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Identifying the sources of fecal contaminants in surface water bodies such as rivers, lakes and beaches is of
importance for environmental safety, public health safety, food safety and regulatory purposes. Nutrient
utilization patterns (NUPs) were used as a bacterial source tracking technique to identify the possible sources of
fecal coliform bacteria, Escherichia coli in Silver Lake, Delaware County, lowa. A total of three hundred (300) E.
coli isolates collected from different sources (water, birds, geese, cattle, hogs and soil contaminated by feces)
were analyzed. A database was built from these isolates by using discriminant analysis to identify the nutrient
utilization patterns that best classify all 300 isolates by source. The average rate of correct classification by
source was 89.5% when applying the nutrient utilization patterns database. After this verification, the NUP for E.
coli isolates from Silver Lake water were measured. Based on the NUPs of the Silver Lake isolates, 73.1% were
found to originate from cattle and hogs. Smaller percentages were predicted to be coming from birds and geese.
None of the isolates were predicted to be originating from the human source. The results indicate that livestock
are the primary contributors to fecal pollution in this hypereutrophic lowa lake.
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INTRODUCTION

spp., hepatitis A virus, and Norwalk group viruses (Guze-
wich and Morse, 1986; Orskov and Orskov, 1981). In ord-
er to protect United States’ surface waters, there are fed-
eral guidelines limiting quantity of fecal bacteria (USEPA,
1986). In 1986, the Federal Water Pollution Control Admi-
nistration (FWPCA) instituted criteria for testing water
samples, which set the limit at 200 fecal coliform organi-
sms per 100 ml of water. Also in 1986, the EPA published
the Ambient Water Quality Criteria for Bacteria-1986, whi-
ch reports the results of studies investigating the link
between swimming associated illnesses and microorga-
nisms. According to these studies, the specific fecal coli-
form bacteria, Escherichia coli showed a stronger corre-
lation to these illnesses than total fecal coliform organi-
sms, which were previously recommended as indicators
in 1968 by the FWPCA (USEPA, 1986). Guan et al.
(2002) reported that, one of the most important and iden-
tifiable aspects of water quality are the presence of fecal
coliform bacteria, especially E. coli. Increased levels of
fecal bacteria are a concern for recreational waters; how-
ever, the source of contamination is often unknown.

Surface water quality in many lakes and rivers suffers by
the presence of high levels of fecal coliform bacteria,
which is indicative of contamination with the feces of
warm-blooded animals (Ackman et al., 1997; Jones and
Roworth, 1996). Fecal pollution is a serious environmen-
tal problem that affects many coastal regions in the Uni-
ted States and worldwide. Fecal contamination resulting
from humans, domestic animals, and wildlife poses a se-
rious threat to human health and the environment. The
presence of pathogens leads to human diseases and
economic losses for industries that depend on water
quality of lakes, rivers and streams (Ackman et al., 1997).
Contamination of water with fecal coliform bacteria of
human origin may signal the presence of other potential
human pathogens, such as Salmonella spp., Shigella
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Counts of E. coli cells in water indicate the potential
presence of pathogenic microbes of intestinal origin but
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give no indication of the sources of the microbial
pollution. Despite efforts to minimize fecal input into
coastal water-ways and beaches, the problem persists,
partly due to an inability to reliably identify non point
sources. These sour-ces may include inefficient sewage
treatment plants, lea-king septic systems, agricultural
runoff, or wildlife (Stritt-holt et al., 1998).

Identification of the source of the bacterial contami-
nation is an essential first step in seeking to control fecal
contamination of water. In particular, it is important to det-
ermine whether the source of fecal contamination is of
human, livestock, or wildlife origin, as microorganisms of
human origin are regarded as having greater potential to
cause disease in humans (Puech et al., 2001). Bacterial
source tracking (BST) (also called microbial source trac-
king, fecal source tracking or fecal typing) is new metho-
dology that is being developed to determine the sources
of fecal bacteria from environmental samples (e.g. from
human, livestock, or wildlife origins). According to Par-
veen et al. (1997), bacterial source tracking is the deter-
mination of the animal origin of fecal bacteria in natural
waters which result from point or non point pollution.
There are two types of BST methods, phenotypic and
genotypic (Scott, 2002; Simpson et al., 2002). Phenotypic
methods are based on characteristics expressed by fecal
bacteria and genotypic methods are based on DNA seq-
uences. Three primary genetic techniques are available
for BST. Ribotyping characterizes a small, specific por-
tion of the bacteria’'s DNA sequence (Samadpour et al.,
2005; Scott et al., 2003); pulse-field gel electrophoresis
(PFGE) is similar to ribotyping but typically is performed
on the entire genome of the bacteria (Lu et al., 2004).
The polymerase chain reaction (PCR), amplifies selected
(nonribosomal) DNA sequences in the bacteria’s genome
(Makino et al., 1999). Phenotypic techniques generally
involve either a nutrient utilization technique where dif-
ferent nutrient sources are used to produce a metabolic
profile of microorganisms (Garland and Mills, 1991) or
antibiotic resistance analysis, where resistance patterns
from a suite of different concentrations and types of anti-
biotics are measured (Hagedorn et al., 1999; Wiggins,
1996). According to some researchers (Hagedorn, 2004;
Martellini et al., 2005; Meays et al., 2004), several met-
hods are currently available for bacterial source tracking,
however all of the BST methods are still being developed
and/or evaluated to varying degrees. The ultimate goal of
bacteria source tracking (BST) is to identify the source of
indicator bacteria isolated from surface waters. Fecal coli-
forms, E. coli and the bacteria of the genus Enterococcus
are used extensively in the US and throughout the world
as indicator organisms to signal fecal contamination in
water (Garland and Mills, 1991). The objectives of this
studywere: (1) to design a methodology to determine nut-
rient utilization profiles for E. coli isolates as a phenol-
typic fingerprinting methodology, and (2) to identify the
possible sources of the fecal coliform bacteria E. coli in
Silver Lake, Delaware County, lowa using the nutrient uti-

lization technique.

MATERIALS AND METHODS
Sample collection and Isolation of E. coli

The E. coli isolates used in this study were obtained from fecal
samples collected from Silver Lake and its Watershed, Delaware,
lowa. Out of a total number of 300 E. coli isolates, 123 isolates
came from geese, 97 isolates came from cattle, 41 isolates came
from lake water, 22 isolates came from hogs, 11 isolates came from
birds, and 6 isolates came from soil near the outdoor restroom
facilities. The fecal samples were made into slurry by putting 1 g of
fecal material into sterile phosphate buffer solution (PBS). The
slurry was then streaked onto MacConkey agar and incubated at
35°C for 24 h. All isolates exhibiting the characteristics of fecal coli-
forms were then further analyzed to confirm them as E. coli by gro-
wing them in EC broth with 4-methylumbelliferyl - - D-glucuronide
(MUG) (Fisher Scientific, Chicago, IL). After 24 h of incubation at
37°C, test tubes were removed from the incubator and were obser-
ved using a long-wave ultraviolet (UV) light (365 nm). Most strains
of E.coli produce -glucuronidase which hydrolyzes MUG to the
fluorogenic compound, 4- methyl-umbelliferone. Therefore any
isola-tes fluorescing under the UV light were confirmed as E. coli .
These positive samples were transferred to Tryptic Soy Agar (TSA)
(Fisher Scentific, Chicago, IL) slants, properly labeled, grown at
35°C, and stored at 4°C, until needed for analysis.

BIOLOG GN2 microplate™ preparation

The method used in the study is modified from that developed by
Biolog, Inc., (Hayward, CA.). The BIOLOG GN2 Microplates were
used and consist of 96 wells, with 95 containing pre-selected nut-
rient sources, tetrazolium violet and a blank well (A1) with no subs-
trate. The tetrazolium violet is a redox dye that serves as an indica-
tor of the utilization of the nutrient. Prior to analysis, pure cultures of
E. coli isolates were grown on Trypticase Soy Agar (TSA) (DIFCO
Laboratories) at appropriate temperature 37°C for up to 24 h. The
cells must be freshly grown, since many strains lose viability and
metabolic vigor in stationary phase. The innoculum was prepared in
20 mm diameter test tubes with sterile saline. A colony was chosen
from the TSA plate using a sterile wire loop, and suspended in a
0.40% saline (0.4 g of sodium chloride in 100 mls of water) and
mixed to obtain a uniform solution using a squeeze bulb pipette.
Three drops of a 5 mM concentration of sodium thioglycolate (Sig-
ma, Chicago) (7.6 g of thioglycolate in 100 ml of saline) were added
to keep the cells from using their own biofilm or cell walls as a car-
bon source, which would give a false positive reaction. The thio-
glycolate is an anticapsule agent, and partially or completely inhibits
the purple color in the A-1 well and other negative wells that can
form when bacteria metabolize their polysaccharide capsule as a
carbon source. The concentration of bacteria was determined by
placing the tube containing the bacteria in a spectronic 20 spec-
trophotometer and adjusting the transmittance to 59 - 61%. This
solution was then used to inoculate 96-well BIOLOG Microplates™
containing water blank well and 95 different dried carbon sources.
All the wells started out colorless when inoculated, and the micro-
plates were incubated at 37°C for 24 h. After incubation, the wells
are examined for the formation of purple color similar to the BIO-
LOG procedure. The appearance of a purple color indicates the
utilization of the carbon source in a particular well. Because the cell
can utilize the carbon source, it respires and after oxygen is deple-
ted, the cells reduce the alternate electron acceptor, redox dye
tetrazolium, to form the purple color. The absorbance of each well
in the plates were then read at 590 nm for color, using a SPECTRA



150

Int. J. Environ. Biol. Res.

Table 1. BIOLOG GNZMicropIateTM, nutrient sources, number and percentage of bird, goose, cattle, hog and soil isolates that grew in each.
Those wells that were either constantly positive or negative in all the samples were not used in the construction of a library.

Well no. Carbon source in well No. (%) Bird No. (%) Goose No. (%) Cattle No. (%) Hog No. (%) Soil
isolates isolates isolates isolates isolates
A4 Glycogen 0(0.0) 0(0.0) 0(0.0) 0(0.0) 6(100.0)
A6 Tween 80 0(0.0) 0(0.0) 0(0.0) 0(0.0) 6(100.0)
A9 Adonitol 9(81.8) 111(90.2) 6(6.2) 1(4.5) 0(0.0)
All D-Arabitol 9(81.8) 42(34.1) 87(89.7) 21(95.5) 0(0.0)
B1 i-Erythritol 1(9.1) 5(4.1) 11(11.3) 3(13.6) 6(100)
B3 L-fucose 10(90.9) 115(93.5) 89(91.8) 19(86.4) 0(0.0)
B7 m-Inositol 1(9.1) 4(3.3) 0(0.0) 0(0.0) 6(100.0)
B9 Lactulose 11(100.0) 109(88.6) 90(92.8) 20(90.9) 6(100.0)
C1 D-Melibiose 11(100.0) 112(91.1) 91(93.8) 20(90.9) 6(100.0)
C2 -Methyl-D-Glucoside 4(36.4) 36(29.3) 93(95.9) 21(95.5) 0(0.0)
C12 Succinic Acid Mono-Methyl Ester 9(81.8) 107(87.0) 11(11.3) 4(18.2) 0(0.0)
D1 Acetic acid 11(100.0) 110(89.4) 83(85.6) 20(90.9) 0(0.0)
D8 D-Glucosaminic Acid 0(0.0) 0(0.0) 2(2.1) 1(4.5) 6(100)
El p- Hydroxyphenylacetic acid 1(9.1) 4(3.3) 87(89.7) 97(100) 0(0.0)
E4 -Ketoglutaric acid 10(90.9) 112(91.1) 89(91.8) 3(13.6) 0(0.0)
E8 Propionic Acid 10(90.9) 113(91.9) 90(92.8) 21(95.5) 0(0.0)
E10 D-Saccharic Acid 1(9.1) 5(4.1) 6(6.2) 1(4.5) 6(100.0)
E11 Sebacic Acid 0(0.0) 8(6.5) 0(0.0) 0(0.0) 0(0.0)
E12 Succinic Acid 11(100.0) 120(97.6) 96(99.0) 20(90.9) 0(0.0)
F1 Bromosuccinic Acid 2(18.2) 10(8.1) 7(7.2) 2(9.1) 6(100.0)
F4 L-Alaninamide 1(9.1) 9(7.3) 88(90.7) 20(90.9) 6(100.0)
F5 D-Alanine 3(27.3) 23(18.7) 91(93.8) 21(95.5) 0(0.0)
F10 L-Glutamic Acid 5(45.5) 19(15.4) 97(100) 20(90.9) 0(0.0)
G3 L-Leucine 2(18.2) 7(5.7) 1(1.0) 1(4.5) 0(0.0)
G6 L-Proline 0(0.0) 0(0.0) 4(4.1) 3(13.6) 0(0.0)
G1l1 D,L-Carnitine 1(9.1) 0(0.0) 0(0.0) 0(0.0) 0(0.0)
H8 2,3-Butanediol 1(9.1) 5(4.1) 0(0.0) 1(4.5) 0(0.0)
H9 Glycerol 11(100.0) 120(97.6) 90(92.8) 20(90.9) 6(100.0)
H10 D,L, -Glycerol Phosphate 10(90.9) 113(91.9) 89(91.8) 22(100.0) 6(100.0)
H12 D-Glucose-6-Phosphate 4(36.4) 36(29.3) 90(92.8) 21(95.5) 0(0.0)

maxPLUX 24 microplate spectrophotometer (Molecular Devices), in
place of the BIOLOG plate reader. A BIOLOG plate reader consi-
ders any well with more color than the reference well as positive.
Similarly, wells with absorbance readings 0.4 units on the SPEC-

TRAmaxPLUX®* microplate reader displayed a purple color and
were considered as positive (+) while wells with reading < 0.4 units
remain colorless as does the reference well (A-1), and were scored
as negative (-). The more the cell respires the more color that is for-
med. This signature of plus (+) and minus ( -) created a nutrient uti-
lization profile (NUP) for that isolate. The test yielded a charac-
teristic pattern of purple wells, which constitute a “Metabolic Finger-
print”. E. coli isolates from birds, geese, cattle, hog and soil produ-
ced different metabolic patterns.

RESULTS
Nutrient utilization patterns

The NUP for each isolate was further refined by perfor-
ming several discriminant analyses, which consist of re-

moving those wells that contributed nothing to separation
of isolates by source, and to determine the level of poo-
ling of source types that produced the best combination
of wells to use. For the known source isolates selected
from birds, geese, cattle, hog and soil, the best correct
classification was achieved with 30 of the 95 carbon wells
in the BIOLOG GN2MicropIateTNI (Table 1).

Discriminant analysis was performed as described by
Wiggins (1996). The pattern of each isolate was entered
into a spreadsheet (Excel 2002, Microsoft, and Redmond,
WA). Discriminant analysis using software such as SAS
(version 8.02 for Windows; SAS Institute, Inc.) can be
used to classify the isolates by source. The table genera-
ted by the discriminant analysis procedure displayed the
number and percent of isolates from each known source
that are classified in each source category. The number
of isolates from a given source that are placed in the
correct source category by discriminant analysis is known
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Table 2. Number and percentage of E. coli isolates from the known sources that were correctly classified and their
average rate of correct classification

Sources of Total number | Number of isolates that were Percentage of isolates that
E. coli isolates of isolates correctly classified were correctly classified (RCC)
Birds 11 10 90.9
Geese 123 112 91.1
Cattle 97 81 83.5
Hogs 22 18 81.8
Soll 6 6 100.0
ARCC 89.5

as the rate of correct classification (RCC). The RCC was
established for isolates in each of the five host sources
ranging from 81.8% for hog isolates to 100% for soil iso-
lates. The average rate of correct classification (ARCC)
was 90%. ARCC is determined by averaging the percen-
tages of correctly classified isolates from each source
(Table 2).

The metabolic fingerprints (NUPs) obtained from the
nutrient utilization test of forty- one (41) isolates from lake
water were then compared to the NUPs from the known
samples. The NUP database created (Table 1) was used
to predict the sources of E. coli in the water. That is, the
identification of possible sources of the E .coli in lake
water was determined by matching the NUPs of microbes
from lake water samples with those of isolates from
known sources (bird, geese, cattle, hog and soil). When
this was done, 73.1% of the isolates from water had
NUPs representing cattle and hog. Smaller percentages
had NUPs similar to birds and geese, and none of the
isolates were predicted to be originating from soil (human
sewage) (Figure 2).

DISCUSSION

This study has designed a phenotypic method for differ-
entiating E. coli isolates from livestock, wildlife, or human
origin that might be used to predict the sources of fecal
pollution in the Silver Lake, Delaware, lowa. Table 1 sho-ws
the pre- selected carbon sources, number and the per-
centage of bird, goose, cattle, hog and soil isolates that grew
in each well. Some phenotypic patterns, or strains, of E. coli
are theoretically endemic to cattle, hog, wildlife and others to
humans due to varying diets. The use of BIOLOG microtiter
plates relies on dehydrogenase activi-ty as a measure of
microbial activity with a single carbon source. Color
development in some wells reflects the phenotypes of the
strain being tested. The rate and ext-ent of color formation
indicate the rate and extent to whi-ch respiration occurs with
the substrate present in that well (Knight et al., 1997). Data
from growth was analyzed and used to build a database for
comparison. This NUP database shows the similarities or
differences among car-bon utilization by the various isolates.
E. coli isolates from birds, geese, cattle, hog and soil
showed different meta-

bolic patterns (Figure 1). The NUPs displayed by isolates
from soil was observed to be different from the pattern of
growth substrates utilization by isolates from birds, gee-
se, cattle, and hog (Figure 1).

The rate of correctly classifying isolates by source
(Table 2) was determined using discriminate analysis.
Since more than 80% of the E. coli isolates from birds,
geese, cattle, hogs and soil, were correctly classified, the
NUP system using BIOLOG plates was shown to be
useful phenotypic method of tracking the source of the
fecal coliform, E. coli in Silver Lake, Delaware, lowa.
Figure 2 shows the pie chart of the number and relative
percentages of E. coli isolates from birds, geese, cattle
and hog that are found in isolates from Silver Lake water.
Some isolates were indicated as “unidentifiable” since
they were from sources not in the source library. As sho-
wn in Figure 2, of the 41 isolates from Silver Lake, 7 have
NUPs representing birds (17.1%), 2 represent gee-se
(4.9%), 16 represent cattle (39.0%), and 14 represent
hogs (34.1%). None of the Silver Lake isolates have a
NUP which represents soil obtained near the outdoor la-
vatory facility in the Silver Lake recreation area (human).
The source of 2(4.9%) E. coli isolates from water remain
unidentified. In another study O’Brien and Brown (2003)
using multiple antibiotic resistance (MAR) analysis to
characterize the same E. coli isolates, a source was only
able to be predicted in 39.0% of the 41 “environmental
isolates”. Of the 16 isolates that were able to be used for
prediction, 10 (62.5%) were predicted to be originating
from the “cattle” class, 4 (25%) were expected to be
originating from hog, and 2 (12.5%) were predicted to be
from human source (O’Brien and Brown, 2003). This res-
ult is supportive of the results obtained in this study. Both
the NUP and MAR results indicate that multiple sources
contributed to the fecal contamination of Silver Lake, with
the highest contribution made by cattle. In addition, Vogel
et al. (2007) reported that the most likely target for best
management practice (BMPs) to reduce E. coli loadings
in the watershed is cattle.

Meyer et al. (2005) reported that successful use of two
phenotypic methods, nutrient utilization patterns and anti-
biotic resistance pattern to determine the source of fecal
contamination in a small reacreational lake in lowa. In
another study, Hagedorn et al. (2003) demonstrated that
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Figure 1. Histogram showing NUPs for birds, geese, cattle, hogs and soil (percentage of E. coli isolates
from birds, geese, cattle, hogs and soil utilizing the substrates in the microtiter wells).
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Figure 2. Pie chart showing the number and relative percentages of E. coli isolates from birds,
geese, cattle and hog that are found in isolates from Silver Lake water. Isolates were indicated as
“unidentifiable” if they were from sources not in the source library.

carbon source utilization profiles are a method to identify
sources of fecal pollution in water. Hagedorn (1999)
reported that NUP results appear to be compara-ble to
MAR and PFGE in accuracy. According to Hage-dorn et
al. (1999), the NUPs system is intermediate (bet-ween
MAR and PFGE) in cost and time required to per-form the
procedure. In the present study, cost was signi-ficantly
reduced by using a standard plate reader and by not
using commercial software to analyze and create NUPs.
The NUP system is perhaps the most fool proof
procedure because it uses an electronic plate reader.

This removes judgment decisions by laboratory person-
nel when evaluating plates (MAR and PFGE require such
judgments). Bitton (2005) reported that an advantage of
carbon utilization profile is its simplicity, necessitating
only a microplate reader to determine carbon source uti-
lization. This method requires less skill than antibiotic
resistance analysis or genotypic methods (Bitton, 2005).
Bennett and Odom (2002) conducted research on carbon
utilization patterns as an indicator of host origins of E.
coli. They sought to discover a method of differentiating
between strains of E. coli, which might be endemic to cat-
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tle or human, through the use of carbon source trac-king.
Based on the results obtained, they concluded that the
BIOLOG (Hayward, CA) method of nutrient utilization was
not a useful method of E. coli strain differentiation. Their
experiment was not successful probably due to the fact
that all the 96 wells were used in the analysis and thus no
patterns were obtained.

Conclusion

In the present study, the source tracking technique using
carbon substrate utilization technique provided identifica-
tion of E. coli contamination of Silver Lake from diverse
sources that included (but were not limited to) birds, gee-
se, cattles and hogs. Also, the results indicated that soil
(humans) sources did not contribute to the fecal pollution
of the Silver Lake. Being able to determine the source(s)
of bacteria represent a significant advance in water quail-
ty assessment and management. Also, understanding the
origin of fecal pollution is paramount in assessing asso-
ciated health risks as well as the actions necessary to
remedy the problem while it still exists. For example,
source tracking methodology using the nutrient utilization
profiles has the potential to provide agencies responsible
for water quality and public health with a resource to det-
ermine sources of fecal contamination. When and if fully
implemented, source tracking methodologies could be
widely used in the total maximum daily load (TMDL) prog-
ram. A TMDL is a calculation of the maximum amount of
a pollutant that a water body can receive (the sum of the
allowable loads of a single pollutant from all contributing
point and nonpoint sources) and still meet water quality
standards. The calculation must include a margin of safe-
ty to ensure that the water body can be used for the pur-
poses the state has designated (e.g., recreational uses,
shellfish harvest, drinking water). The calculation must
also account for seasonal variation in water quality. Allo-
cations and allowable loads for pollutant sources implies
that those sources can be accurately identified, and the
inclusion of seasonal variation in the TMDL program will
require longer-term fecal source identification studies
than most of those reported to date (McClellan et al.,
2000; McKenzie, 1998). Recommended strategies to red-
uce bacterial contamination include outreach to septic
system and farm owners, as well as gardeners using
manure fertilizers; careful monitoring of contaminated
areas and conduction of further research on bacterial
source tracking techniques. Finally and perhaps most
important, findings from this bacterial source tracking
project can be used to design prevention and remediation
efforts for the Silver Lake watershed. However, it is not
known if NUPs of isolates from one geographic location
can be used to predict the source of isolates from differ-
ent lakes in the same and in different regions. Therefore,
further investigation is required to determine how useful
the NUPs from one geographic area are in predicting the
source of fecal contamination in a different area. Addition-

ally, further studies to improve the NUPs and BIOLOG
techniques is recommended, particularly a way to calibra-
te the changes in color intensities resulting from the utili-
zation of redox dye should be investigated.
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