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Occurrence of antibiotic resistance genes in reclaimed
water and river water in the Werribee Basin, Australia
Fiona Barker-Reid, Ellen M. Fox and Robert Faggian

ABSTRACT
The purpose of this study was to investigate the occurrence of antibiotic resistance genes (ARGs)
in water used for irrigation in the Werribee River Basin, Australia, including river water and
reclaimed effluent water (reclaimed water). Samples of reclaimed water, collected over a oneyear period, were screened for the occurrence of ARGs using PCR detection assays. The presence
of ARGs in the reclaimed water samples were contrasted with that of water samples taken from
the Werribee River Basin, collected over the same time period, from five points selected for
varying levels of urban and agricultural impact. Of the 54 river water samples collected, 2 (4%),
2 (4%), 0 and 0 were positive for methicillin, sulfonamide, gentamicin and vancomycin-resistant
genes, respectively, while 6 of 11 reclaimed water samples were positive for methicillin (9%) and
sulfonamide (45%). The presence/absence of ARGs did not appear to correlate with other
measured water quality parameters. The low detection of ARGs in river water indicates that,
regardless of its poor quality, the river has not yet been severely contaminated with ARGs.
The greater prevalence of ARGs in reclaimed water indicates that this important agricultural
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water source will need to be monitored into the future.
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TERMS AND ABBREVIATIONS
ARG

antibiotic resistance gene

BOD

biological oxygen demand

MRSA methicillin-resistant Staphylococcus aureus

between ecological niches (JETACAR 1999). The proliferation of these genes in the environment has been linked
to the widespread use of antibiotics in humans and
animals (JETACAR 1999; Pruden et al. 2006). Water is a
vector for the transfer of ARGs from human and animal

PCR

polymerase chain reaction

SS

suspended solids

2000; Chee-Sanford et al. 2001; Koike et al. 2007; Baquero

UV

ultraviolet

et al. 2008) and the aquatic environment has been identified

WID

Werribee Irrigation District

as a reservoir for antibiotic resistance (Biyela et al. 2004;

WTP

Western Treatment Plant

waste into the natural environment (JETACAR 1999; Witte

Martinez 2008). Only in recent years has there been
increased interest in the prevalence of antibiotic-resistant
organisms or genes in waterways and waste water
(Zhang et al. 2009), although very few studies have

INTRODUCTION

investigated highly treated effluent (Bockelmann et al.
2009). This research was aimed at evaluating the possible

Antibiotic resistance genes (ARGs) are recognized as

input of antibiotic resistance from a relatively new

emerging environmental contaminants (Rysz & Alvarez

source – reclaimed water – which has the potential to act

2004; Snow et al. 2007; Martinez 2008) that move readily

as another contamination source back into agriculture.
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Two sources of agricultural irrigation water were
selected for investigation: river water and treated human
effluent (reclaimed water). The Werribee River (historically
the major source of irrigation water for food crops in the
Werribee Basin) was selected because of the diversity of
land uses along its length that impact on water quality.
Extreme drought conditions in recent years have resulted in
restricted use of both river and groundwater. Since 2005,
reclaimed water (highly treated human effluent meeting
‘Class A’ standards, using UV light and chlorination) has
been available for purchase by growers. Guidelines vary
between states, but in Victoria, Australia, Class A reclaimed
water is subject to Environmental Protection Agency
Guidelines, which dictate the following indicative water
quality objectives (median values over 12-month period):
, 10 E. coli org/100 mL, turbidity , 2 NTU (24 h median
value pre-disinfection), , 10/5 mg/L BOD/SS, pH 6 – 9
(90th percentile), 1 mg/L Cl2 residual (or equivalent
disinfection) (EPAV 2003).
Reclaimed water is now the main source of irrigation
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METHODS
Study area and sampling sites
Water samples were collected from five sites within the
Werribee Basin (Figure 1). These sites were chosen to
correspond with routine state-wide river sampling locations
(DSE 2008), as well as to represent a gradient of human and
agricultural inputs. Although the majority of the basin has
been cleared for agriculture (67%) and urban development
(5%), small patches of remnant vegetation still remain
(Melbourne Water 2007). Agricultural land is predominantly used for horticulture (44%), improved pasture (41%)
or cropping (typically consisting of broadacre cereal and
legume production; 19%) (DEWHA 2007). The Werribee
River, for the most part, represents a degraded river system
that is highly impacted by anthropogenic activities (Da
Costa et al. 2008). The flow regimes of the river are highly
regulated, with water diversions for irrigation and domestic
use strictly controlled by the state government (DSE 2005).

water in the Werribee Irrigation District (WID) due to a
combination of reduced rainfall and inflows, and declining
quality (particularly with respect to salinity) of river water
and other conventional sources of irrigation water that are
still available. At present, reclaimed water is used predominantly for irrigation of vegetable crops, many of which are
consumed raw. Very few studies have investigated the
prevalence of ARGs in Australia (Boon 1992; Boon &
Cattanach 1999; Watkinson et al. 2007) and to our
knowledge this is the first seasonal study of ARGs in an
Australian river.
The aim of this study was to look for the presence of
ARGs along a gradient of water quality and where ample
opportunity exists for their introduction to the water system.
The best means of achieving this goal was with a method like
polymerase chain reaction (PCR). Despite its shortcomings
(that is, a positive test result does not necessarily indicate
that the host of the ARG was viable), PCR is rapid, can be
used on a variety of substrates (soil, water, sediment) and
does not require that the host organism be culturable. It is
therefore ideal for determining the presence of ARGs in
water in order to assess their potential as environmental
contaminants. This was not a comparison of methods but
rather a survey of water sources using a proven method.
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Map of study area and sampling locations, with corresponding state-wide
sampling numbers in parentheses (DSE 2008).
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The Lerderderg River, a tributary of the Werribee River,

(WTP) in Werribee, Victoria, were collected from a local

originates in the Lerderderg State Forest and at its source

facility which receives water directly (via pipeline) from the

is considered to be in excellent environmental condition

WTP, with a total of 11 samples collected over a similar

(Melbourne Water 2007). This sampling location (1;

time period. At the time of sampling, the quality of the water

231213) represents a relatively pristine environment that

was assessed using a multiprobe field analyser (TPS 90FL-T)

is not impacted by agriculture or urban development. At its

to measure pH, turbidity, temperature and salinity. Water

origin, the Werribee River is in moderate condition (DSE

samples were transported at room temperature and stored

2005). The river passes through the town of Ballan

at 48C within five hours of sampling. Further water quality

(population 1,700), already in poor condition, and the

measurements were obtained from the Victorian Water

sampling point (2; 231225) was just south of the town. The

Resources Data Warehouse (DSE 2008).

river continues through Bacchus Marsh (population
12,000), one of two major irrigation areas (orchards and
market gardens), and then flows into a major storage,

Sample processing and DNA extraction

Melton Reservoir. The sampling point (3; 003124) was

Each water sample was removed from cool storage and

downstream of the reservoir. From there, the river passes

mixed by shaking. Sub-samples (500 mL) were filtered using

through an area of predominantly dryland grazing, some

a three-branch manifold system with suction, through

irrigated pasture, forestry, cropping and intensive animal

0.45 mm sterile cellulose nitrate membranes (Sartorius,

production. The river crosses a small road (Cobbledicks

USA). All equipment was sterilized with 70% ethanol

Ford) at sampling point 4 (003120), becoming increasingly

between samples. After filtration, membranes were placed

degraded as the surrounding landscape becomes more

into a sterile falcon tube (50 mL) and frozen at 2208C.

urbanized; over , 70 km, the landscape transforms from

To extract total DNA, membranes were brought to

predominantly rural to predominantly urban. Further

room temperature, cut into small pieces (,5 mm2) and

downstream, small areas of pasture, irrigated horticulture

suspended in 10 mL PBS (0.01 M phosphate buffer,

and intensive animal production remain, although horti-

0.0027 M potassium chloride and 0.137 M sodium chloride;

culture is the major food-producing land use. A weir is

Sigma, USA). The mixture was vortexed for 2 min and then

located close to the mouth of the river and the final

centrifuged for 5 min (10,000 £ g). DNA was prepared from

sampling point (5; 231204) was at the outflow of the weir.

the resulting supernatant using the DNeasy Plant Mini Kit

The final stretch of the river runs through the WID, a major

(Qiagen), according to the manufacturer’s protocol. One

area of vegetable production, although accessible sampling

DNA extraction was performed per sample and DNA

points were not identified.

quality was verified by agarose gel electrophoresis.

Reclaimed water is predominantly used in the WID,
with ,22,000 ML used in agriculture in 2005 – 2006 (the
first year available). Smaller volumes of reclaimed water

PCR assays for detection of ARGs

are used in Ballan, Melton and Bacchus Marsh (up to

Qualitative PCR assays were performed for broad-scale

4,400 ML) (DSE 2006).

screening of the presence/absence of five ARGs conferring
resistance to: methicillin (mecA), gentamicin (aac(3)-I),

Sampling

vancomycin (vanA and vanB) and sulfonamide (sul(I)).
Primers for the amplification of these genes are listed in

Water samples (2 L) were collected in sterile plastic

Table 1. Oligonucleotide primer pairs were checked for

containers on 11 different occasions between October

specificity by testing methicillin-resistant bacteria (obtained

2007 and September 2008 (08-Oct-07, 03-Jan-08, 21-Jan-

from Dr Margaret Deighton, RMIT University, Australia)

08, 18-Mar-08, 30-Mar-08, 14-Apr-08, 28-May-08, 05-Jul-

and

08, 29-Jul-08, 15-Aug-08 and 17-Sep-08). Samples (2 L) of

(obtained

Class A reclaimed water from the Western Treatment Plant

Australia). The primer pair for amplifying the gentamicin
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PCR primers targeting antibiotic resistance genes

Gene (antibiotic)

Primer

Sequence (50 ! 30 )

Length (bp)

Product size (bp) (reference)

aac(3)-I (gentamicin)

Faac3-1

TTCATCGCGCTTGCTGCYTTYGA

239

Heuer et al. (2002)

Raac3-1

GCCACTGCGGGATCGTCRCCRTA

mecA1-For

AAAATCGATGGTAAAGGTTGGC

533

Murakami et al. (1991)

mecA2-Rev

AGTTCTGCAGTACCGGATTTGC
163

Pei et al. (2006)

377

Klein et al. (1998)

885

Patel et al. (1997)

MecA (methicillin)
sul(I) (sulfonamide)
VanA (vancomycin)
VanB (vancomycin)

sul I-FW

CGCACCGGAAACATCGCTGCAC

sul I-RV

TGAAGTTCCGCCGCAAGGCTCG

vanA 1

TCTGCAATAGAGATAGCCGC

vanA 2

GGAGTAGCTATCCCAGCATT

vanB-FOR

CATGATGTGTCGGTAAAATC

vanAB-REV

ACCGGGCAGRGTATTGAC

resistance gene was tested against plasmid pDONR207

isolated from various environments in Australian studies

(Invitrogen, USA). Amplified fragments of these ARGs

(Bucknell et al. 1997; Boon & Cattanach 1999; Jordan et al.

were used as positive controls for the PCR detection assays.

2005; Akinbowale et al. 2006; Christiansen et al. 2007).

0

The presence of the 16S gene (forward: 5 -CAG GCC TAA
CAC ATG CAA GTC-30 , and reverse: 50 -GGG CGG WGT
GTA CAA GGC-30 ) (Marchesi et al. 1998) was used to

RESULTS

confirm the presence or absence of amplifiable DNA
within each sample.
The PCR reaction mix (25 mL) consisted of 1 unit of

Water quality
The presence/absence of ARGs was monitored within

Taq polymerase (Qiagen, USA), 10 £ buffer (2.5 mL),

the Werribee Basin in various sampling campaigns over

25 mM MgCl2 (2 mL), 10 mM dNTPs (1 mL) (Promega,

approximately one year (October 2007 to September

USA), deionized water (16.3 mL), 10 pm/mL primer (1 mL

2008). Water quality measurements were quite variable,

of each pair) and 30 ng of extracted DNA (1 mL). In the

both spatially and temporally (Figure 2, Table 2) and for

negative controls, the extracted DNA was replaced with

most of the year there was very little flow. Most samples

RNAse- and DNAse-free water. Reaction mixtures were

followed a similar trend in pH, with values rising between

incubated for 15 min at 958C, followed by 5 cycles of 30 s at

May and August (winter), while all samples remained

958C, 30 s at 558C and 30 s at 728C, followed by 35 cycles of

within the range of 7.2 to 8.8. Salinity measurements

30 s at 958C, 30 s at 588C and 30 s at 728C, followed by 30 s

showed the strongest geographical trend, with a strong

at 728C and 2 min at 308C. PCR products were separated in

rise as the river approached the outflow (Figure 3). The

2% agarose gels, and visualized under UV light following

highest salinity values were recorded at the Werribee Weir

staining with ethidium bromide.

and at Cobbledicks Ford. The salinity values reflect a

The genes were selected because of their previous

number of changes along the river including urban and

detection in environmental samples from rivers (sul(I) and

agricultural land uses (DPI 2008), as well as natural salt

aac(3)-I) (Heuer et al. 2002; Pei et al. 2006; Pruden et al.

contributions from ephemeral waterways (in excess of

2006), waste water samples (vanA, mecA and aac(3)-I)

8,000 mS/cm,

(Heuer et al. 2002; Schwartz et al. 2003; Volkmann et al.

Reclaimed

2004) and clinical isolates (vanB) (Patel et al. 1997).

consistent at ,2100 mS/cm. River water temperatures

sampling

water

point

salinity

231231

values

(DSE

remained

2008)).
relatively

Furthermore, microorganisms with resistance to methicillin,

remained . 38C at the surface and clearly reflected seasonal

sulfonamides, gentamicin and vancomycin have been

changes (maximum of 308C). There were no apparent
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Water-quality measurements at each sampling date for A. temperature, B. pH, C. total phosphorus and D. instantaneous flow. Data were compiled from manual
measurements, the Victorian Water Resources Data Warehouse (DSE 2008) and Melbourne Water (pers. comm.). In some cases, data were not available for each sampling
point. Data for Bacchus Marsh is presented to approximate conditions at Melton.

seasonal or geographical trends in turbidity, suspended

The qualitative occurrence data for all five resistance

solids or dissolved oxygen. Total phosphorus levels were

genes are presented in Table 3. Of the 54 river water

sporadic, ranging from 0.01 to 0.12 mg/L. Previous research

samples collected, 2 (4%), 2 (4%), 0 and 0 were positive

detected faecal coliforms and Escherichia coli in the river

for methicillin, sulfonamide, gentamicin and vancomycin-

water but not in reclaimed water (Engleitner et al. 2008).

resistant genes, while 6 of 11 reclaimed water samples were
positive for either methicillin (9%) or sulfonamide (45%).

PCR assays for detection ARGs

ARGs were not detected in any of the Lerderderg River or

16S rDNA was detected in 62 of the 65 water samples tested

Melton samples. In October 2007, sul(I) was detected at

(95%) and in all samples in which ARGs were detected.

Cobbledicks Ford and the Werribee Weir, while mecA was
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Mean values ^1 standard deviation of water quality data from 1 October 2007 to 17 September 2008 (n ¼ 9) for all six sampling sites

Parameter

Lerderderg

Ballan

Melton

Cobbledicks

Werribee Weir

Recycled

pH

8.0 ^ 0.6

8.0 ^ 0.5

8.0 ^ 0.3

8.2 ^ 0.3

8.3 ^ 0.2

7.8 ^ 0.4

Turbidity (NTU)

7.8 ^ 8.2

5.9 ^ 4.7

12.1 ^ 2.9

3.5 ^ 4.6

1.6 ^ 1.2

Dissolved oxygen (mg/L)

5.6 ^ 3.5

na

12.6 ^ 6.8
7.8 ^ 1.8*

8.1 ^ 2.3

9.8 ^ 1.7

na

Suspended solids (mg/L)

5.7 ^ 4.7

na

25.8 ^ 26.1*

9.6 ^ 3.7

6.0 ^ 4.0

na

*Werribee

River at Bacchus Marsh.
na ¼ data not available.

detected in March and April 2008 at the Weir and Ballan,

Antibiotic resistance genes were detected at three sites

respectively. All ARGs were detected in the first half of the

along the Werribee River: Ballan, Cobbledicks Ford and

sampling period (October 2007 to April 2008).

Werribee Weir. The absence of ARGs at the Lerderderg site
perhaps corresponds with its classification as relatively
‘pristine’. However, the absence of ARGs at Melton, and

DISCUSSION

the sporadic detection at the other sites, was somewhat
surprising given the agricultural and residential land use in

Sewage treatment plants (STPs) may receive waste water of

the surrounding area and upstream. The results at the

very different origins and qualities, including hospital waste

Melton site can probably be explained by the upstream

water, domestic waste water, surface water or stormwater,

reservoir providing a diluting effect on water samples.

industrial waste water and groundwater. The mixing of
water sources may facilitate gene exchange and spread and,
as some ARGs may not be removed by waste water

Detection of ARGs in reclaimed water

treatment, may result in their discharge into the environ-

The ARGs were more frequently detected in the samples of

ment with effluent water (Zhang et al. 2009). While there

reclaimed water. This indicates that the river, even in its

is currently no direct evidence of ARG transfer from the

very poor condition, hasn’t yet been severely impacted by

environment to humans (Zhang et al. 2009), studies have

ARG-contaminated wastes such as agricultural run-off and

identified the possibility that ARGs can spread and be

human sewage (treated or otherwise). Previous studies have

exchanged among environmental organisms (Chee-Sanford

detected ARGs in treated waste water and the results from

et al. 2001; Agerso & Sandvang 2005) and highlighted the

this current study confirm that even very high levels of

risk of ARG contamination of the foodchain (Chee-Sanford
et al. 2001; Rodrı́guez et al. 2006).

Detection of ARGs in river water
The very low rate of detection in river water samples was
surprising given the poor quality of the river system and the
number of potential pollution sources within close
proximity (intensive animal production, leaking sewerage
systems, disposal of treated waste water and agricultural
run-off). The specific location and timing of the detections
did not appear to correspond to measured water quality
parameters, although most detections were in the lower
(more urbanized) reaches of the river.
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Salinity measurements for the Werribee River over a one-year period
(2007–2008), presented as a function of their relative distance from the
headwaters (1 – Lerderderg, 2 – Ballan, 3 – Melton, 4 – Cobbledicks Ford
and 5 – Werribee Weir). The July 2008 salinity measurement for Melton
failed; in its place, a reading from Bacchus Marsh (,20 km upstream)
was used.
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Sampling site/

Table 3
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Molecular detection of aac(3)-I (A), mecA (B), sul(I) (C), vanA (D), vanB (E) and 16S (F). The symbol þ denotes detected and – not detected. Sampling sites: (1) Lerderderg, (2) Ballan, (3) Melton, (4) Cobbledicks
Ford, (5) Werribee Weir and (6) Reclaimed
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water restrictions), resulting in more concentrated effluent.
Total phosphorus levels, which were elevated between
January and May 2008 (0.04 to 0.11 mg/L), may also have
contributed to increased microbial growth (Karl 2000).
ARGs are persistent in the environment, and many can
be found in the water column for up to 14 days after release
(Engemann et al. 2008). There have been mixed results as to
the impact of waste water treatment on the persistence and
proliferation of ARGs (Pei et al. 2007), with some studies
showing that treatment processes increased the proportion
of antibiotic-resistant bacteria (Murray et al. 1984), and
others that found no significant difference between inflow
and treated waste water (Da Costa et al. 2008), or in some
cases even a decline (Baquero et al. 2008). One study found
that UV light had no impact on detectable levels of ARGs
(Auerbach et al. 2007). The WTP at Werribee treats , 55%
of Melbourne’s sewage and . 70% of its industrial waste
(Lawson 2003). The potential presence of ARGs in the
industrial waste is not known, although it is known to
contribute significantly to high salinity loads in the sewage
inflows (Melbourne Water & City West Water 2004;
Ibrahim et al. 2007).

Importance of ARGs detected
The antibiotic resistance genes were selected due to
their previous detection in environmental or waste water
samples in other studies. Of the five ARGs investigated,
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two conferring resistance to methicillin and sulfonamide

this study, there are many others that are of importance

were detected in samples collected over a one-year period.

and should be included in further monitoring and study of

The emergence and global spread of methicillin

reclaimed water.

resistance, specifically methicillin-resistant Staphylococcus

The use of reclaimed water is increasing rapidly,

aureus (MRSA), is a significant world-wide problem

particularly in countries experiencing significant water

(Nimmo et al. 2006), first emerging in Australia in the

stress such as Australia, where reclaimed water is now

1960 s (Monaghan 2008). Estimated MRSA-related hospi-

used in many areas for irrigation of food crops. This

talizations in the USA more than doubled between 1999

increasing reliance on reclaimed water carries some level

and 2005 (Klein et al. 2007) while in Australia, community-

of risk associated with contaminants of emerging concern

associated MRSA isolates rose from 4.7% in 2000 to 7.3% in
2004 (Nimmo et al. 2006). The rise of MRSA infections is of
particular concern as many strains of MRSA are multidrugresistant (Decker 2008; Wu & Li 2008). Sulfonamides
are generally used as therapeutic agents for humans and
animals, rather than routine growth-promoters (Huovinen
et al. 1995; Pei et al. 2006), and resistance is now widespread
(Huovinen et al. 1995). In the UK, even after significant

such as ARGs. Given that ARGs can survive in an aquatic
environment, there is a risk that ARGs may enter the food
chain directly from irrigation water. There has been very
limited investigation of food crops as a potential reservoir of
ARGs. Sørum & L’Abee-Lund (2002) reported that ARGs
spread between ecological niches, with identical genes being
found in plant pathogens, as well as bacteria from human

reductions in the prescription of sulfonamide for human

and animal sources. Rodrı́guez and colleagues found

treatment, the frequency of resistance remained quite high

tetracycline ARGs in lettuce samples collected from farms

(Enne et al. 2007), although this may be influenced by the

in Costa Rica (Rodrı́guez et al. 2006), Kapperud and

continued high use in agriculture. This study has made no

colleagues found antibiotic-resistant Escherichia coli on

attempt to attribute contamination to any specific source,

iceberg lettuce (Kapperud et al. 1995), while Bezanson and

but suggests that reclaimed water and heavily impacted

colleagues found antibiotic-resistant isolates on Romaine

waterways may represent a reservoir for antibiotic resist-

lettuce, Savoy spinach and alfalfa sprouts (Bezanson et al.

ance to methicillin and sulfonamide.

2008). Further research is required to evaluate the transfer

Quantitative information would have been useful for

of ARGs from irrigation water to plant surfaces and tissues

further analysis of these results. Quantitative real-time PCR

and their persistence and prevalence in the environment.

was attempted to determine the abundance of ARGs (data

As the use of reclaimed water for agricultural irrigation

not shown); unfortunately, the sensitivity of the technique

increases, monitoring is needed to evaluate the risk of ARG

was hindered by impurities in the DNA templates derived

dissemination into the food chain and the environment.

from the environmental samples. Pei and colleagues (2006)
experienced similar difficulties.

Implications for irrigation

CONCLUSIONS

The findings of this study are of particular relevance

This study found a very low proportion of ARG detections

as ARGs were found in relatively clean Class A water.

in river water, while detections in reclaimed water were

This is not unprecedented, as ARGs (Pruden et al. 2006;

proportionally quite high. This indicates that the river, even

Bockelmann et al. 2009) and antibiotic-resistant E. coli

in its very poor condition, hasn’t yet been severely impacted

(Watkinson et al. 2007) have previously been detected in

by ARG-contaminated wastes such as agricultural run-off

treated waste water samples. However, the majority of

and human sewage (treated or otherwise). Reclaimed water

water tested in the previous studies was not as compre-

will need to be monitored into the future, as its use in

hensively treated as the Class A water tested in this current

agricultural irrigation increases, to evaluate the risk of ARG

investigation. Besides the five ARGs that were the focus of

dissemination into the food chain and the environment.
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