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a b s t r a c t

We compared the presence of 58 known virulence genes (VGs) associated with Escherichia

coli strains causing intestinal (InPEC) and extra-intestinal (ExPEC) infections in three

estuarine, four brackish and 13 freshwater sites during the dry and wet seasons. The most

common VGs observed in water samples during the dry season belonged to ExPEC (traT;

80% and ompA; 70%) whilst east1 (70%) gene was the most common among InPEC. More

types of VGs were observed in water samples during wet season and included those found

among InPEC (e.g. eaeA; 100%; fyuA, 90%; paa, 65%; cdt, 60%; and stx2, 60%) and ExPEC (e.g.

iroNE.coli, 90%; iss, 90% and kpsMTII, 80%). Eight VGs were found exclusively in the wet

season, of which four were found in all three water types indicating their association with

storm-water run off. The number of VGs associated with ExPEC were significantly (P < 0.05)

higher in only brackish and estuarine waters during the wet season compared to the dry

season. There was no correlation between the number of E. coli and the presence of VGs in

any of the water types in both seasons but we found similarities in VG profiles of sites with

similar land uses.

Crown Copyright ª 2011 Published by Elsevier Ltd. All rights reserved.
1. Introduction accurately predict the presence of pathogens, especially
Human enteric pathogens such as Escherichia coli O157:H7

(Ibekwe and Grieve, 2003), Salmonella spp. (Savichtcheva et al.,

2007), Cryptosporidium spp. (Hörman et al., 2004) and enteric

viruses (Haramoto et al., 2005) have been found in environ-

mental waters as a result of faecal pollution from point and

non-point sources (O’Shea and Field, 1992; Aslan-Yilmaz et al.,

2004; Ahmed et al., 2005a). Due to the complexities associated

with attempting to detect all possible pathogens in a water

source, faecal indicator bacteria such as enterococci and E. coli

have long been used by water industries to assess the micro-

biological quality of environmental and drinking waters.

However recent studies suggest a limited relationship

between faecal indicator bacteria and their ability to
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protozoans and enteric viruses (Hörman et al., 2004; McQuaig

et al., 2006). In addition, it has been reported that faecal

indicator bacteria such as E. coli can be present in the envi-

ronment in the absence of faecal pollution and regrowth is

possible under suitable conditions (Desmarais et al., 2002

Power et al., 2005).

E. coli strains are normal inhabitants in the gut of warm-

blooded animals including humans (Hart et al., 1993). Whilst

most E. coli strains in the gut are non-pathogenic commensals,

certain strains may carry a combination of virulence genes

(VGs) which enable them to cause intestinal infections such as

diarrhoea or haemolytic colitis, or to cause extra-intestinal

infections such as neonatal meningitis, nosocomial septicae-

mia, haemolytic uraemic syndrome, urinary tract and surgical
Elsevier Ltd. All rights reserved.
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site infections (Falagas and Gorbach, 1995; Johnson and Stell,

2000). Pathogenic E. coli strains can be classified into intes-

tinal (InPEC) and extra-intestinal (ExPEC) on the basis of their

virulence factors and clinical symptoms (Kaper et al., 2004).

InPEC can be further classified into enterotoxigenic (ETEC),

enteropathogenic (EPEC), enterohemorrhagic (EHEC), enter-

oinvasive (EIEC), and enteroaggregative (EaggEC) E. coli and

diffusely adherent E. coli (DAEC) (Nataro and Kaper, 1998).

InPEC can be further classified into enterotoxigenic (ETEC),

enteropathogenic (EPEC), enterohemorrhagic (EHEC), enter-

oinvasive (EIEC), and enteroaggregative (EaggEC) E. coli and

diffusely adherent E. coli (DAEC) (Nataro and Kaper, 1998;

Kaper et al., 2004; Ishii et al., 2007). Common reservoirs of

ETEC and EPEC include ruminants, porcine, other domesti-

cated animals including goats, dogs, cats and humans (Levine,

1987; Nataro and Kaper, 1998; Djordjevic et al., 2004). EHEC

have been isolated from various ruminants, primarily cattle

(Paton and Paton, 1998). The principal reservoir for EIEC,

EaggEC and DAEC are humans (Levine, 1987; Kaper et al.,

2004). ExPEC can further be classified into uropathogenic

E. coli (UPEC), meningitis neonatal E. coli (MNEC) and avian

pathogenic E. coli (APEC); the two former pathotypes are

commonly isolated from humans, APEC are associated with

avian infections and have been isolated from poultry (Johnson

and Stell, 2000; Kaper et al., 2004). It has to be noted that the

possession of a single or multiple VGs does not necessarily

indicate that a strain is pathogenic unless that strain has the

appropriate combination of VGs to cause disease in a specific

host (Gilmore and Ferretti, 2003).

Faeces from domestic and wild animals as well as humans

may contain high numbers of E. coli strains harbouring one or

more VGs (Ishii et al., 2007). Runoff from agricultural lands and

sewer overflows may also contribute pathogenic E. coli strains

containing these VGs into environmental waters. Pollution of

surface waters with pathogenic strains of E. coli has been

implicated in an increased number of disease outbreaks and

consequent deaths (Feldman et al., 2002; Olsen et al., 2002).

However, only a few studies have investigated the presence of

E. coli strains carrying VGs in environmental waters (Martins

et al., 1992; Lauber et al., 2003; Chern et al., 2004; Hamelin

et al., 2006; Ahmed et al., 2007; Ram et al., 2007; Hamilton

et al., 2010), and not all of them to the extent reported in

this study.

The objectives of this study were to a) observe the preva-

lence of E. coli VGs in waters with contrasted land use and

various fecal sources and b) to compare these VG profiles

between sites to define the sources of fecal pollutions.

Furthermore, correlations between the presence of VGs and

the number of E. coli were also investigated.
2. Materials and methods

2.1. Sampling sites

Water samples were collected from three estuaries

(EW1eEW3) with salinity ranging between 21 and 34 PSU, four

rivers with brackish water (BW1eBW4) salinity range between

3 and 14 PSU and 13 creeks with fresh water (FW1eFW13)

(salinity < 1 PSU) in the Sunshine Coast region located
approximately 100 km north of Brisbane, the capital city of

Queensland, Australia. Fig. 1 shows the location of all

sampling sites and their catchment area. In all, 40 water

samples were collected from 20 sites during the dry season of

2009 (n¼ 20) andwet season of 2010 (n¼ 20). Table 1 shows the

location, land uses and potential sources of faecal pollution of

each sampling site. These sites were selected after consulta-

tion with local council and a community water quality

monitoring group, who identified these sites as being sus-

pected of having poor water quality and or previously found to

have high numbers of coliforms. All samples were collected

during low tide. Samples were collected during the dry season

when the study areas received either no rainfall for more than

1 month or not more than 2 mm for at least 15 days prior to

sampling. In contrast, samples were collected during the wet

season when the sampling sites had received more than

100 mm rainfall two days prior to sampling. From each site,

grab water samples were collected in 5 L sterile bottles from

30 cm below the water surface and transported on ice to the

laboratory where they were processedwithin 6 h of collection.

2.2. Enumeration of E. coli

The membrane filtration method was used to process all

water samples. Serial dilutions of samples were filtered

through 0.45 mm pore size nitrocellulose membranes (Milli-

pore, Tokyo, Japan), and placed on chromocult� coliform agar

(Merck, Germany) plates and incubated at 35� C for 2 h to

revive cells and then 44.5 �C for 22 h.

2.3. DNA extraction

For DNA extraction a 1 L replicate of each sample was filtered

through 0.45 mm pore size membranes (Millipore), and E. coli

were grown on chromocult� coliform agar (Merck, Germany).

After incubation for 35� C for 2 h to revive cells and then 44.5�

C for 22 h, filters were transferred to sterile flasks containing

50 ml of tryptic soy broth (TSB) (Oxoid, London, UK), and

incubated at 44.5� C for another 24 h. This enrichment step

was included to ensure low numbers of E. coli containing VGs

genes can also be identified. DNA was extracted from 2 ml

culture using DNeasy blood and tissue kit (Qiagen) according

to the manufacture instructions, and the resulting DNA

extracts were stored at �20 �C until use.

2.4. PCR detection of virulence genes

Using a combination of multiplex and single PCR, a total of 58

VGs associatedwith E. coli strains causing intestinal and extra-

intestinal infections were selected for this study according to

Chapman et al. (2006). Primers used for PCR detection of these

VGs, the size of the PCRproducts for corresponding targets and

PCRcycling conditionshavebeenpreviously reported (Johnson

andStell, 2000;Chapmanetal., 2006). For eachPCRexperiment,

corresponding positive DNA, and negative control (sterile

water) were included. The PCR amplification was performed

using the Eppendorf Master Cycler (Eppendorf, Germany). To

detect the amplified product, up to 5e8 ml aliquot of the PCR

product was visualized by electrophoresis through a 2%

agarose gel (Progen,Australia) in 0.6�TBEbuffer and ethidium
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Fig. 1 e Mapof sunshinecoast regionwith locationof samplingsites; EW1eEW3indicates theestuarinewater sites,BW1eBW4

indicates the brackish water sites, FW1eFW13 indicates the freshwater sites. Black lines indicate individual catchment areas.
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bromide. Identification of the bands was established by

comparison of the band sizes with molecular weight markers

of 100 bp and 3 kb ladder (Gene-Works, Australia). Samples

wereconsidered tobepositive foraspecificVGwhenthevisible

bandwas the same size as that of the positive control DNA. To

minimize PCR contamination, DNA extraction, PCR set up, and

gel electrophoresis were performed in isolated rooms. To

identify false positive results filteredmilliQ water was used as

a negative control in all experiments.

2.5. Data analyses

Virulence genes were initially categorized based on their

functions and/or their (e.g. adhesion genes, toxin genes etc.)

and/or different pathotypes (Table 2). Two separate analyses

were undertaken in order to determine the impact of (i) season

and (ii) water salinity on the presence or absence of genes

within each gene category and also within each E. coli patho-

type. Numbers and/or proportions of genes that tested posi-

tive in samples from comparative categories (e.g.: dry vs. wet)

were compared using Z-tests.

The proportions of genes observed across sets of data were

compared using a Z-test with the null hypothesis being that

the proportions of positive observed genes during the dry and

wet seasons were not significantly different.

Since the sampling locations were the same in both the dry

and the wet seasons, a direct comparison between the pres-

ence and absence of individual genes at each location in each

season could be made. The absolute difference between two

corresponding sets of a particular gene category was defined
Table 1 e List of the 20 sampling sites chosen for this study an
sources of faecal contamination impacting each site.

Sampling sites Location Land

Estuarine water

EW1 Golden Beachb Urban

EW2 Currimundib Urban

EW3 Mooloolabab Urban

Brackish water

BW1 Coolumb Urban

BW2 Bli Blib Peri-u

BW3 Nambour/Bli Blib Peri-u

BW4 Boreen Pointb Urban

Freshwater

FW1a Alexandra Beachb Urban

FW2 Eumundi Pastu

FW3a Noosab Urban

FW4a Sunshine Beachb Urban

FW5 Mooloolahb Pastu

FW6 Eudlo Peri-u

FW7 Nambourb Urban

FW8 Yandina Peri-u

FW9 Yandina Pastu

FW10 North arm (east) Pastu

FW11 North arm (west) Pastu

FW12 Eumundi/North arm Pastu

FW13 Kin Kin Peri-u

a Samples were collected from storm water outlets draining into the est

b Sampling site is used for swimming, recreational and social activities.
as the total number of instances, in which each gene was

present in a sampling location during the dry season and

absent in the wet season, or vice-versa.

A linear regression analysis was applied to investigate the

degree of correlation between the number of indicator

bacteria and the number of VGs observed at each site.

A VG fingerprint was developed for each water sample by

giving a value of 1 to each gene found in a water sample and

avalueof0 for theirabsence.Using thePhPlatesoftwareversion

4.0, similarities among VG profiles were measured after pair

wisecomparisonof theVGfingerprintofeachwatersampleand

the obtained similarity matrix was clustered according to the

un-weighted pair-group method using arithmetic averages

(UPGMA) to yield a dendrogram. In the dendrogram each line

represents VG profile of awater sample and they are connected

to each other at the similarity level shown.

The student t-test was used to compare the significance of

difference between the number of E. coli and the observed VGs

numbers in samples collected during dry andwet seasons and

between water types.
3. Results

The number of E. coli detected inwater samples collected from

the estuarine sites (EW1eEW3) during the dry and wet

conditions ranged from 2 to 24 CFU/100 mL and 260 to

1600 CFU/100 mL, respectively (Table 3). For the brackish

water sites (BW1eBW4), E. coli numbers ranged from 1 to

40 CFU/100 mL (dry conditions) and 100 to 5000 CFU/100 mL
d their location, water characteristics and the suspected

use Suspected sources of faecal pollution

Urban run off, dogs, coastal birds

Sewer overflows, waterfowls, dogs, coastal birds

Urban run off, dogs, coastal birds

Urban run off dogs, coastal birds

rban Sewer overflows, wild animals

rban Septic systems, cattle, horses, wild animals

Septic systems, waterfowls, wild animals

Urban run off, dogs, coastal birds

re Septic systems, cattle, horses

Urban run off, coastal birds

Urban run off, dogs, coastal birds

re Septic systems, cattle, horses, wild animals

rban Septic systems, cattle, horses, wild animals

Urban run off, cattle, horses, wild animals

rban Septic systems, cattle, horses, wild animals

re Septic systems, cattle, horses, wild animals

re Septic systems, cattle, horses, wild animals

re Septic systems, cattle, horses, wild animals

re Septic systems, cattle, horses, wild animals

rban Septic systems, cattle, horses, wild animals

uarine waters.
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Table 2 e List of 58 virulence genes screened in this study, their categories based on their function and E. coli pathotypes
carrying these genes.

E. coli
pathotypes

Virulence genes categories

Adhesins Toxins Capsule
synthesis

Siderophores Invasins Non-categorised
virulence genes

ExPEC papAH hlyA kpsMTIII fyuA ibeA PAI

fimH cvaC kpsMT K1 iutA traT

papEF cdtB rfc iroNE.coli ompT

bmaE cnf1 kpsMT II iss

sfa/focDE UNIVcnf kpsMT K5 yjaA

papG allele II & III cdta ireA TSPE4C2

nfaE

papC

focG

papG allele II

papG allele III

Afa/draBC

sfaS

DAEC aah (orfA)

aidA AIDA-I (orfB)

aidA AIDAc

EHEC iha exhAa chuA

eaeAa stx2
saa stx1

ETEC fasA eltA

faeG estI

fanC estII

fedA

F41

EPEC paa exhAa

eaeAa cdta

bfpA

EaggEC east1

EIEC ipaH

a Indicates genes shared by more than one E. coli pathotype.
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(wet conditions), respectively (Table 3). For the freshwater

sites, these values were 2 to >5000 (dry conditions) and 28 to

5000 (wet conditions), respectively (Table 3). Generally the

numbers of E. coli in the estuarine and brackish waters were

higher during the wet conditions than those collected during

dry conditions, however due to the low number of samples

collected from each water type and variations within samples

it was not possible to calculate the significance of these find-

ings. This was more pronounced among fresh water samples

which showed a higher variability between different sites,

with 6 sites having a higher number of E. coli in the dry

conditions compared to wet conditions (Table 3).

3.1. Prevalence of E. coli VGs

During the dry season 18 (90%) samples were positive for

multiple VGs ranging from 4 to 22 genes per water sample

(Table 4). Only freshwater sites were positive for >20 VGs

during dry season. No VGwas detected in samples collected in

brackish waters designated as BW3 and BW4 during the dry

season. The main source of faecal contamination of these

sites was septic systems. Our previous study in this region has
identified farm animals and septic systems as potential

sources of VGs in these waterways. However, recent upgrad-

ing of septic systems within the regional area could be one of

the reasons why no VGs were detected at these sites. Alter-

natively, it could be that E. coli strains found in these sites did

not carry any VGs, this is supported by the low number of

E. coli strains isolated from these sites (Table 3).

In total, 39 (67%) of the 58 VGs tested were detected in all

water samples collected during this season (Table 4). Themost

commonly observed VGs were fimH (85%), chuA (85%),

TSPE4C.2 (85%), traT (80%), OmpT (70%), east1 (70%), fyuA (65%),

and ibeA (60%) and all except fimH which is commonly found

in all E.coli strains and chuA whch is commonly seen in EHEC

pathotype, the rest are common among EXPEC strains (Fig. 2).

Among the toxin genes tested, east1 (70%) was the most

prevalent gene observed followed by cdt (40%), cvaC (35%), stx1
(25%), stx2 (25%) and estI (5%). The remaining toxin genes hlyA,

cdtB, cnf1, UNIVcnf, exhA, eltA, estII could not be detected in all

water samples collected during dry season.

During the wet season, all water samples were positive for

multiple VGs ranging from 7 to 30 genes per water sample. Of

the 58 VGs tested, 44 (76%) genes were observed in water

http://dx.doi.org/10.1016/j.watres.2011.09.018
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Table 3 e Number of E. coli in water samples collected during the dry and wet conditions and the corresponding number of
virulence genes detected by PCR in DNA extracted from 2 mL aliquots of enriched cultures obtained from each sampling
site.

Sampling sites Number of E. coli (CFU/100 mL) Number of positive observations of virulence genes

Dry conditionsa Wet conditionsb Dry conditionsa Wet conditionsb

Estuarine water

EW1 10 260 12 21

EW2 2 1600 14 29

EW3 24 420 6 27

Mean � SD 12 � 11.1 760 � 731.8 10.7 � 4.2c 25.7 � 4.2c

Brackish water

BW1 <1 100 4 26

BW2 22 >5000 17 19

BW3 40 860 0 26

BW4 38 270 0 16

Mean � SD 33.3 � 9.9 410 � 398.9 5.3 � 8.1d 21.8 � 5.1d

Freshwater

FW1 2 >5000 4 17

FW2 260 610 20 17

FW3 660 80 17 21

FW4 2500 160 14 19

FW5 920 2400 21 27

FW6 290 >5000 22 7

FW7 >5000 520 19 17

FW8 30 140 5 25

FW9 76 100 12 24

FW10 120 28 12 17

FW11 >5000 140 15 17

FW12 150 370 19 21

FW13 140 100 20 19

Mean � SD 468 � 730.6 422.5 � 683.2 15.4 � 5.8 19.1 � 5

a study area received no rainfall 15 days prior sampling.

b study area received > 100 mm rainfall 2 days prior sampling.

c,d P < 0.05 for the number of VGs observations between water samples in dry and wet seasons.
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samples collected during the wet conditions (Table 4). Except

the fimH gene which was observed in all samples, the most

commonly observed VGs belonged to both ExPEC e.g. iroNE.coli,

iss, fyuA, TSPE4C.2, yjaA, kpsMTII, PAI, traT, ompT and IPEC e.g.

stx2, chuA, saa (found in EHEC pathotype), F41 (found in ETEC

pathotype), east1 (found in EAggEC pathotype), and paa and

eaeA (in EPEC pathotype). Among the toxin genes detected,

east1 (95%) wasmost prevalent gene followed by cdt (60%), stx2
(60%), ehxA (45%), cvaC (40%), cdtB (30%) estI, eltA and UNIVcnf

(10%), cnf1 and stx1 (5%) (Fig. 2). There was no positive obser-

vations of VGs associated with EIEC throughout the study and

was therefore omitted from subsequent analysis. Comparison

between the observed VGs in samples collected during the dry

and wet seasons is given in Fig. 2.

Whilst the overall numbers of VGs observed in water

samples collected during the wet season was significantly

(P < 0.05) higher than those collected during the dry season,

their prevalence was higher in fresh water sites FW2, FW6,

FW7 and FW13 during the dry season than their correspond-

ing sites during the wet season (Table 3). While some sites (i.e.

FW7) had an exceptionally high number of bacteria during the

dry season (Table 3) which would suggest an equally propor-

tional number of VGs, other sites had lower numbers of E. coli

and yet had a higher number of VGs (i.e. FW9) during the wet

season indicating that the presence of VGs in these samples
were not proportional to the number of E. coli strains. This

could be partly explained by the diverse sources of faecal

pollution, rather than hydrological conditions, within the

proximal areas of those sampling sites.

VGs were grouped according to their association with

different E. coli pathotype and further classified based on

functional characteristics of the gene into toxin genes (Tox),

adhesion genes (Adhes), capsule genes (Cap), iron acquisition

genes (Iron), invasion genes (Inv) and non-classified (NC) VGs

(Fig. 3). This enabled us to identify the prevalence of different

pathotypes of E. coli in the water samples. We observed

a significant (P < 0.05) difference in the presence of genes

belonging to pathotypes EHEC, ETEC and EPEC pathotypes in

the freshwater samples during the dry and wet seasons

(Fig. 3A). The brackish (Fig. 3B) and estuarine (Fig. 3C) water

samples on the other hand contained a significantly (P < 0.05)

higher number of genes belonging to ExPEC, EHEC, EPEC and

EaggEC during thewet season indicating that the brackish and

estuarine sites may have similar sources of fecal pollutions.

Overall, there was a significantly (P < 0.05) higher number of

positive gene observations at all three water types and for all

pathotypes (except DAEC) during the wet season compared to

the dry season (Fig. 3D).

Grouping of VGs based on their functional characteristics

showed striking differences in each water type during the dry

http://dx.doi.org/10.1016/j.watres.2011.09.018
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Table 4 e Virulence genes observed (indicated by C) in at least one DNA extract of 2 mL enriched sample of fresh (FW),
brackish (BW) and estuarine (EW) sampling sites in samples collected during dry and wet season. Boxed area denote
virulence genes found only in the dry season samples while, grey area denotes virulence genes found only in the wet
season samples.
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and wet seasons (Fig. 4). There was a significant (P < 0.05)

difference between the number of VGs observed during the

dry and the wet season for all water types (Fig. 4). However,

fresh water samples shared a high number of VGs in both

season as opposed to brackish and estuarine waters which

contained a high number of VGs unique to the wet season

(Fig. 4). This could be explained by continuous input from

specific source(s) such as domestic and native animals at

these sites. Brackish and estuarine waters, in contrast had

higher numbers of suspected pathotypes in the wet season

(Fig. 3) resulting in higher number of VGs that are normally

associated with pathotypes EHEC, ExPEC, EPEC and EaggEC.

3.2. Correlation between the numbers of E. coli and the
presence of virulence genes

A linear regression analysis was applied to calculate any

possible correlation between the number of E. coli and the

presence of VGs during the dry and wet season. It was found

that the number of E. coli in water samples did not correlate to

the number of positive VG observations during the dry

(P > 0.9612) or the wet (P > 0.2751) seasons (Fig. 5).

3.3. Comparison of E. coli virulence gene profiles

Similarity among the VG profiles of water samples was

measured and corresponded to the land use and characteris-

tics of each sampling site to ascertain any possible correlation

between the nature of the land use and its characteristics with

VG contents of water at that site. The results indicated that

some sites (e.g. FW5 and FW6) with similar land uses had high
similarity during the both seasons (Fig. 6), whilst other sites

such as FW7 and FW8 with similar land uses had a high

similarity to each other only during the wet season (Fig. 6).

Similar results were found with other sites during the wet

seasons (e.g. FW9 and FW12 and FW11 and FW13) (Fig. 6). All

sites with a similarity coefficient above 70% in the dry season

and above 80% in the wet season were all fresh water with

similar adjacent land uses (Fig. 6). Further analysis of available

data on land use of these sites indicated that they were semi-

rural locations with various agricultural uses and native

animal habitats. The increased similarity during the wet

season however could be due to the increased diversity of

E. coli sources with equally diverse VGs as a result of the local

run off during wet weather events.
4. Discussion

As expected the numbers of E. coli in the water samples

collected during the dry season were much lower than those

found during the wet season, this is largely due to the run off

generated from heavy rainfall events transporting a high

number of bacteria from various point and non-point sources

to the waterways (O’Shea and Field, 1992). However, this was

not the case for freshwaters where several sites showed

a higher number of E. coli during the dry season. E. coli is

known to have short survival rates in saline water and

because of this theymay not be an indicator of faecal pollution

for the estuarine and brackish waters (Anderson et al., 1983).

In our study, freshwater sites with a high number of E. coli

showed to be located in pasture or peri-urban catchments

http://dx.doi.org/10.1016/j.watres.2011.09.018
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with multiple sources of faecal pollution such as defective

septic systems and faecal materials from cattle, horses and

wild animals. A previous study has also reported the presence

of high numbers of faecal indicator bacteria originating from

defective septic systems and grazing animals in these sites

(Ahmed et al., 2005a, b).

The presence of strains with virulence characteristics

similar to EPEC (Lauber et al., 2003), ETEC (Chern et al., 2004),
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Fig. 2 e The overall percentage of positive gene observations in

significance of difference ranging from P< 0.05 to P< 0.001 bet
EHEC (Chern et al., 2004), and ExPEC (Hamelin et al., 2006) has

been previously reported in the freshwaters. A more recent

study also indicates the presence of potential EPEC strains in

estuarine waters (Hamilton et al., 2010). In our study a high

number of E.coli VGs were detected in samples from the

estuarine and brackish waters during both dry and wet

seasons suggesting the persistence of pathogenic E. coli strains

in these waters. Alternatively this may indicate a continuous
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Fig. 3 e The percentage of positive gene observations for each pathotype in the different water types; fresh (A), brackish (B),

estuarine (C) and overall (D). Virulence genes that belonged to more than one pathotype were grouped with all associated

pathotypes. * indicate significance of difference ranging from P < 0.05 to P < 0.001 between the number of observations of

VGs belonging to each pathotype, calculated using a Z-test.

Fig. 4 e The percentage of virulence genes (VGs) classified based on functional characteristics during the dry season (top half

of each graph) and the wet season (bottom half of each graph): for each water type; fresh (A), brackish (B), Estuarine (C) and

Overall (D). -VGs unique to the dry season, -VGs unique to the wet season, -VGs commonly found during dry and

wet season. Tox; toxin genes, Adhes; adhesion genes, Cap; capsule genes, Iron; iron acquisition genes, Inv; invasion genes,

NC-VG; non-classified virulence genes. * indicate significance (P < 0.05) of difference for overall percentage of VGs found

during the dry and wet season, calculated using a paired t-test.



Fig. 5 e The correlation between the numbers of E. coli

during the dry � and wet Cseasons and the

corresponding total number of positive virulence gene

observations at each sampling site.

Fig. 6 e Dendrograms showing similarity among the virulence

dendrogram) and wet (right dendrogram) seasons. Sites with h

with grey. Sites with low similarity during the dry season but h

box. � indicates highly similar sites during dry season but no s
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input of these bacteria from a common source in the water or

a combination of both. The fact that VGs belonging to ExPEC

pathotypeweremore prevalent in thesewaterswas of interest

andmay indicate a high potential health risk of suchwaters as

the number of ExPEC VGs in E. coli is proportional to its

pathogenic potential (Picard et al., 1999). A number of samples

were also positive for toxin genes belonging to intestinal

pathogenic bacteria. The frequency of detecting these toxin

genes was higher during the wet season than the dry season

especially in the freshwater sites which are normally sur-

rounded by animal farm such as ruminants and swine that are

known to harbour these VGs (Djordjevic et al., 2004; Gyles,

2007; Ishii et al., 2007). Interestingly a recent study in this

region has also identified farm animals and septic systems as

potential sources of these VGs in waterways (Ahmed et al.,

2007). The fact that almost all water samples containing stx1
and/or stx2 also harboured eaeA gene has to be emphasised.

This gene is required for the full expression of virulence by

EHEC strains (Borelin et al., 1999) and ismost commonly found

in ruminant and avian guts (Hamelin et al., 2007).

The prevalence of E. coli isolates harbouring VGs in envi-

ronmental waters is reported to be low ranging from 0.9% to

10% (Chern et al., 2004; Lauber et al., 2003; Martins et al., 1992).
gene (VG) profiles of all water sites during the dry (left

igh similarity during both seasons have been highlighted

igh similarity in their VG profiles have been identified with

imilarity during the wet season.
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Therefore, a large number of isolates need to be screened in

order to detect VGs. In view of this, in this study, E. coli isolates

were concentrated from large volume (1 L) of water samples

followed by an enrichment step so that PCR detection sensi-

tivity can be increased as shown before (Ahmed et al., 2009;

Savichtcheva et al., 2007; Scott et al., 2005).

Three freshwater sites (FW7, FW8, and FW12) were positive

for LT1 and STa genes. The presence of ST and LT enterotoxins

which are commonly associated with ETEC strains have been

reported by other workers in surface waters (Obi et al., 2004;

Begum et al., 2005) and is thought to be originated from

swine and humans with diarrhoea.

The toxin gene east1was highly prevalent inwater samples

from the estuarine, brackish and freshwater sites during both

the dry and wet season. This gene is commonly found in

ruminants and swine (Yamamoto and Nakazawa, 1997) and

are, in some cases, responsible for waterborne diseases in

humans (Hedberg et al., 1997; Yatsuyanagi et al., 2003).

E. coli has long been used as one of the primary faecal

indicator bacteria due to the previous assumption that it has

limited survival ability within the environment however

recent studies suggest that some lineages of E. coli have

adapted and naturalized within tropical, subtropical and even

temperate environments (Ishii and Sadowsky, 2008; Walk

et al., 2007) and as such could be the pertinent reason for

E. coli blooms especially within freshwaters.

Data from Hamilton et al. (2010), and the present study

suggests E. coli strains harbouring clinically significant VGs

may persist in the estuarine environment despite the fact that

E. coli is not generally monitored to assess faecal pollution in

the estuarine waters. In fact, there are few studies that have

correlated the presence of known VGs with the number of

E. coli in all water types. The present study supports the idea

that at least some clinically significant strains of E. coli may

persist in the waterways surviving both the dry and wet

season and this may explain why some sites with very low

numbers of E. coli showed the presence of a high number VGs.

The presence of these genes could not totally be attributed to

storm run off in wet seasons or fresh waters as they were also

found during the dry season and in all water types.

Several sites in this study had lower numbers of E. coli than

those required by national and international water quality

guidelines for fresh andmarinewaters (USEPA, 1986; ANZECC,

2000) but contained a high proportion of VGs. Contrary to

these, there were sites that far exceeded the existing guide-

lines for the number of E. coli for recreational waters and yet

found to harbour no VGs.Whilst these data outline the limited

correlation between E. coli numbers and VGs, they also high-

light the potential of surface water with low and accepted

level of E. coli to cause infections.

In this study we aimed to determine the viability of E. coli

VG profiles as a potential indicator of water quality. The

results suggest there is a varied distribution of VGs within the

catchment. Whilst some VGs were specific to the wet season,

suggesting their affiliation to storm-water run off, some genes

were specific to water types and were found at specific

sampling locations suggesting their association to localised

faecal contamination. We also found that fresh water sites

were less populated, and mainly constituted of agricultural,

semi-rural areas with pockets of natural habitat as opposed to
the brackish and estuarine sites. The latter’s were all found to

be located within medium to high density residential areas.

This may indicate that the fresh water sites were probably

contaminated with animal faecal E. coli whilst the other two

water types were primarily impacted on by urban run off. The

fact that Figs. 3 and 4 showed a much higher similarity

between the VG profile of brackish and estuarine water

samples supports this observation. In this study we used

a similarity coefficient between the VG profiles of each

sampling site and found amuch higher similarity among sites

that had common sources of contamination indicating the

possible use of such method for analysis of water sites based

on their VG profile. This however was more pronounced in

samples collected during thewet season. Therewere also sites

that showed to be distantly dissimilar to each other during the

dry season but had a high similarity in their VG profile during

the wet season suggesting that the VG profiling of E. coli in

a water site especially after a storm run off can give a better

picture of the E. coli flora of the site with respect to its animals

and human land uses pattern.

In conclusion, a number of water samples collected during

the dry and wet conditions were positive for multiple E. coli

VGswhich indicate the presence of potential pathogenic E. coli

in these waters. However, the percentage of E. coli isolates

harbouring these VGs is not reported in this study, and should

be addressed in future studies to provide a better under-

standing of the potential health risk of such waters. We also

suggest that VG profiling of surface waters can be used as

a tool to indicate water quality and should be used in

conjunction with enumeration of E. coli bacteria in water

samples.
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