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A metabolic fingerprint database of enterococci and Escherichia coli from 10 host groups of animals was
developed to trace the sources of fecal contamination in surface waters. In all, 526 biochemical phenotypes
(BPTs) of enterococci and 530 E. coli BPTs were obtained from 4,057 enterococci and 3,728 E. coli isolates
tested. Of these, 231 Enterococcus BPTs and 257 E. coli BPTs were found in multiple host groups. The
remaining 295 Enterococcus BPTs and 273 E. coli BPTs were unique to individual host groups. The database
was used to trace the sources of fecal contamination in a local creek. The mean diversities (Di) of enterococci
(Di = 0.76 = 0.05) and E. coli (Di = 0.88 = 0.04) were high (maximum 1) in water samples, indicating diverse
sources of fecal contamination. Overall, 71% of BPTs of enterococci and 67% of E. coli BPTs from water
samples were identified as human and animal sources. Altogether, 248 Enterococcus BPTs and 282 E. coli BPTs
were found in water samples. Among enterococci, 26 (10%) BPTs were identical to those of humans and 152
BPTs (61%) were identical to those of animals (animal BPTs). Among E. coli isolates, 36 (13%) BPTs were
identical to those of humans and 151 (54%) BPTs were identical to those of animals. Of the animal BPTs, 101
(66%) Enterococcus BPTs and 93 (62%) E. coli BPTs were also unique to individual animal groups. On the basis
of these unique Enterococcus BPTs, chickens contributed 14% of contamination, followed by humans (10%),
dogs (7%), and horses (6%). For E. coli, humans contributed 13% of contamination, followed by ducks (9%),
cattle (7%), and chickens (6%). The developed metabolic fingerprint database was able to distinguish between

human and animal sources as well as among animal species in the studied catchment.

Surface water is frequently contaminated with fecal bacteria.
Nonpoint sources such as domestic and wild animal defecation
(7, 19), malfunctioning septic trenches (2, 19, 25), storm water
drainage, and urban runoff (25, 34) and/or point sources such
as industrial effluents and municipal wastes (40) are known to
be potential sources of such contamination. It has been re-
ported that various human enteric pathogens such as Salmo-
nella spp., Shigella spp. (13), and hepatitis A (7, 23, 36, 42) have
been found in surface waters as a result of human fecal con-
tamination. Defecation from domestic animals may further
contribute pathogens such as Escherichia coli O157:H7 and
Cryptosporidium spp. (13, 15, 36, 44). Identification of major
sources of fecal bacteria, therefore, whether human or animal,
is necessary for improved management of surface water quality
and the minimization of public health risks associated with
such contamination.

Fecal coliforms have been widely used as an indicator of the
microbiological quality of surface and ground waters (16, 19,
22, 44). This group of bacteria is commonly found in the
gastrointestinal tracts of all warm-blooded animals (21, 35, 52).
However, the value of fecal coliforms as an indicator has re-
cently been questioned, because these bacteria can also derive
from various sources such as soil, agricultural runoff, com-
posted animals, decaying vegetation, and industrial processes
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(13, 16, 28). Instead, it has been suggested that E. coli and
enterococci are much better indicators of fecal contamination,
as these bacteria colonize in the gut of humans and other
warm-blooded animals (8, 39). E. coli is widely accepted as a
potential fecal indicator bacterium because it is not normally
pathogenic, it is easy to detect and culture, and it is found at
concentrations much higher than other pathogens in surface
waters (50). Fecal streptococci are also considered ideal fecal
indicator bacteria because of their ability to survive in the
natural environment for lengthy periods (16, 22, 27, 48). How-
ever, it has also been noted that the sole presence of these
bacteria in surface waters does not provide definitive informa-
tion regarding their possible source(s) (22, 29, 34, 52).

In recent years, several methods, collectively known as bac-
terial and microbial source tracking methods, have been de-
veloped to distinguish the various sources of animal and/or
human fecal contamination (35, 52). These methods include
ribotyping (6, 11, 18, 19, 41), pulsed-field gel electrophoresis
(45, 46), ribosomal genetic markers (9, 10), repetitive DNA
sequences (12, 13), carbon source utilization (17), and antibi-
otic resistance profiles (22, 40, 53, 54) of fecal indicator bac-
teria. Chemical methods such as the detection of caffeine (44)
and fecal sterols analysis (33) have also been used to detect the
source(s) of fecal contamination in surface waters. Most of
these methods are based on the hypothesis that phenotypic or
genotypic characteristics of specific strains are associated with
specific animals (4, 20, 25, 34). On the basis of this hypothesis,
a fingerprint database (i.e., phenotypic or genotypic profiles) of
strains from known sources has been developed to predict the
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FIG. 1. Sampling sites (Eudlo Creek site 1 [EC1] to EC5) on Eudlo Creek mainstream. Conventional septic systems (O) within a 50-m distance
of the creek and animal farms (A) are shown. (Reproduced with permission of the Maroochy Shire Council.)

source(s) of unknown environmental isolates (47, 52). The
advantages and disadvantages of these methods have been
discussed in various studies (34, 35, 44). For instance, geno-
typic methods, although highly discriminatory, can be labori-
ous and/or expensive for ecological studies where a large num-
ber of isolates needs to be tested (19, 30, 38). The most
commonly used phenotypic method, the antibiotic resistance
profiles, can be used to test a large number of isolates within a
short time and is rather inexpensive. However, it is known that
antibiotic resistance genes can be lost from or gained by bac-
teria under certain conditions (14, 44). In addition, this method
does not provide information about fecal indicator bacteria
that are not resistant to antibiotics but are derived from dif-
ferent animal species. Chemical methods such as caffeine/
pharmaceutical or fecal sterol detection require stringent sam-
pling and can be expensive. In addition, it has also been
reported that chemical methods are not sensitive enough to
detect recent pollution (44).

A biochemical fingerprinting method known as the PhPlate
system (PhPlate AB, Stockholm, Sweden) has been reported
and used in many epidemiological and ecological studies (2, 30,
31, 51). It measures the kinetics of bacterial metabolism in
microtiter plates. For each bacterial isolate, it yields a bio-
chemical fingerprint made of several quantitative data, which
are used with the PhPlate software to calculate the level of
similarity between the tested isolates. This system has a high
discriminatory ability and reproducibility (30-32) and is shown
to be comparable with many genotypic methods in comparative
studies (30, 31). The PhPlate system is simple to use and can be
applied to studies involving large numbers of isolates and is
therefore an excellent tool for studying the diversity (Di) and
persistence of fecal indicator bacteria in surface waters (24, 30,
31, 51). In this study, we used the PhPlate system to charac-

terize two fecal indicator bacteria, enterococci and E. coli,
from different host groups (i.e., animal species) to develop a
metabolic fingerprint database to identify the source(s) of fecal
contamination in a local creek.

MATERIALS AND METHODS

Host group sampling. Ten host groups were sampled between July 2003 and
August 2004. These groups included horses, cattle, sheep, pigs, ducks, chickens,
deer, kangaroos, dogs, and humans (via septic tanks). For each group of farm
animals, we initially collected five fecal samples from five individuals within a
farm. Up to 32 isolates of both enterococci and E. coli were tested from each
sample (i.e., each animal) to determine the diversity of these indicator bacteria.
Based on the low diversity (0.41 = 0.09 for enterococci and 0.53 * 0.11 for E.
coli) (minimum of 0 and maximum of 1) obtained from this assessment, sampling
was extended to include multiple (up to 20 farms where possible) farms for each
group of farm animals. All septic tanks tested were within the 50- to 100-m
distance of the creek (Fig. 1). However, for farm animals, we collected samples
from as many farms as we had access to in the studied catchment. In addition,
samples were also collected from other catchments within the same geographical
area. At each farm, up to three animals were sampled, and from each animal, up
to 12 isolates were tested. A total of 234 samples were collected from horses (38
samples), cattle (54 samples), sheep (28 samples), pigs (32 samples), chickens (36
samples), and ducks (46 samples). All samples were collected from fresh feces of
individual animals with sterile swabs and inserted into Amies transport medium
(Interpath, Melbourne, Australia), transported to the laboratory, and tested
within 6 h. Dog samples (47 samples) were collected from two city dog parks on
eight occasions. Deer samples (25 samples) were collected from a local deer
sanctuary park, and kangaroo samples (20 samples) were collected from the
University of the Sunshine Coast, where a large number of kangaroos roam.

Human samples were collected from the outlet of 39 septic tanks using sterile
swabs. Swabs were then inserted into Amies transport medium (Interpath),
transported on ice to the laboratory, and tested within 6 h.

Isolation of enterococci and E. coli. All fecal samples were streaked on m-
Enterococcus (Difco) and chromogenic E. coli/coliform (Oxoid, United King-
dom) agar plates and were incubated at 37°C for 24 h (for E. coli) and 48 h (for
enterococci). This chromogenic medium allows specific detection of E. coli
through substrate cleavage by the enzyme glucuronidase and formation of purple
colonies, which are different from other fecal coliforms (rose/pink colonies). All
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enterococci were tested for esculin hydrolysis on bile esculin agar (Oxoid) to
confirm their identification (3) before being tested for biochemical fingerprint
with the PhPlate system.

Biochemical fingerprinting with the PhPlate system. The principle of the
biochemical fingerprinting with the PhPlate system has been described previously
(2, 37). This method uses quantitative measurements of the kinetics of several
biochemical reactions of bacteria in microtiter plates with dehydrated substrates
(26, 37). The typing reagents used in this method are specifically chosen for
different groups of bacteria to give an optimal discriminatory power and repro-
ducibility (37). For each bacterial isolate, it yielded a biochemical fingerprint
made of several quantitative data which are used with the PhPlate software to
calculate the level of similarity between the tested isolates. Prepared microtiter
plates contained 11 different substrates in each row and allowed the testing of
eight isolates per plate. In this study, we used two types of plates specifically
developed for typing of E. coli (PhP-RE plates) and enterococci strains (PhP-RF
plates). The 11 substrates used for enterococci and E. coli have been described
previously (24, 30, 51). The growth medium for PhP-RF contained 0.2% (wt/vol)
proteose peptone (Oxoid), 0.05% (wt/vol) yeast extract (Oxoid), 0.5% (wt/vol)
NaCl, and 0.011% (wt/vol) bromothymol blue, and for E. coli, it contained 0.1%
(wt/vol) proteose peptone and 0.011% (wt/vol) bromothymol blue, according to
the manufacturer’s instructions.

From each sample, up to 12 single and isolated colonies were randomly
selected with sterile toothpicks directly from the chromogenic coliform/E. coli
agar plates (for E. coli) and from the bile esculin agar (for enterococci) and
suspended into the first well of each row containing only 350 pl of growth
medium. Using a multichannel pipette, aliquots of 25 pl of bacterial suspension
were transferred into each of the other 11 wells containing 150 pl growth
medium. Plates were then incubated at 37°C, and the A,, was measured at 7, 24,
and 48 h for E. coli and at 16, 40, and 64 h for enterococci using a microplate
reader (Lab-Systems Multiskan, Finland). After the final reading, the mean value
for all three readings was calculated for each isolate (biochemical fingerprint).
Similarities between the isolates were calculated as correlation coefficients and
clustered according to the unweighted-pair group method with arithmetic aver-
ages (UPGMA) (49). An identity (ID) level of 0.965 was established based on the
reproducibility of the system after testing 20 isolates in duplicate. Isolates with
similarity higher than the ID level were regarded as identical and assigned to
similar biochemical phenotypes (BPTs). BPTs with identical isolates were called
common (C-BPT) and those with one isolate were called single (S-BPT). All
S-BPTs and representative isolates of each C-BPT were transferred to McCon-
key agar (Oxoid) for purity and further tested for indole production and citrate
before they were saved on tryptic soy broth (Oxoid) with 15% (vol/vol) glycerol
at —80°C.

The phenotypic diversity among the isolates was measured with Simpson’s
index of diversity (Di) (6). Di in the present study depends on isolate distribution
into different BPTs. Diversity is high (maximum of 1) for a population consisting
of different BPTs and is low (minimum of 0) if the population consists of few
BPTs. The phenotypic similarity between different bacterial populations in two
or more samples was calculated as population similarity (Sp) coefficient. The Sp
coefficient calculates the proportion of isolates that are identical in two or more
compared bacterial populations (29). It is high (maximum of 1) if two popula-
tions contain similar BPTs and is low (minimum of 0) if the population contains
different BPTs. Clustering of Sp coefficients was also performed according to the
UPGMA. All data handling, including optical readings, calculations of correla-
tions and coefficients, diversity indexes, and S values, as well as clustering and
printing dendrograms, was performed using the PhPlate software version 4001
(PhPlate system, PhPlate AB, Stockholm).

Database development. In developing the database, we categorized the BPTs
into two distinct types, unique (UQ) and shared (SH) BPTs, on the basis of their
occurrence in host groups. The UQ-BPTs are those BPTs that are specific to a
single host group, whereas SH-BPTs were found in multiple host groups. To
achieve this, all BPTs obtained from each animal were compared with those of
other animals within a host group. If identical, a representative of identical BPTs,
as well as all nonidentical BPTs, was initially saved in the database and regarded
as total BPTs for each host group of animals. Furthermore, total BPTs from each
host group were cross-referenced with those of others to calculate the occurrence
of BPTs among different host groups. For instance, if a BPT from a host group
(e.g., horse) was identical to a BPT from another (e.g., sheep), this BPT was
regarded as SH-BPT (i.e., “shared”) between two host groups. If a BPT from a
host group was not identical to those of any other group, it was regarded as
UQ-BPT (i.e., “unique”).

Surface water sampling. Water samples were collected from the Eudlo Creek,
a subcatchment of the Maroochy River in the Southeast area of Queensland,
Australia (Fig. 1). The total area of this largely rural subcatchment is approxi-
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mately 7,980 ha, of which >85% is not serviced by a centralized sewer system.
The creek is approximately 8 km in length and has been reported by the Envi-
ronmental Protection Agency and Waterwatch (a community-based organiza-
tion) to be contaminated with fecal bacteria and nitrates. Possible sources of
contamination include intensive animal farms and approximately 1,600 conven-
tional septic systems (2).

Samples were collected from up to five sites across the Eudlo subcatchment
(Fig. 1) during November 2003 to December 2003 and during August 2004 to
September 2004 on seven different occasions. In all, 27 samples were collected
and were tested in triplicate. Water samples were collected in 500-ml sterile
bottles from 30 cm below the water surface and transported on ice to the
laboratory and tested within 6 h. The membrane filtration method was used to
process all the water samples (5). Different dilutions of water samples were
filtered through 0.45-pum-pore-size membranes (Millipore) and placed on chro-
mogenic E. coli/coliform (Oxoid) and m-Enterococcus agar plates (Difco), and
the plates were incubated at 37°C for 24 h (for E. coli) and 48 h (for enterococci).
After incubation, from each water sample, up to 40 (where possible) enterococci
and E. coli isolates (where possible) were typed with the PhPlate system as
described above.

Statistical analysis. Mann Whitney’s nonparametric test was used to deter-
mine the significant difference between the mean number of Enterococcus BPTs
and E. coli BPTs found in all host groups. In addition, this test was performed on
the overall diversity of enterococci and E. coli from all host groups.

RESULTS

A total number of 4,057 enterococci and 3,728 E. coli iso-
lates were typed from 10 host groups. Within each host group,
different BPTs were found, some of which were identical. Rep-
resentatives of the identical BPTs and the nonidentical BPTs
were initially included in the database and regarded as total
BPTs found in each host group. By applying this approach, a
total of 526 BPTs of enterococci and 530 BPTs of E. coli were
obtained from all host groups. Table 1 shows the number of
isolates tested and the number of total BPTs found in each
host group. For enterococci, the ratio of BPTs over the number
of total isolates tested from each host group ranged from 7.3%
(for sheep) to 18.7% (for horse), yielding a mean value of 13.9
+ 4.0 for all host groups. With E. coli, this ratio ranged from
8.2% (for sheep) to 17% (for ducks), yielding a mean value of
14.4 = 2.5 (Table 1). The mean number of total Enterococcus
and E. coli BPTs found in all host groups did not differ signif-
icantly (P = 0.97).

The mean diversity of both enterococci and E. coli isolates
within each host group ranged from 0.41 = 0.38 (for sheep) to
0.75 = 0.25 (for horses) and from 0.44 * 0.27 (for sheep) to
0.85 = 0.07 (for deer), respectively (Table 2). However, the
overall diversities of both indicator bacteria (0.6 = 0.1 for
enterococci versus 0.65 = 0.1 for E. coli) did not differ signif-
icantly (P = 0.36).

Unique and shared BPTs. When we compared the total
BPTs of all host groups with each other, it was found that
certain BPTs were specific to individual host groups. These
BPTs were referred to as UQ-BPTs. For enterococci, the range
of UQ-BPTs among host groups varied from 7 (in sheep) to 66
(in humans). For E. coli, this figure was 6 (in kangaroos) and
69 (in humans) (Table 3). The mean percentage of total UQ-
BPTs among enterococci and E. coli isolates was 56% and
51%, respectively. Certain BPTs were also found in multiple
host groups, and they were referred to as SH-BPTs. For in-
stance, of the 76 total Enterococcus BPTs found in horses, 54
were found only in horses (i.e., UQ-BPTs), whereas 22 were
found not only in horses but also in other host groups (SH-
BPTs).
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TABLE 1. Number of samples tested from each host group and the number of total BPTs found

No. of isolates tested

No. of total BPTs found (% over isolates)

No. of
Host grou
group samples Enterococci E. coli Enterococci E. coli

Human 56 1,072 621 94 (8.8) 92 (14.8)
Animals

Horses 38 407 407 76 (18.7) 60 (14.7)

Dogs 47 404 408 49 (12.1) 64 (15.7)

Ducks 46 408 404 58 (14.2) 69 (17)

Cattle 55 411 401 47 (11.4) 53(13.2)

Chicken 36 408 408 74 (18.1) 59 (14.5)

Pigs 32 312 400 54 (17.3) 53 (13.3)

Sheep 27 287 367 21(7.3) 30(8.2)

Deer 25 204 200 28 (13.7) 31 (15.5)

Kangaroos 20 144 112 25(17.4) 19 (17.)
Total 382 4,057 3,728 526 (13.9 £ 4)° 530 (14.4 £ 2.5)¢

“ Mean and standard deviation.

For enterococci, the range of SH-BPTs among host groups
varied from 14 (in sheep) to 33 (in chickens), and for E. coli,
these figures were 13 (in kangaroos) and 37 (in ducks) (Table
3). Therefore, a total of 295 Enterococcus BPTs and 273 E. coli
BPTs occurred only once in the database, while 231 BPTs for
enterococci and 257 BPTs for E. coli isolates occurred in mul-
tiple host groups. All BPTs (i.e., UQ- or SH-BPTs) from ani-
mal groups that were not found in humans were collectively
categorized as animal BPTs. The animal BPTs consisted of 432
Enterococcus BPTs and 438 E. coli BPTs, of which 229 (53%)
Enterococcus BPTs and 204 (47%) E. coli BPTs were UQ-
BPTs (Tables 1 and 3).

Tracking the source of contamination in Eudlo Creek. A
total of 27 water samples were collected from five sites along
the Eudlo Creek mainstream (Fig. 1). From each water sam-
ple, up to 40 enterococci and E. coli isolates (where possible)
were typed and compared with the database. The mean diver-
sities of enterococci (Di = 0.76 = 0.05) and E. coli (Di = 0.88
+ 0.04) were generally high (maximum of 1) in water samples,
indicating diverse sources of these bacteria. A total of 791
enterococci (248 total BPTs) were tested from water samples,
of which 26 BPTs (10%) were found only in humans (i.e.,
UQ-BPTs) and 152 BPTs (61%) belonged to animals (i.e.,

TABLE 2. Mean diversity of fecal indicator bacteria in host groups

Mean Di”
Host group
Enterococci E. coli

Human 0.50 = 0.30 0.50 = 0.30
Animals

Horses 0.75 = 0.25¢ 0.63 = 0.26"7

Dogs 0.45 £0.32 0.57 = 0.27

Ducks 0.72 £0.23 0.77 £ 0.22

Cattle 0.54 £0.34 0.53 = 0.28

Chicken 0.72 + 0.26*2 0.82 = 0.18*2

Pigs 0.68 = 0.28 0.73 £0.24

Sheep 0.41 £0.38 0.44 =0.27

Deer 0.59 * 0.324% 0.85 + 0.07%3

Kangaroos 0.64 = 0.20 0.72 £0.14

4P < 0.2 for al versus bl and a2 versus b2; P < 0.005 for a3 versus b3.

animal BPTs) tested in this study (Table 4). Of the 550 E. coli
isolates (282 total BPTs) tested from the same water samples,
36 BPTs (13%) were of human origin and 151 BPTs (54%)
belonged to animals tested (Table 4). The remaining 70 En-
terococcus BPTs and 95 E. coli BPTs either belonged to BPTs
shared between humans and animals (28 Enterococcus BPTs
and 23 E. coli BPTs) or did not match the database and were
therefore regarded as unknown BPTs (Table 4).

Comparison of total BPTs found in water samples over the
entire sampling period with the database showed that 61% of
Enterococcus and 54% of E. coli BPTs were identical to animal
BPTs and that some were also unique to individual animal
groups. Distribution of UQ-BPTs among animal species
ranged between 0% (deer) to 13% (chicken) for enterococci
and 0% to 8% (ducks) for E. coli isolates. Ten percent of
Enterococcus UQ-BPTs and 13% of E. coli UQ-BPTs found in
water samples were identical to those of humans.

To identify whether there is a fundamental difference be-
tween the populations of both fecal indicator bacteria from

TABLE 3. Number of unique and shared BPTs in host groups

No. of UQ-BPTs* (% No. of SH-BPTs? (% over

Host source over total BPTs) total BPTs)
Enterococci E. coli Enterococci E. coli
Human 66 (70) 69 (75) 28 (30) 23 (25)
Animals
Horses 54 (71) 32(53) 22 (29) 28 (47)
Dogs 24 (49) 32(50) 25(51) 32 (50)
Ducks 29 (50) 32 (46) 29 (50) 37 (54)
Cattle 23 (49) 24 (45) 24 (51) 29 (55)
Chicken 41 (55) 33 (56) 33 (45) 26 (44)
Pigs 28 (52) 25 (47) 26 (48) 28 (53)
Sheep 7(33) 11 (37) 14 (67) 19 (63)
Deer 13 (46) 9(29) 15 (54) 22 (71)
Kangaroos 10 (40) 6(32) 15 (60) 13 (68)
Total 295 (56) 273 (51) 231 (44) 257 (49)

¢ Identical BPTs within each host group are not included.
> BPTs found in multiple host groups.
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TABLE 4. Comparison of BPTs from water samples with the database
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No. of total BPTs identical to database

No. of isolates tested (no. of

Unknown BPTs

Sampl.ing Sampling total BPTs found) Human UQ-BPTs Animal BPTs
occasion site
Enterococci E. coli Enterococci E. coli Enterococci E. coli Enterococci E. coli
1 EC1 32 (10) 32(12) 2 1 6 5 2 6
EC2 38 (15) 25 (15) 1 4 9 11 5 0
EC3 39 (16) 14 (11) 1 1 13 8 2 2
2 EC1 29(9) 23 (14) 1 3 5 11 3 0
EC2 39 (13) 22 (12) 1 2 6 8 6 2
EC3 40 (10) 65 (26) 2 4 7 17 1 5
3 EC1 38 (12) 19 (10) 2 2 8 5 2 3
EC2 36 (14) 21 (14) 3 3 8 11 3 0
EC3 39 (17) 23 (8) 3 9 6 5 2
4 EC1 22(9) 18 (10) 1 1 6 5 2 4
EC2 23 (10) 19 (12) 8 5 2 7
EC3 23 (8) 20 (12) 2 3 5 5 5
EC4 23 (6) 17 (13) 3 3 5 3 5
ECs 23 (10) 10 (16) 6 4 4 6
5 EC1 23(7) 7(5) 1 4 4 2 1
EC2 23(7) 14 (6) 1 4 2 2 4
EC3 23(7) 11 (8) 1 5 3 1 5
EC4 23 (8) 6 2
EC5 23(7) 13 (11) 2 4 4 3 5
6 EC1 23 (9) 21 (10) 2 7 4 2 4
EC2 23 (6) 29 (18) 1 2 4 4 1 12
EC3 23 (6) 7(5) 5 2 1 3
EC4 23 (8) 1 5 2
ECs 23 (6) 11 (8) 1 3 3 3 4
7 EC1 39 (4) 33 (10) 2 2 2 3 5
EC2 39(7) 33(7) 1 3 6 3 1
EC3 39(7) 37 (15) 1 1 3 10 4
Total 27 791 (248) 550 (282) 26 36 152 151 70 95

humans and animals, we also performed a population similar-
ity comparison between all BPTs found in humans and ani-
mals. The results indicated that the mean similarity among
Enterococcus (0.27 = 0.1) and E. coli (0.34 = 0.06) populations
between different animal groups was significantly higher (P =
0.003 for enterococci and P = 0.001 for E. coli isolates) than
the mean similarity between human and animals (i.e., 0.16 *
0.03 for enterococci and 0.09 = 0.02 for E. coli isolates) (Fig.
2).

DISCUSSION

Identification of potential sources of fecal contamination in
surface waters requires a method that is capable of distinguish-
ing between human and animal sources. Ideally, the method
should also be sensitive enough to discriminate different ani-
mal species. In recent years, several genotypic and phenotypic
methods have been developed to trace the sources of fecal
contamination in surface waters by typing fecal indicator bac-
teria (9-11, 13, 19, 22, 40, 41, 43, 45, 46, 53, 54). In this study,
we used a biochemical fingerprinting method to develop a
host-specific metabolic fingerprint database of two recom-
mended fecal indicator bacteria, enterococci and E. coli (1, 44),
to trace the sources of fecal contamination in surface waters.

It is known that the size and representativeness of the da-
tabase are two important factors for determining the source(s)
of fecal contamination (44, 52). To date, most of the genotypic
and phenotypic host origin databases are based on testing up to

Population similarity
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FIG. 2. UPGMA dendrogram of population similarity of Entero-
coccus (a) and E. coli (b) populations from all host groups.
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500 isolates of either enterococci or E. coli (11-13, 19, 34, 40,
44, 52). In addition, these isolates were usually collected from
a small number of samples, which may not sufficiently repre-
sent the diverse fecal indicator bacteria found in different host
groups. In developing the metabolic fingerprint database, we
specifically focused on two important factors. One was the
number of isolates to be tested from each animal species, and
the other was how well these numbers represent the diversity
of indicator bacteria among the animal species. To address this
question, we initially tested 160 isolates of both fecal indicator
bacteria from five randomly chosen individuals of the same
species of animals within a farm (data not shown). This com-
parison showed that animals of same species within a farm
carry many identical BPTs, which could be explained by their
frequent contact with each other or dietary similarity, and
therefore share a common bacterial population (19, 20, 26).
However, we obtained a better diversity when we compared
animals of the same species from one farm with those of
another within a radius of 20 km of both the inside and outside
of the studied catchment.

For this reason, we reduced the number of samples to three
individuals of the same species from each farm and increased
the number of farms up to 20 where possible within and out-
side the study area. Using this strategy, we tested an average of
400 isolates of both fecal indicator bacteria from 10 host
groups yielding a total number of 4,087 enterococci and 3,728
E. coli isolates from different farms or locations. Based on this
experience, however, we suggest that the emphasis should be
focused on testing more individual animals (preferably from
different farms) rather than testing more bacterial isolates
from each individual, so as to obtain diverse phenotypes or
genotypes of known sources.

The comparison of total BPTs in each host group with others
showed that many identical BPTs were shared in multiple host
groups. Bacteria are ubiquitous in the environment and can be
found transitionally in many animal species simultaneously.
Similar shared fingerprints (ribotypes) have also been reported
among different host groups in other studies (19, 20, 34). How-
ever, in our study, the percentage of shared BPTs among host
groups was quite high. This is due to the fact that we not only
tested a large number of isolates from each host group but also
tested a wide range of host groups and therefore found more
shared BPTs among host groups. In contrast, a number of
BPTs were also specific to their individual host group and were
therefore regarded as UQ-BPTs. A recent molecular-based
study (25) defined unique genotypes on the basis of specificity
to individual host group rather than by comparing these geno-
types to those found in other host groups. However, in our
study, we defined UQ-BPTs as those BPTs that occurred only
once in each host group after being compared with all other
total BPTs found in other host groups. The number of UQ-
BPTs in our study varied among different host groups. Some
host groups (i.e., sheep, deer, and kangaroos) contained a
smaller number of UQ-BPTs than others. This may be ex-
plained by the fact that a smaller number of samples tested
from these host groups are from limited locations, and there-
fore, our sampling effort could not capture the diversity found
among these host groups. Nevertheless, we found that these
UQ-BPTs can be used as specific fingerprints to pinpoint the
sources of fecal contamination in surface waters. In contrast,
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some SH-BPTs were found in two or more animal species
including humans. For instance, we found 28 BPTs of entero-
cocci and 23 BPTs of E. coli, which occurred in both human
and animal host groups. These BPTs could not be used to
distinguish the various sources of fecal contamination and
were excluded from our database. However, we also found that
certain SH-BPTs, though found among different animal spe-
cies, were not found in humans and could therefore be cate-
gorized as animal BPTs (including UQ- and SH-BPTs among
nine host groups of animals).

To evaluate the ability of our database to identify sources of
fecal contamination, we collected a total of 27 water samples
from five different sites along the Eudlo Creek mainstream on
several occasions and compared the total BPTs of both fecal
indicator bacteria isolated from these sites with our database.
Ten percent of Enterococcus BPTs and 13% of E. coli BPTs
were identified as human UQ-BPTs. It should be noted that in
our study, human samples were obtained from septic tanks
rather than fresh human fecal samples, and therefore, some
unique and/or shared strains may have not survived in the
septic tanks and may therefore not have been detected. Of the
animal BPTs, 101 (66%) Enterococcus BPTs and 93 (62%) E.
coli BPTs were unique to individual host groups. On the basis
of UQ-BPTs for enterococci, chickens contributed 13% of
contamination, followed by humans (13%). For E. coli, hu-
mans contributed 13%, followed by ducks (9%). Both the
Enterococcus and E. coli databases were in close agreement in
terms of identifying the sources of contamination (i.e., 10% of
enterococci and 13% of E. coli isolates for humans and 6% of
enterococci and 7% of E. coli isolates for cattle were identified
from the same water samples), although it was not quite con-
sistent for certain host groups (i.e., for chickens, 14% of en-
terococci and 6% of E. coli isolates). However, interestingly,
total BPTs from deer were not identical to those found in the
water samples which can be explained by the fact that deer are
normally kept in a sanctuary, which restricted their access to
nearby creeks, and in addition, our study area did not contain
any wild deer. On the basis of this, we conclude that both fecal
indicator bacteria can be used alone or in combination with
each other, which provides much better insight regarding the
contributing sources. Using this PhPlate system and the same
indicator bacteria, we have recently shown that a combination
of both fecal bacteria provides a better understanding of the
sources of human contamination in surface waters through
failed septic systems (2).

Certain BPTs of both fecal indicator bacteria found in water
samples did not match our database. This may be due to the
fact that either our database was not large enough to capture
the diversity of these indicator bacteria or these unknown
BPTs might have originated from other nonpoint sources or a
combination of both. It has been suggested that a library size of
up to 40,000 isolates may be needed to capture the genetic
diversity present among E. coli isolates (25). It is also recom-
mended that databases should ideally be developed from the
animal species residing in the study area, as they are more
likely to contribute fecal contamination to surface waters in the
study area (25). In our study, although we tried to collect
samples from as many farms as possible within and outside the
studied area, we did not have access to all farms in the studied
catchment. Another important factor that has to be considered
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is that the number and the types of animals within a study area
may vary over time due to agricultural practices and/or animal
migration (25), and therefore, it may not be possible to include
samples from all animals that reside in a study area. This will
restrict the ability of a database to trace the sources of con-
tamination from all animals within a watershed. In addition, it
is known that geographical variability exists among indicator
bacteria (19), which limits the efficiency of a database to iden-
tify unknown environmental isolates when these bacteria are
collected from another geographical area. Therefore, it has to
be noted that the universal use of such a database which is
developed for a limited geographical area should be inter-
preted with care.

In conclusion, we developed a host-specific metabolic fin-
gerprint database of two fecal indicator bacteria and used it
successfully to trace the source of fecal contamination in the
studied creek. The database was capable of identifying the
sources of more than 65% of fecal bacteria in the studied
creek. We also found that while this system could differentiate
between human and animal sources of fecal contamination, it
was also capable of further differentiating between animal spe-
cies and can therefore be used as a potential tool to trace the
sources of fecal contamination in a confined geographical area.
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