a positive tube as opposed
to a negative tube (Deeks and Altman, 2004). The more dis-
tant a LR-ratio value was from a value of one, the stronger the
evidence for the presence or absence of Campylobacter within
the sample (Deeks and Altman, 2004). Positive likelihood ratios
((sensitivity/100)/1-(specificity/100)) of >10 and LR- ratios ((1-
(sensitivity/100)/(specificity/100)) of <0.1 were considered to
provide strong evidence to rule-in/rule-out conclusions under
most conditions tested (Deeks and Altman, 2004). Diagnostic
accuracy (TP+TN/total sample number) was used to compare
the performance of the MPN method to AS/NZS (Simundic¢,
2008). Intra-laboratory evaluation of the diagnostic potential of
the MPN-PCR was conducted as outlined in ISO 22174:2005
(Standarisation ISO, 2005). The standard presents the minimum
requirements for PCR-based detection of bacteria within food
and has been applied previously to Campylobacter assays (Josefsen
et al., 2004a,b,c).

Statistical analysis was conducted using GraphPad Prism
6.0 (Graphpad Software Inc, USA) and SPSS Statistics 22
(IBM Statistics, USA). Spearman Rank correlation coefficients
(Spearman, 2010) were conducted on Yarra River data to identify
significant relationships for inter-laboratory and intra-laboratory
method comparison data, within and between site (spatial) data
and Campylobacter and data derived from the selected 14 environ-
mental and biological parameters. The concentration differences
between AS/NZS and MPN-PCR were also compared for each
parameter to identify method specific bias. Biofilter data was
included in correlative assessment of relationships between Lab-
Res and Lab-Comm results. Due to the small sample size (n =
6) environmental parameter relationships were not assessed for
these samples. For Spearman rank analysis, results below detec-
tion were taken as half the detection limit to allow comparative
assessment as has been previously described for non-detect data
(Helsel, 2004). Correlative analysis was not conducted between
parameters where <10 data points were available to enable
confidence interval calculation (Zar, 1999).

RESULTS

INTER-LABORATORY METHOD COMPARISON

The multi-tube AS/NZS was conducted on 69 environmental
samples concurrently at two laboratories (Lab-Res and Lab-
Comm see Supplementary Material for details). Summary statis-
tics of the two datasets are presented in Figure 3. The global
sensitivity and specificity of AS/NZS was assessed for all inter-
laboratory investigated samples and was determined to be 68.8
and 85.4% respectively. The LR+ ratio was 4.7 and LR- ratio 0.37
with the overall diagnostic accuracy of AS/NZS observed to be
76.5%. A positive correlation (o = 0.502, P < 0.001) and mod-
erate agreement (k = 0.531; P < 0.05) was observed between the
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FIGURE 3 | Inter-laboratory comparison of culture-based AS/NZS
method. Box plots show median concentration of Campylobacter spp.
derived by Laboratory-Research (Laboratory-Res.) and
Laboratory-Commercial (Laboratory-Comm.) using AS/NZS 4276.19:2001.
Outliers are indicated (dots). Calculation of diagnostic specificity, selectivity,
LR ratio’s and diagnostic accuracy as described (Hoorfar and Cook, 2003;
and Simundi¢, 2008). Calculations based on total assays conducted (n)
irrespective of volume filtered.

results of Lab-Res and Lab-Comm (Figure 4). Lab-Res results
were higher than those of Lab-Comm on 34 occasions (67%);
an observation that was echoed by the significant difference
found between the median concentrations of the two labs (P >
0.001). In all assays, the control samples generated expected
results.

INTRA-LABORATORY COMPARISON OF AS/NZS AND MPN-PCR

A total of 147 samples derived from the Yarra River estuary
were analyzed concurrently by MPN-PCR and AS/NZS (Table 2).
The strong positive correlation between the two methods was
observed (o = 0.7912, P < 0.001). Kappa coefficient results also
supported significant agreement between the methods (k =
0.701, P < 0.001) (Figure 4). However, in 41 samples, the MPN/L
were not equivalent (MPN-PCR#AS/NZS) (Table 2). Notably,
the MPN-PCR method resulted in significantly higher detected
concentrations (P < 0.01) of Campylobacter spp. within 29 of the
41 non-equivalent samples (70%) with a median concentration
of 82 MPN/L whereas the median concentration for AS/NZS was
24 MPN/L. All control samples behaved as expected in both the
MPN-PCR and AS/NZS.

The global sensitivity and specificity of the PCR assay was
assessed for the three main 5 tube MPN filtration regimes,
described earlier, applied in the study (Table 3). The highest assay
sensitivity (100%) was observed when 100, 50, and 1 mL fil-
trates were used within a single assay. The highest specificity was
observed in assay volumes of 500 and 250 mL (100%), but it is
important to note the relatively small number (n = 13) of sam-
ples investigated using this filter regime. Likelihood ratios were
calculated for each filtration regime. The results indicate that
the highest LR+ value, 14.2, was for assay 1 (50, 15, 5, 1.5, and
0.5mL) while assay 2 (250, 100, 50, and 1 mL) had the lowest
LR- value, 0.006. The LR values for the MPN-PCR, irrespective
of filtered volume, were 9.4 (LR+) and 0.03 (LR-). The diagnostic
accuracy of all regimes was high at ~94%.
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FIGURE 4 | Comparison of Campylobacter concentrations (Log10
MPN/L) as derived by AS/NZS and/or MPN-PCR. (A) Correlative
comparison of the culture based method AS/NZS by Laboratory-Research and

Laboratory-Commercial (n = 69). (B) Intra-laboratory comparison of
Campylobacter concentrations, by Laboratory-Research, using AS/NZS and
MPN-PCR methods (n = 147).

Table 2 | Yarra River Campylobacter spp. data included in this study.

Site All MPN-PCR=  MPN-PCR#  MPN-PCR>
data AS/NZS AS/NZS? AS/NZSP
Kew 10 7 (70%) 3 (30%) 2 (66.7%)
Dights falls 16 12 (75%) 4 (25%) 3(75%)
Abbotsford 42 28 (66.7%) 14 (33.3%) 12 (85.7%)
Morell 45 34 (75.6%) 1 (24.4%) 8(72.7%)
Gardiners Ck 34 25 (73.5%) 9 (26.5%) 4 (44.4%)
Total 147 106 (72.1%) 41 (27.9%) 29 (70.7%)

Bracketed numbers represent % contribution to total samples from each inves-
tigated condition.

dNumber of samples and percentage of samples where MPN-PCR
Campylobacter concentrations (MPN/L) were not equal to (#) that of AS/NZS.
bNumber of samples and percentage derived from comparison of samples
where MPN-PCR concentrations were greater than (>) those of AS/NZS from
the MPN-PCR+£AS/NZS dataset.

SPATIAL RELATIONSHIPS BETWEEN CAMPYLOBACTER SPP.
CONCENTRATIONS

Positive  spatial  correlations were observed between
Campylobacter spp. concentrations at Abbotsford (D) and
Dights Falls (E) (o = 0.53, p < 0.05), using the AS/NZS method,
and more significantly at Morell Bridge (A) and Dights Falls
(0 =0.74, p < 0.01) using the MPN-PCR method (Figure1).
An equivalent significant result could not be achieved using the
MPN-PCR to establish a relationship between Abbotsford and
Dights Falls, or applying the AS/NZS at Morell Bridge and Dights
Falls. Positive spatial correlations were also established between
Kew (F) and Gardiners Creek (B) (o = 0.69, P < 0.05) as well as
Gardiners and Morell Bridge (¢ = 0.9, P < 0.01). However, these
relationships were the result of comparisons between AS/NZS
(Kew, Abbotsford) and MPN-PCR (Gardeners, Morell Bridge)
and not due to the application of a single method. No other
correlative site relationships were observed.

ENVIRONMENTAL PARAMETER AND CAMPYLOBACTER SPP.
RELATIONSHIPS

Significant relationships are highlighted in Table4, with all
Spearman Rank data presented in Supplementary Material. For

both methods of detection (MPN-PCR and AS/NZS), signif-
icant (p < 0.05) positive correlations were observed between
Campylobacter concentrations and that of daily rainfall, phospho-
rus levels, TSS and turbidity (Table 4). Relationships were also
observed specifically between the Campylobacter concentrations
obtained by the AS/NZS method, nitrogen, temperature, E. coli
and DO, while relative humidity was the only relationship spe-
cific to results obtained by the MPN-PCR. It is interesting to note
that all observed correlations, with the exception of temperature
(—0.18, P < 0.05), were positive. The results of difference analy-
sis (i.e., AS/NZS—MPN-PCR) indicated the potential for method
bias; indeed, changes in nitrogen levels and relative humidity were
correlated to the differences in Campylobacter spp. concentrations
between the two methods.

CAMPYLOBACTER SPP. WITHIN-SITE RELATIONSHIPS TO
ENVIRONMENTAL PARAMETERS

As a result of the identification of putative method bias, within-
site analysis was conducted independently for MPN-PCR and
AS/NZS. Significant correlative relationships are outlined in
Table 5. All Spearman Rank data are presented in Supplementary
Material. Relationships at Abbotsford and Morell Bridge were
only identified with AS/NZS, despite a significant relationship
between the methods still being maintained (o =0.72, P <
0.001). Gardiners Ck had the largest number of observed signifi-
cant results with rainfall (day of), EC, temperature (day of), E. coli
and phosphorus showing significant (P < 0.05) correlations irre-
spective of the method employed. A single relationship between
Campylobacter concentration and humidity was observed by
MPN-PCR at Kew.

DISCUSSION

Campylobacter are a major cause of gastrointestinal illness,
yet, many sources of disease outbreak remain unidentified.
Recreational waters (rivers, lakes and estuaries), and stormwa-
ters which are harvested for indoor or outdoor domestic uses,
can represent a significant source of infection (Koenraad et al.,
1997; Moore et al., 2001; Savill et al., 2001; Sidhu et al., 2012).
However, isolation and enumeration from aquatic environments
can be difficult due to a multitude of environmental, biological
and biophysical variables (Khan et al., 2009). The current study
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Table 3 | Comparison of MPN-PCR method to the culture-based AS/NZS method for three 5SMPN filtration regimes.

Vol. Number of samples? Samples (n)4 MPN-PCRP
filtered (mL) C+P+ C+P- C-P+ C-P- Diagnostic Diagnostic LR+¢ LR-¢ Diagnostic
sensitivity (%)°¢ specificity (%)°¢ accuracy (%)°

50 59 3 1 2 65 95.2 66.7 2.9 0.07 93.8

15 48 1 3 13 65 97.95 81.3 5.2 0.03 93.8

5 36 1 3 25 65 97.3 89.3 9.1 0.03 93.8

1.5 17 1 1 46 65 94.4 97.9 44.4 0.06 96.9
0.5 8 2 2 53 65 80.0 96.4 22 0.21 93.8

All 168 8 10 139 325 95.5 93.3 14.2 0.05 94.5
250 53 1 7 6 67 98.1 46.2 1.8 0.04 88.1
100 56 0 2 9 67 100.0 81.8 5.5 0 970

50 51 0 2 14 67 100.0 87.5 8.0 0 970
1(*2) 21 0 8 105 134 100.0 92.9 141 0 94.0
All 181 1 19 134 335 99.5 876 8.0 0.006 94.0
500 10 1 0 2 13 90.9 100.0 n/a 0.09 92.3
250 9 1 0 3 13 90.0 100.0 n/a 0.1 92.3
100 6 1 2 4 13 85.7 66.7 2.6 0.21 76.9

10 (*2) 10 0 3 13 26 100.0 81.3 5.3 0 88.5

All 35 3 5 22 65 92.1 815 4.97 0.09 877
Totald 384 12 34 295 725 96.96 89.7 9.4 0.03 93.7

aC+ represents culture positive, C— culture negative, P+ is MPN-PCR positive and P— represents MPN-PCR negative.

b Calculation of diagnostic accuracy based on comparison to the AS/NZSculture reference method of the same laboratory.

CCalculation of diagnostic specificity, selectivity, LR ratio’s and diagnostic accuracy as described (Hoorfar and Cook, 2003; Simundic, 2008).

9 Calculations based on total assays conducted irrespective of volume filtered (n).

Bold values highlight the results for all samples applied to the specific filtration regime.

*Indicates where a sub-sample has been taken twice of the same volume.

Table 4 | Significant Spearman rank correlations between
Campylobacter concentrations and environmental parameters.

Parameter AS/NZS MPN-PCR Difference®
Rainfall, day of sampling (mm)!147 0.18 0.18 -
Phosphorus (mg/L)®2 0.40 0.41 -
Nitrogen (mg/L)®? 0.30 - 0.22
Total suspended sediment (mg/L)“8  0.56 0.43 -
Turbidity (NTU)®&4 0.51 0.46 -
Max. temperature, day of (°C)(147 —-0.18 - -

E. coli (MPN/100 mL)147) 0.22 - -
Dissolved oxygen (mg/L)®2 0.35 - -
Relative humidity (%)(147) - 0.22 —0.19

All data, from all sites, were included. Values presented have P < 0.05. Bold type
indicates P < 0.01. Total number of samples in each individual analysis identified
in parentheses.
@Results derived from Spearman correlation of subtracted values from AS/NZS
and MPN-PCR.

aimed to evaluate the intra-laboratory reproducibility of a novel
DNA-extraction free MPN-PCR as an alternative to the cur-
rent Australian Standard (AS/NZS) method. To undertake the
evaluation three main factors were taken into consideration.

INTER-LABORATORY REPRODUCIBILITY OF CULTURE-BASED

METHODS

Due to a dearth of data from multicenter studies, on
Campylobacter enumeration standards, it was difficult to assess
if the current results deviated from normal trends. Kappa anal-
ysis and Spearman correlations provided evidence of significant
relationships between the two laboratories. Although significant,
there was evidence that the two methods deviated, with some
samples having differences of up to 690 MPN/L. However, a single
study by Scotter et al. (1993), demonstrated that even with the use
of three independent culture-based methods (two of which were
international standards) on the same sample, inter-laboratory
Campylobacter results correlated, at most, 42%. Thus, it can be
assumed that the results of the sensitivity, specificity and diag-
nostic accuracy, achieved for AS/NZS during the current study,
is indicative of the normal variation observed in culture-based
studies.

The introduction of variability and uncertainty, even to
standardized methods, has been recognized as unavoidable for
complex samples matrices (Augustin and Carlier, 2006; Pan
et al., 2010). However, it is important to highlight that these
studies did not assess environmentally-derived samples, which
have unique, independent source-related levels of uncertainty.
Analytical methods for bacterial measurement within water
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Table 5 | Significant within site Spearman Rank correlations between
Campylobacter spp. concentration and environmental parameters.

Abbotsford Morell Gardiners
bridge Ck

Kew

AS/NZS AS/NZS MPN-PCR AS/NZS MPN-PCR

Rainfall, day of - - 05534 057034
sampling

Rainfall, 24 h ~0.3342) _ ~ _ B
TSS 0.55(14) _ _ _ ~
Nitrogen 0.4726  0.51(27 _ B _
EC 0.42123) - _05717  _0.71017 B
Humidity - - _ 03654 06710
Turbidity - 0.63% - 0.63"7 -
Temp, day of - - —0.29B4 _0.44B34 _
sampling

Temp, 24h - - - —0.46/34 -
E. coli - — 0_71(34) 0-68(34) _
Phosphorus _ _ 0.6320 0.56(20) ~
Flow, day of - _ B 05064 ~
sampling

Flow, 24h - - - 0.41%% -

Values presented have P < 0.05. Bold type indicates P < 0.01. Total number of
samples in each analysis identified in parentheses.

sources utilize sub-sampling regimes as an indication of true
microbial load (Ongerth, 2013). However, microbes are not
evenly distributed, spatially or temporally, thus a single sam-
ple may not be representative of actual bacterial concentrations.
Recovery efficiencies for low concentration microorganisms, such
as Campylobacter, can vary dramatically depending on water
quality matrices (total suspended solids (TSS) and turbidity);
which limit the volume of sample that can be processed (Pickup,
1991; Rosef et al., 2001; Ongerth, 2013). During rain events,
turbidity and TSS levels within the Yarra River estuary fre-
quently exceed 100 NTU and 100 mg/L respectively (Daly et al.,
2013). Consequently, the Campylobacter assay filtrate volumes
were reduced to <50mL to enable filtration which may have
resulted in a concurrent reduction in recovery. The efficiency of
isolation may also be affected by the presence of competing organ-
isms; the concentration of which have been shown to increase
with filtrate volume (Rosef et al., 2001; Abulreesh et al., 2005).
To date, only a single study has attempted to quantify some of the
factors effecting inter-laboratory reproducibility of cultural isola-
tion of Campylobacter from water sources (Khan et al., 2009). The
researchers found that the low concentration of Campylobacter
within water samples, as well as culture based method applied,
may introduced a further level of variability between the sub-
samples (Khan et al., 2009); as was observed between Lab-Res
and Lab-Comm. However, unlike the current study, (Khan et al.,
2009) did not account for the role of exogenous environmental
factors in the introduction of variability; which is unique to this
study.

It is recognized that irrespective of introduced uncertain-
ties Lab-Res still retained higher detected concentrations of
Campylobacter spp. in 68% of samples. A study by Augustin

and Carlier (2006) identified factors including resuscitation
technique, method of plating, presence of inhibitors (chemical
and biological) as well as mode and manufacturer of cul-
ture media effected inter-laboratory reproducibility of culture-
based methods. Augustin and Carlier (2006) also suggested
culture media (source and preparation) was a key factor
in observed count differences between laboratories, and may
account for some of the differences observed in the current
study. Furthermore, previous studies (Williams et al., 2012) have
also identified a possible culture-associated bias toward certain
Campylobacter species. A concurrent study within the Lab-Res
has identified Campylobacter coli as the predominant species
within the Yarra River estuary (data not shown). Differences
in the observed inter-laboratory concentrations could represent
culture-associated bias, with one laboratory able to cultivate a
subset of Campylobacters that cannot, for reasons yet to be
defined, be isolated within the other facility. A further investiga-
tion of this hypothesis is currently underway. However, in combi-
nation, the analysis suggests that low diagnostic accuracy between
facilities is not a unique phenomenon, with small alterations in
technical aspects having large impacts on final results.

INTRA-LABORATORY EVALUATION OF MPN-PCR AND AS/NZS

The current study applied ISO 22174:2005 parameters to eval-
uate the diagnostic potential of the proposed MPN-PCR assay
(Hoorfar and Cook, 2003; Standarisation ISO, 2005). The stan-
dard, which summarizes the application of PCR based technolo-
gies for diagnosis of food-borne pathogens, has been previously
applied to Campylobacter enumeration from food (Josefsen et al.,
2004a,b,c).

ISO 22174:2005 outlines that for proposed PCR assays, pre-
enrichment procedures should be equivalent to a culture-based
standard to enable easy implementation into routine labora-
tory practices (Hoorfar and Cook, 2003; Standarisation ISO,
2005). Consequently, no variation from the outlined AS/NZS
filtration and enrichment steps were undertaken. Enrichment
prior to PCR enhances sensitivity by increasing the number of
target cells available for amplification while reducing relative
inhibitor levels (Hoorfar and Cook, 2003). Limiting the presence
of inhibitory substances within complex water and soil samples
is essential for accurate enumeration. However, it is impor-
tant to note that Campylobacter culture media contains known
PCR inhibitors which may affect assay outcomes (Josefsen et al.,
2004c¢; Schrader et al., 2012). For example, Josefsen et al. (2004¢)
applied direct amplification from Preston enrichment culture and
observed inhibition. To reduce inhibitory effects Josefsen et al.
(2004c¢) applied a simplified DNA purification protocol. However,
Josefsen et al. (2004c) did not attempt a simple dilution method,
as recommended in ISO 22174:2005, which, in the current study,
was found to negate any inhibitory effects introduced from the
culture media.

ISO 22174:2005 also outlines that any proposed PCR assay
should have a diagnostic accuracy equivalent or greater than the
standard method it is replacing (Hoorfar and Cook, 2003). The
results of the inter-laboratory study demonstrated a diagnostic
accuracy of 76.5% for AS/NZS. However, it is important to note
that calculation of the inter-laboratory diagnostic accuracy for the
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culture-based method used 69 samples in comparison to the 147
applied to the intra-laboratory MPN-PCR assay.

Three sub-sampling regimes were investigated for use with
estuarine waters based on sensitivity of detection (to ensure enu-
meration of both high and low concentrations of Campylobacter)
and ease of filtration of the turbid water samples. To date,
environmental water sampling regimes, for Campylobacter, often
advocate the use of large sample volumes (St-Pierre et al., 2009;
Lévesque et al., 2011) for enhanced diagnostic accuracy. However,
this limits their application to low turbidity, low TSS waters. A
study by Abulreesh et al. (2005) demonstrated that for routine
diagnostics, of turbid samples, filtrate volumes below 1000 mL
decreased false-negative rates by limiting co-inoculation of het-
erotrophic bacteria; in turn, improving the diagnostic accuracy.
To date, the diagnostic accuracy, sensitivity and specificity of
Campylobacter PCR assays incorporating low volume filtrates
(<200 mL), such as those applied in the current study, have not
been assessed. However, it is important to recognize that this has
not prevented their use in risk assessment studies (de Man et al.,
2014).

Results of the current study demonstrated that for 41 of the
147 estuarine samples (i.e., for 28% of samples), the MPN-PCR
method did not achieve the same Campylobacter concentration
as AS/NZS. Interestingly, 29 of the 41 non-matching samples had
a significantly higher enumerated Campylobacter concentration
by the MPN-PCR method. Reports by other authors have also
shown enhanced sensitivity of molecular methods in compari-
son to culture-dependent techniques (Savill et al., 2001; Josefsen
et al., 2004b; Khan et al., 2009; St-Pierre et al., 2009; Bargellini
etal,, 2010; Lévesque et al.,, 2011). Suggested reasons for observed
increases in sensitivity include amplification of DNA from dam-
aged, dead or viable but non-culturable cell forms and compe-
tition by heterotrophic bacteria inhibiting Campylobacter culture
(Augustin and Carlier, 2006; St-Pierre et al., 2009; Lévesque et al.,
2011). The future inclusion of estuarine water controls, during
inter-laboratory method evaluation, will aid in determining the
true-effect of contaminating DNA on assay sensitivity.

The percent sensitivity is used to indicate the ability of an assay
to detect a true positive within a population (Cook et al., 2007;
Simundi¢, 2008). In contrast, specificity measures the capacity of
a method to detect a true negative (Cook et al., 2007; Simundi,
2008). For wet weather sampling the sensitivity and specificity
of the method were observed to be 95.5 and 93.3% respec-
tively. In contrast, the sensitivity of the dry weather regime was
higher (99.5%) with a lower overall specificity (87.6%). These
results suggest that performance of the MPN-PCR, in its abil-
ity to detect true negatives and true positives was greatest for
the smaller volume wet weather regime. The decrease of speci-
ficity, associated with an increase in false negatives, during the
dry weather regime may have been associated with the applica-
tion of larger filtrate volumes. The concentration of inhibitors
and heterotrophic bacterial contamination, within the broth, may
have increased, resulting in inhibition of the downstream PCR
assay. Lending further support to this hypothesis is the observa-
tion, that for both regimes, the specificity of the assay was lowest
with the highest filtered volume and improves as filtrate volumes
decrease.

Likelihood ratios (LR) determine the probability of a spe-
cific test result occurring only in positive populations to that
of the probability of it occurring within negative populations
(Deeks and Altman, 2004; Simundié, 2008). LR+ ratios >10
in combination with LR- ratios <0.01 are considered to pro-
vide the strongest evidence of diagnostic accuracy (Deeks and
Altman, 2004; Simundi¢, 2008). Irrespective of the filtration
regime applied, the MPN-PCR assay displayed ratios of LR+
9.4 and LR- 0.03, indicating that the method has strong diag-
nostic accuracy under most conditions tested, and higher than
that of AS/NZS (LR+ 4.7 and LR- 0.37). As was observed pre-
viously, the lowest LR+ results were achieved with the largest
filtrate volumes, and may be directly associated with the presence
of bacterial and environmental inhibitors. In accordance with ISO
22174:2005 the proposed PCR assay has a diagnostic accuracy,
sensitivity and specificity greater than the standard method when
applied to complex estuarine-derived water samples (Hoorfar and
Cook, 2003).

SPATIAL AND ENVIRONMENTAL PARAMETERS RELATIONSHIPS
Previous studies on the Yarra River estuary have demonstrated
spatial relationships between fecal indicator organisms and sam-
pling locations (Daly et al., 2013). However, previous assessment
of Campylobacter relationships utilized a small dataset, lim-
ited environmental data and a single method approach (data
not shown). Thus, only limited assessment of the pathogen-
factorial relationships could be conducted. In the current study,
Campylobacter concentrations between two closely situated sites,
Abbotsford and Dights Falls, correlated in 53% of samples by
AS/NZS. The observed relationship was not unexpected with pre-
vious data (also conducted with AS/NZS) suggesting that the
primary source of Campylobacter, into the estuary, is derived from
agricultural inputs above Dights Falls (data not shown).

Estuaries are dynamic environments affected by a multitude of
variables. Consequently, infectious disease transmission, within
these systems, “should be viewed within an ecological framework”
(Patz et al., 2003). The understanding of pathogen-environment
relationships is essential for improved detection and the evalua-
tion of persistence; both of which aid in prevention and lowering
of disease rates (Schets et al., 2011a,b). To date, studies investigat-
ing parameter-bacteria relationships have primarily applied single
method approaches (Rodriguez and Araujo, 2010; Rodriguez and
Araujo, 2012). It is of significant concern that researchers often
fail to recognize or evaluate the uncertainty introduced as a direct
result of technique applied. Consequently, current cited relation-
ships (reviewed in Sterk et al., 2013) may have been inaccurately
identified, which may explain some of the observed between-
study inconsistencies. To our knowledge, the current study is the
first to assess method effect on the evaluation of environmental
relationships and determine significant links between these and
Campylobacter.

Rainfall, phosphorus, TSS and turbidity levels were observed
to correlate with Campylobacter concentrations, across the estu-
ary, irrespective of the method applied. Relationships between
bacteria and these parameters have been previously reported
(Gachter et al., 1988; McCarthy et al., 2012; Batabyal et al., 2014).
However, the existence of these specific parameter associations
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has not been demonstrated for Campylobacter spp. within
estuarine settings. At Gardeners Ck within site analysis identi-
fied relationships between the pathogen, rainfall (day of sam-
pling), conductivity, temperature (day of sampling), E. coli
and phosphorus levels. Interestingly, this was the only site in
which parameter relationships were identified by both MPN-
PCR and AS/NZS. The shallow depth, low flow and difference
in stormwater inputs at Gardeners Ck may have contributed to
the increased number of relationships observed; as small alter-
ations in conditions may have a larger effect on the microbial
community.

Difference analysis conducted on the total Yarra River dataset
identified two possible sources of method specific bias. The data
demonstrated that increases in total nitrogen (TN) resulted in
a concurrent increase in Campylobacter detected by AS/NZS,
with less difference observed between concentrations derived
by the two enumeration methods. TN measures all forms of
nitrogen (nitrate, nitrite and ammonia) within environmental
water samples. Increased concentrations of total nitrogen have
been shown to support and enhance the growth of fecal indi-
cators in a range of environments (Hirn et al., 1980; Wittman
et al., 2013; Cederlund et al., 2014). In vitro, Campylobacter sur-
vival has been demonstrated to be supported by the addition
of nitrate to selective agars (Sellars et al., 2002; Pittman et al.,
2007). It is therefore hypothesized that the presence of exoge-
nous nitrogen, and in particular nitrate, carried on the filter and
into the enrichment culture, further promoted Campylobacter
growth under the described experimental conditions. In contrast,
it was observed that as relative % humidity increased the con-
centration of Campylobacter derived by MPN-PCR differed more
significantly from those of AS/NZS; MPN-PCR having the higher
detected bacterial concentration. The specific effect of humid-
ity on the growth of Campylobacter within enrichment cultures
remains unknown and requires further evaluation. However, pre-
vious studies have demonstrated that high humidity supports the
growth of a range of non-pathogenic bacteria (Arundel et al,,
1986). Increased competition from co-inoculated, endogenous
bacteria would result in decreased isolation of Campylobacter by
the culture-based method but would have limited effect on the
detection of specific DNA by MPN-PCR.

In order to provide adequate assessment of risks, we must
understand within-lab and between lab uncertainties. We must
also focus on developing faster, cheaper and more accurate
tools for quantifying potential health hazards. We contribute
to the development of faster, more accurate measurement of
Campylobacter levels in urban water systems. The MPN-PCR
method presented has improved diagnostic accuracy, specificity
and sensitivity in comparison to AS/NZS and is a fraction of the
lab and consumable costs and time. The MPN-PCR approach
may also represent a viable alternative to other culture-based
international standard procedures for Campylobacter isolation,
such as ISO 17995:2005. Inter-laboratory investigations will fur-
ther define the diagnostic performance for recreational waters.

Environmental parameter relationship information is essential
for accurate hazard identification, mitigation and the calculation
of exposure dose response. The application of a dual-method
approach to Campylobacter enumeration allowed method specific

effects on the identification of environment-pathogen relation-
ships to be evaluated. The results identified the potential for
method-specific bias and introduced uncertainty. Further appli-
cation of dual-method approaches, such as the one imple-
mented in this study, are required to define the total effect of
method introduced-bias on evaluation of pathogen-environment
interactions.

ACKNOWLEDGMENTS

The authors gratefully acknowledge the funding and data con-
tribution from Melbourne Water and the Australian Research
Council (LP120100718).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: http://www.frontiersin.org/journal/10.3389/fmicb.
2015.00074/abstract

REFERENCES

Abulreesh, H. H., Paget, T. A., and Goulder, R. (2005). Recovery of thermophilic
campylobacters from pond water and sediment and the problem of interference
by background bacteria in enrichment culture. Water Res. 39, 2877-2882. doi:
10.1016/j.watres.2005.05.004

Abulreesh, H. H., Paget, T. A., and Goulder, R. (2006). Campylobacter in waterfowl
and aquatic environments: incidence and methods of detection. Environ. Sci.
Tech. 40, 7122-7131. doi: 10.1021/es0603271

Adak, G. K., Cowden, J. M., Nicholas, S., and Evans, H. S. (1995). The public
health laboratory service national case-control study of primary indigenous
sporadic cases of Campylobacter infection. Epidemiol. Infect. 115, 15-22. doi:
10.1017/50950268800058076

Anonymous (2000). Sentinel Surveillance of Campylobacter in England and Wales.
Communicable Disease Report CDR Weekly. 10(19).

Arnone, R. D., and Walling, J. P. (2007). Waterborne pathogens in urban water-
sheds. J. Water Health. 5, 149-162. doi: 10.2166/wh.2006.001

Arundel, A. V., Sterling, E. M., Biggin, J. H., and Sterling, T. D. (1986). Indirect
health effects of relative humidity in indoor environments. Environ. Health
Perspect. 65, 351.

AS/NZS. (2001). Water Microbiology—Method 19: Examination for Thermophilic
Campylobacter spp.—Membrane Filtration. Wellington: Standards New Zealand.

Association APH. (2005). American Water Works Association and Water
Environment Federation (APHA AWWA WEEF). Standard Methods for the
Examination of Water and Wastewater, 21st (Washington, DC).

Augustin, J.-C., and Carlier, V. (2006). Lessons from the organization of a pro-
ficiency testing program in food microbiology by interlaboratory compari-
son: analytical methods in use, impact of methods on bacterial counts and
measurement uncertainty of bacterial counts. Food Microbiol. 23, 1-38. doi:
10.1016/;.fm.2005.01.010

Australia S. (2005). AS 4276.21-2005: Water Microbiology. Examination for
Coliforms and Escherichia coli—Determination of Most Probable Number (MPN)
Using Enzyme Hydrolysable Substrates. Sydney, NSW: Standards Australia
Limited. 10.

Bargellini, A., Marchesi, L., Leoni, E., Mansi, A., Cristino, S., Marcelloni, A. M.,
et al. (2010). Inter-laboratory validation of a rapid assay for the detection and
quantification of Legionella spp. in water samples. Lett. Appl. Micro. 51, 421-427.
doi: 10.1111/}.1472-765X.2010.02910.x

Batabyal, P,, Einsporn, M. H., Mookerjee, S., Palit, A., Neogi, S. B., Nair, G. B., et al.
(2014). Influence of hydrologic and anthropogenic factors on the abundance
variability of enteropathogens in the Ganges estuary, a cholera endemic region.
Sci. Total Environ. 472, 154-161. doi: 10.1016/j.scitotenv.2013.10.093

Boyle, M., Sichel, C., Ferndndez-Ibdnez, P., Arias-Quiroz, G. B., Iriarte-Puna,
M., Mercado, A., et al. (2008). Bactericidal effect of solar water disinfec-
tion under real sunlight conditions. Appl. Environ. Micro. 74, 2997-3001. doi:
10.1128/AEM.02415-07

Carletta, J. (1996). Assessing agreement on classification tasks: the kappa statistic.
Comput. Linguist. 22, 249-254.

www.frontiersin.org

February 2015 | Volume 6 | Article 74 | 11


http://www.frontiersin.org/journal/10.3389/fmicb.2015.00074/abstract
http://www.frontiersin.org/journal/10.3389/fmicb.2015.00074/abstract
http://www.frontiersin.org
http://www.frontiersin.org/Aquatic_Microbiology/archive

Henry et al.

Detection methods for Campylobacter in environmental waters

Cederlund, H., Wessén, E., Enwall, K., Jones, C. M., Juhanson, J., Pell, M., et al.
(2014). Soil carbon quality and nitrogen fertilization structure bacterial com-
munities with predictable responses of major bacterial phyla. Appl. Soil Ecol. 84,
62—68. doi: 10.1016/j.apsoil.2014.06.003

Chandrasena, G. I, Filip, S., Zhang, K., Osborne, C. A., Deletic, A., and McCarthy,
D. T. (eds.). (2012). “Pathogen and indicator microorganism removal in field
scale stormwater biofilters,” in WSUD 2012—7th International Conference on
Water Sensitive Urban Design: Building the Water Sensitive Community, Final
Program and Abstract Book (Melbourne, VIC).

Cook, C., Cleland, J., and Huijbregts, P. (2007). Creation and critique of
studies of diagnostic accuracy: use of the STARD and QUADAS method-
ological quality assessment tools. J. Man. Manip. Ther. 15, 93-102. doi:
10.1179/106698107790819945

Corvisy, R. (2013). NNDSS Annual Report Writing Group. Australia’s notifiable dis-
ease Status, 2011: Annual Report of the National Notifiable Diseases Surveillance
System. Communicable Diseases Intelligence.

Daly, E., Kolotelo, P., Schang, C., Osborne, C. A., Coleman, R., Deletic, A., et al.
(2013). Escherichia coli concentrations and loads in an urbanised catchment: the
Yarra River, Australia. J. Hydrol. 497, 51-61. doi: 10.1016/j.jhydrol.2013.05.024

Deeks, J. J., and Altman, D. G. (2004). Statistics notes: diagnostic tests 4: likelihood
ratios. BMJ 329:168. doi: 10.1136/bm;.329.7458.168

de Man, H., van den Berg, H. H. J. L., Leenen, E. . T. M., Schijven, J. E.,, Schets, F. M.,
van der Vliet, J. C., et al. (2014). Quantitative assessment of infection risk from
exposure to waterborne pathogens in urban floodwater. Water Res. 48, 90-99.
doi: 10.1016/j.watres.2013.09.022

Donnison, A., and Ross, C. (2009). Survival and retention of Escherichia coli
0157:H7 and Campylobacter in contrasting soils from the toenepi catchment.
New Zealand ]. Agri. Res. 52, 133—144. doi: 10.1080/00288230909510498

Gachter, R., Meyer, J. S., and Mares, A. (1988). Contribution of bacteria to
release and fixation of phosphorus in Lake-Sediments. Limnol. Oceanogr. 33,
1542-1558. doi: 10.4319/10.1988.33.6_part_2.1542

Gharst, G., Oyarzabal, O. A., and Hussain, S. K. (2013). Review of current method-
ologies to isolate and identify Campylobacter spp. from foods. J. Micro. Meth. 95,
84-92. doi: 10.1016/j.mimet.2013.07.014

Hatt, B. E., Fletcher, T. D., and Deletic, A. (2009). Hydrologic and pollutant removal
performance of stormwater biofiltration systems at the field scale. J. Hydrol. 365,
310-321. doi: 10.1016/j.jhydrol.2008.12.001

Helsel, D. R. (2004). Nondetects and Data Analysis: Statistics for Censored
Environmental Data: Statistics in Practice. 1st Edn., New York, NY: Wiley-
Blackwell, 268.

Hernandez, J., Alonso, J. L., Fayos, A., Amoros, 1., and Owen, R. J. (1995).
Development of a PCR assay combined with a short enrichment culture for
detection of Campylobacter jejuni in estuarine surface waters. FEMS Microbiol.
Lett. 127, 201-206. doi: 10.1111/j.1574-6968.1995.tb07474.x

Hirn, J., Viljamaa, H., and Raevuori, M. (1980). The effect of physicochemical,
phytoplankton and seasonal factors on faecal indicator bacteria in northern
brackish water. Water Res. 14, 279-285. doi: 10.1016/0043-1354(80)90098-6

Hoorfar, J., and Cook, N. (2003). “Critical aspects of standardization of PCR,” in
PCR Detection of Microbial Pathogens, eds K. Sachse and J. Frey (New York, NY:
Humana Press), 51-64.

Hughes, G. J., and Gorton, R. (2013). An evaluation of SaTScan for the prospective
detection of space-time Campylobacter clusters in the North East of England.
Epidemiol. Infect. 141, 2354-2364. doi: 10.1017/50950268812003135

Ireland NSAo. (2012). Microbiology of Food and Animal Feed: Real-Time Polymerase
Chain Reaction (PCR)-Based Method for the Detection of Food-Borne Pathogens.
Horizontal Method for the Detection of Shiga Toxin-Producing Escherichia coli
(STEC) and the Determination of 0157, O111, 026, 0103, and O145 Serogroups
(ISO/TS 13136:2012) Dublin: NSAL

Jokinen, C. C., Koot, J. M., Carrillo, C. D., Gannon, V. P. J., Jardine, C.
M., Mutschall, S. K., et al. (2012). An enhanced technique combining
pre-enrichment and passive filtration increases the isolation efficiency of
Campylobacter jejuni and Campylobacter coli from water and animal fecal
samples. J. Micro. Meth. 91, 506-513. doi: 10.1016/j.mimet.2012.09.005

Jones, K. (2001). Campylobacters in water, sewage and the environment. J. Appl.
Micro. 90, 68s—79s. doi: 10.1046/j.1365-2672.2001.01355.x

Josefsen, M. H., Cook, N., D’Agostino, M., Hansen, F., Wagner, M., Demnerova, K.,
et al. (2004a). Validation of a PCR-based method for detection of food-borne
thermotolerant campylobacters in a multicenter collaborative trial. Appl.
Environ. Micro. 70, 4379—4383. doi: 10.1128/AEM.70.7.4379-4383.2004

Josefsen, M. H., Jacobsen, N. R., and Hoorfar, J. (2004b). Enrichment followed by
quantitative PCR both for rapid detection and as a tool for quantitative risk
assessment of food-borne thermotolerant campylobacters. Appl. Environ. Micro.
70, 3588-3592. doi: 10.1128/AEM.70.6.3588-3592.2004

Josefsen, M. H., Liibeck, P. S., Hansen, E, and Hoorfar, J. (2004c). Towards
an international standard for PCR-based detection of foodborne ther-
motolerant campylobacters: interaction of enrichment media and pre-
PCR treatment on carcass rinse samples. J. Micro. Meth. 58, 39-48. doi:
10.1016/j.mimet.2004.03.001

Khan, I. U. H., Gannon, V., Loughborough, A., Jokinen, C., Kent, R., Koning, W.,
et al. (2009). A methods comparison for the isolation and detection of ther-
mophilic Campylobacter in agricultural watersheds. J. Micro. Meth. 79, 307-313.
doi: 10.1016/j.mimet.2009.09.024

Koenraad, P. M. F. J., Rombouts, E. M., and Notermans, S. H. W. (1997).
Epidemiological aspects of thermophilic Campylobacter in water-
related environments: a review. Water Environ. Res. 69, 52—63. doi:
10.2175/106143097X125182

Kulkarni, S. P, Lever, S., Logan, J. M. J., Lawson, A. J., Stanley, J., and Shafi, M.
S. (2002). Detection of Campylobacter species: a comparison of culture and
polymerase chain reaction based methods. J. Clin. Pathol. 55, 749-753. doi:
10.1136/jcp.55.10.749

Lampard, J., Chapman, H., Stratton, H., Roiko, A., and McCarthy, D. (eds.). (2012).
Pathogenic Bacteria in Urban Stormwater Drains from Inner-City Precincts.
Melbourne, VIC: WSUD 2012; Engineers Australia.

Lévesque, S., St-Pierre, K., Frost, E., Arbeit, R. D., and Michaud, S. (2011).
Determination of the optimal culture conditions for detecting thermophilic
campylobacters in environmental water. J. Micro. Meth. 86, 82-88. doi:
10.1016/j.mimet.2011.04.001

Liibeck, P. S., Wolffs, P,, On, S. L. W., Ahrens, P., Rddstrém, P., and Hoorfar, J.
(2003). Toward an international standard for PCR-based detection of food-
borne thermotolerant campylobacters: assay development and analytical val-
idation. Appl. Environ. Micro. 69, 5664-5669. doi: 10.1128/AEM.69.9.5664-
5669.2003

Maal-Bared, R., Bartlett, K. H., Bowie, W. R., and Hall, E. R. (2012). Campylobacter
spp. distribution in biofilms on different surfaces in an agricultural watershed
(Elk Creek, British Columbia): using biofilms to monitor for Campylobacter.
Int. J. Hyg. Environ. Health 215, 270-278. doi: 10.1016/j.ijheh.2011.
12.004

McCarthy, D., Deletic, A., Mitchell, V., Fletcher, T., and Diaper, C. (2008).
Uncertainties in stormwater E.coli levels. Water Res. 42, 1812-1824. doi:
10.1016/j.watres.2007.11.009

McCarthy, D. T., Hathaway, J. M., Hunt, W. E, and Deletic, A. (2012). Intra-event
variability of Escherichia coli and total suspended solids in urban stormwater
runoff. Water Res. 46, 6661-6670. doi: 10.1016/j.watres.2012.01.006

Moore, J., Caldwell, P., and Millar, B. (2001). Molecular detection of Campylobacter
spp. in drinking, recreational and environmental water supplies. Int. J. Hyg.
Environ. Health 204, 185-189. doi: 10.1078/1438-4639-00096

Nam, H. M., Srinivasan, V., Murinda, S. E., and Oliver, S. P. (2005). Detection of
Campylobacter jejuni in dairy farm environmental samples using SYBR green
real-time polymerase chain reaction. Foodborne Pathog. Dis. 2, 160-168. doi:
10.1089/fpd.2005.2.160

Nocker, A., Cheung, C. Y., and Camper, A. K. (2006). Comparison of propidium
monoazide with ethidium monoazide for differentiation of live vs. dead bacteria
by selective removal of DNA from dead cells. J. Micro. Meth. 67, 310-320. doi:
10.1016/j.mimet.2006.04.015

Nocker, A., Sossa-Fernandez, P., Burr, M. D., and Camper, A. K. (2007). Use of pro-
pidium monoazide for live/dead distinction in microbial ecology. Appl. Environ.
Micro. 73, 5111-5117. doi: 10.1128/AEM.02987-06

Ongerth, J. E. (2013). The concentration of Cryptosporidium and Giardia
in water—The role and importance of recovery efficiency. Water Res. 47,
2479-2488. doi: 10.1016/j.watres.2013.02.015

Organisation IS. (2012). ISO/TS 12869 Water Quality—Detection and
Quantification of Legionella spp. and/or Legionella Pneumophila by Concentration
and Genic Amplification by Quantitative Polymerase Chain Reaction (qPCR).
Geneva: International Organization for Standardization.

Pacholewicz, E., Swart, A., Lipman, L. J. A., Wagenaar, J. A., Havelaar, A. H., and
Duim, B. (2013). Propidium monoazide does not fully inhibit the detection of
dead Campylobacter on broiler chicken carcasses by qPCR. J. Micro. Meth. 95,
32-38. doi: 10.1016/j.mimet.2013.06.003

Frontiers in Microbiology | Aquatic Microbiology

February 2015 | Volume 6 | Article 74 | 12


http://www.frontiersin.org/Aquatic_Microbiology
http://www.frontiersin.org/Aquatic_Microbiology
http://www.frontiersin.org/Aquatic_Microbiology/archive

Henry et al.

Detection methods for Campylobacter in environmental waters

Pan, Y., Bodrossy, L., Frenzel, P., Hestnes, A. G., Krause, S., Luke, C., et al.
(2010). Impacts of inter- and intralaboratory variations on the reproducibil-
ity of microbial community analyses. Appl. Environ. Micro. 76, 7451-7458. doi:
10.1128/AEM.01595-10

Patz, G. A., McCarty, J. P, Hussein, S., Confalonieri, U., and de Wet, N. (2003).
“Climate change and infectious diseases,” in Climate Change and Human Health:
Risks and Responses, eds A. J. McMichael, D. H. Campbell-Lendrum, C. E.
Corvalan, K. L. Ebi, and A. K. Githeko (Geneva: World Health Organization),
103-132.

Pickup, R. (1991). Development of molecular methods for the detection of
specific bacteria in the environment. J. Gen. Micro. 137, 1009-1019. doi:
10.1099/00221287-137-5-1009

Pitkinen, T. (2013). Review of Campylobacter spp. in drinking and environmental
waters. J. Micro. Meth. 95, 39—47. doi: 10.1016/j.mimet.2013.06.008

Pittman, M. S., Elvers, K. T., Lee, L., Jones, M. A., Poole, R. K., Park, S. F,
et al. (2007). Growth of Campylobacter jejuni on nitrate and nitrite: electron
transport to NapA and NrfA via NrfH and distinct roles for NrfA and the
globin Cgb in protection against nitrosative stress. Mol. Micro. 63, 575-590. doi:
10.1111/j.1365-2958.2006.05532.x

Pond, K. (2005). Water Recreation and Disease: Plausibility of Associated Infections:
Acute Effects, Sequelae, and Mortality. London: IWA publishing.

Rodgers, J. D., Lawes, J. R., Vidal, A. B., Ellis-Iversen, J., Ridley, A., Pleydell,
E. J., et al. (2012). Characteristics and comparative performance of direct
culture, direct PCR and enumeration methods for detection and quantifica-
tion of Campylobacter spp. in broiler caeca. Vet. Micro. 159, 390-396. doi:
10.1016/j.vetmic.2012.04.011

Rodriguez, S., and Araujo, R. (2010). Occurrence of thermotolerant Campylobacter
species in surface waters of a Mediterranean area and in its prevailing pollution
sources. J. Appl. Micro. 109, 1027-1034. doi: 10.1111/j.1365-2672.2010.04725.x

Rodriguez, S., and Araujo, R. (2012). Effect of environmental parameters on the
inactivation of the waterborne pathogen Campylobacter in a Mediterranean
river. J. Water Health 10, 100-107. doi: 10.2166/wh.2011.044

Rohonczy, K., Rantsiou, K., and Cocolin, L. (2013). Modified enrichment strate-
gies coupled with molecular and conventional methods to detect and quantify
Campylobacter jejuni in chicken meat from the market. J. Food Safety. 33,
497-502. doi: 10.1111/jfs.12081

Rosef, O., Rettedal, G., and Lageide, L. (2001). Thermophilic campylobacters in
surface water: a potential risk of campylobacteriosis. Int. J. Environ. Health Res.
11, 321-327. doi: 10.1080/09603120120081791

Ross, C. M., and Donnison, A. M. (2006). Campylobacter jejuni inactivation
in New Zealand soils. J. Appl. Micro. 101, 1188-1197. doi: 10.1111/j.1365-
2672.2006.02984.x

Sails, A. D., Fox, A. ], Bolton, F. J., Wareing, D. R. A., and Greenway, D. L.
A. (2003). A real-time PCR assay for the detection of Campylobacter jejuni
in foods after enrichment culture. Appl. Environ. Micro. 69, 1383-1390. doi:
10.1128/AEM.69.3.1383-1390.2003

Savill, M. G., Hudson, J. A, Ball, A., Klena, J. D., Scholes, P., Whyte, R. J., et al.
(2001). Enumeration of Campylobacter in New Zealand recreational and drink-
ing waters. J. Appl. Micro. 91, 38—46. doi: 10.1046/j.1365-2672.2001.01337.x

Schets, F. M., De Roda Husman, A. M., and Havelaar, A. H. (2011a). Disease out-
breaks associated with untreated recreational water use. Epidemiol. Infect. 139,
1114-1125. doi: 10.1017/S0950268810002347

Schets, E. M., Schijven, J. E,, and de Roda Husman, A. M. (2011b). Exposure assess-
ment for swimmers in bathing waters and swimming pools. Water Res. 45,
2392-2400. doi: 10.1016/j.watres.2011.01.025

Schrader, C., Schielke, A., Ellerbroek, L., and Johne, R. (2012). PCR inhibitors
- occurrence, properties and removal. J. Appl. Micro. 113, 1014-1026. doi:
10.1111/j.1365-2672.2012.05384.x

Scotter, S. L., Humphrey, T. J., and Henley, A. (1993). Methods for the detection
of thermotolerant campylobacters in foods: results of an inter-laboratory study.
J. Appl. Bacteriol. 74, 155-163. doi: 10.1111/j.1365-2672.1993.tb03009.x

Sellars, M. J., Hall, S. J., and Kelly, D. J. (2002). Growth of Campylobacter
jejuni supported by respiration of fumarate, nitrate, nitrite, trimethylamine-N-
oxide, or dimethyl sulfoxide requires oxygen. J. Bacteriol. 184, 4187—4196. doi:
10.1128/]B.184.15.4187-4196.2002

Sidhu, J. P. S., Hodgers, L., Ahmed, W., Chong, M. N., and Toze, S. (2012).
Prevalence of human pathogens and indicators in stormwater runoff in
Brisbane, Australia. Water Res. 46, 6652—-6660. doi: 10.1016/j.watres.2012.
03.012

Simundi¢, A.-M. (2008). Measures of diagnostic accuracy: basic definitions. Med.
Biol. Sci. 22, 61-65.

Spearman, C. (2010). The proof and measurement of association between two
things. Int. J. Epidemiol. 39, 1137-1150. doi: 10.1093/ije/dyq191

Standardization ISO. (2005). ISO 17995:2005: Water Quality. Detection and
Enumeration of Thermotolerant Campylobacter Species. Geneva: International
Organization of Standardization.

Standardization ISO. (2013). Microbiology of the Food Chain: Polymerase Chain
Reaction (PCR) for the Detection of Food-Borne Pathogens-Detection of
Botulinum Type A, B, E and F Neurotoxin—Producing Clostridia. Geneva:
International Organization of Standardization.

Standarisation ISO. (2005). ISO 22174:2005: Microbiology of Food and Animal
Feeding Stuffs: Polymerase Chain Reaction (PCR) for the Detection of Food-
Borne Pathogens—General Requirements and Definitions. Geneva: International
Organization of Standardization.

Sterk, A., Schijven, J., De Nijs, T., and De Roda Husman, A. M. (2013). Direct and
indirect effects of climate change on the risk of infection by water-transmitted
pathogens. Environ. Sci. Tech. 47, 12648-12660. doi: 10.1021/es403549s

St-Pierre, K., Lévesque, S., Frost, E., Carrier, N., Arbeit, R. D., and Michaud, S.
(2009). Thermotolerant coliforms are not a good surrogate for Campylobacter
spp. in environmental water. Appl. Environ. Micro. 75, 6736-6744. doi:
10.1128/AEM.00486-09

Taboada, E. N., Clark, C. G., Sproston, E. L., and Carrillo, C. D. (2013). Current
methods for molecular typing of Campylobacter species. J. Micro. Meth. 95,
24-31. doi: 10.1016/j.mimet.2013.07.007

Thomas, C., Hill, D. J., and Mabey, M. (1999). Evaluation of the effect of tempera-
ture and nutrients on the survival of Campylobacter spp. in water microcosms.
J. Appl. Micro. 86, 1024—1032. doi: 10.1046/j.1365-2672.1999.00789.x

Ugarte-Ruiz, M., Gomez-Barrero, S., Porrero, M. C., Alvarez, J., Garcia, M.,
Comeron, M. C,, et al. (2012). Evaluation of four protocols for the detection
and isolation of thermophilic Campylobacter from different matrices. J. Appl.
Micro. 113, 200-208. doi: 10.1111/j.1365-2672.2012.05323.x

Uyttendaele, M., Schukkink, R., van Gemen, B., and Debevere, J. (1994).
Identification of Campylobacter jejuni, Campylobacter coli and Campylobacter
lari by the nucleic acid amplification system NASBR. J. Appl. Bacteriol. 77,
694-701. doi: 10.1111/j.1365-2672.1994.tb02821.x

Viera, A. J., and Garrett, J. M. (2005). Understanding interobserver agreement: the
kappa statistic. Fam. Med. 37, 360-363.

Williams, L. K., Sait, L. C., Cogan, T. A., Jorgensen, E, Grogono-Thomas,
R., and Humphrey, T. J. (2012). Enrichment culture can bias the iso-
lation of Campylobacter subtypes. Epidemiol. Infect. 140, 1227-1235. doi:
10.1017/50950268811001877

Wittman, J., Weckwerth, A., Weiss, C., Heyer, S., Seibert, J., Kuennen, B., et al.
(2013). Evaluation of land use and water quality in an agricultural watershed
in the USA indicates multiple sources of bacterial impairment. Environ. Monit.
Assess. 185, 10395-10420. doi: 10.1007/s10661-013-3340-y

Zar, J. H. (1999). Biostatistical Analysis: Pearson Education India. New Jersey:
Prentice Hall City.

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Received: 10 November 2014; accepted: 21 January 2015; published online: 09
February 2015.

Citation: Henry R, Schang C, Chandrasena GI, Deletic A, Edmunds M, Jovanovic D,
Kolotelo P, Schmidt J, Williamson R and McCarthy D (2015) Environmental mon-
itoring of waterborne Campylobacter: evaluation of the Australian standard and a
hybrid extraction-free MPN-PCR method. Front. Microbiol. 6:74. doi: 10.3389/fmicb.
2015.00074

This article was submitted to Aquatic Microbiology, a section of the journal Frontiers
in Microbiology.

Copyright © 2015 Henry, Schang, Chandrasena, Deletic, Edmunds, Jovanovic,
Kolotelo, Schmidt, Williamson and McCarthy. This is an open-access article dis-
tributed under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this jour-
nal is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

www.frontiersin.org

February 2015 | Volume 6 | Article 74 | 13


http://dx.doi.org/10.3389/fmicb.2015.00074
http://dx.doi.org/10.3389/fmicb.2015.00074
http://dx.doi.org/10.3389/fmicb.2015.00074
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org
http://www.frontiersin.org/Aquatic_Microbiology/archive

	Environmental monitoring of waterborne Campylobacter: evaluation of the Australian standard and a hybrid extraction-free MPN-PCR method
	Introduction
	Materials and Methods
	Study Locations and Sample Collection
	Culture-Based Multi-Tube Analysis of Campylobacter spp. in Water Samples
	MPN-PCR Analysis of Campylobacter spp. from Enriched Environmental Isolates
	Environmental Data
	Statistical Data Analysis

	Results
	Inter-Laboratory Method Comparison
	Intra-Laboratory Comparison of AS/NZS and MPN-PCR
	Spatial Relationships Between Campylobacter spp. Concentrations
	Environmental Parameter and Campylobacter spp. Relationships
	Campylobacter spp. Within-Site Relationships to Environmental Parameters

	Discussion
	Inter-Laboratory Reproducibility of Culture-Based Methods
	Intra-Laboratory Evaluation of MPN-PCR and AS/NZS
	Spatial and Environmental Parameters Relationships

	Acknowledgments
	Supplementary Material
	References


