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The goals of this study were to (i) identify issues that affect the ability of discriminant function analysis (DA)
of antimicrobial resistance profiles to differentiate sources of fecal contamination, (ii) test the accuracy of DA
from a known-source library of fecal Escherichia coli isolates with isolates from environmental samples, and
(iii) apply this DA to classify E. coli from surface water. A repeated cross-sectional study was used to collect
fecal and environmental samples from Michigan livestock, wild geese, and surface water for bacterial isolation,
identification, and antimicrobial susceptibility testing using disk diffusion for 12 agents chosen for their
importance in treating E. coli infections or for their use as animal feed additives. Nonparametric DA was used
to classify E. coli by source species individually and by groups according to antimicrobial exposure. A modified
backwards model-building approach was applied to create the best decision rules for isolate differentiation
with the smallest number of antimicrobial agents. Decision rules were generated from fecal isolates and
applied to environmental isolates to determine the effectiveness of DA for identifying sources of contamination.
Principal component analysis was applied to describe differences in resistance patterns between species
groups. The average rate of correct classification by DA was improved by reducing the numbers of species
classifications and antimicrobial agents. DA was able to correctly classify environmental isolates when fewer
than four classifications were used. Water sample isolates were classified by livestock type. An evaluation of the
performance of DA must take into consideration relative contributions of random chance and the true
discriminatory power of the decision rules.

Knowing the source of fecal contamination of surface water
is necessary to determine the degree of risk associated with
human health and to develop effective control and resource
management strategies. One technique that has been reported
to be a useful, low-cost screening method is discriminant func-
tion analysis (DA) of antimicrobial resistance profiles. DA is a
multivariate statistical method designed to separate sets of
observations and allocate new observations to previously de-
fined groups (12, 15, 16). DA transforms observations obtained
from different populations with overlapping distributions into
nonoverlapping distributions. This transformation can then be
applied to a set of observations from an unknown source pop-
ulation to determine the most probable population that served
as the source for the unknown source observation. DA can be
used to determine which variables discriminate between two or
more naturally occurring groups and then classify cases into
the values of categorical dependent groups (12, 15, 16).

DA has been used successfully to classify the source species
for fecal streptococcus, fecal coliforms, and Escherichia coli
isolates obtained from surface water samples. When used as a
tool for microbial source identification, DA can be applied to

antimicrobial resistance profiles from a database of fecal bac-
terial isolates obtained from various species. This known-
source library is used to generate a classification scheme (de-
cision rule). The accuracy of the decision rule is assessed by
evaluating the percentage of isolates from the known-source
library that are correctly classified by the rule. Once a decision
rule with an acceptable correct classification rate is obtained,
this model can be applied to bacterial isolates from surface
water to identify the most probable source species for the fecal
contamination of that surface water.

The use of DA on antimicrobial resistance patterns in fecal
streptococci to differentiate between human and animal
sources was first described by Wiggins (27), with more than 90
and 84% correct classifications, respectively, when six-species
populations were being classified. Several other studies have
reported the successful use of this approach to differentiate
human versus animal sources of fecal contamination in water
using antimicrobial resistance profiles (7, 8, 9, 11, 13, 20, 28,
29), genetic data (3, 5, 21), and carbon source utilization pro-
files (10) of fecal bacteria. Rates of correct classification using
antimicrobial resistance patterns varied from 33 (8) to 90%
(27), depending on the classification groups used in the studies.

Using DA to classify bacteria by antimicrobial resistance
patterns is an emerging discipline. The wide range of rates of
correct classification by DA of antimicrobial resistance pat-
terns of fecal bacteria reported in the literature indicates that
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there can be great variation in the success of the technique.
These studies were conducted in different regions and using
different bacterial species, antimicrobial agents, and source
species for the definition of the decision rules through DA.
Given the various methods and differing results, this method
should be used with attention to maximizing the ability of the
DA to distinguish between different classification groups for
each study’s sample population and classification levels.

This study is part of a larger body of research seeking to use
DA to classify fecal E. coli isolates from domestic livestock,
companion animals, humans, and wildlife by creating a deci-
sion rule based upon antimicrobial resistance profiles and then
to identify the most probable species source of E. coli isolates
obtained from surface water samples from a Michigan water-
shed. In an earlier phase of this study, we described patterns of
antimicrobial susceptibility of E. coli strains from different
animal species, human-derived septage, and surface water
samples (23). The underlying hypothesis of this portion of the
study is that the DA of antimicrobial susceptibility profiles
from fecal E. coli isolates obtained from a local database of
domestic animals and wildlife can be used to develop a micro-
bial source identification model. The objectives were to (i)
identify specific issues that affect the efficiency of the discrimi-
nant functions and develop methods to address these issues,
(ii) using these methods, develop decision rules from DA of
antimicrobial susceptibility profiles from a known-source li-
brary of local fecal E. coli isolates from domestic animals and
wildlife, (iii) test the accuracy of DA of antimicrobial suscep-
tibility profiles from a known-source library of local fecal E.
coli isolates from domestic animals and wildlife with environ-
mental E. coli isolates, and (iv) use this method to identify the
most probable source of fecal E. coli contamination of surface
water in the Red Cedar Watershed in Michigan.

MATERIALS AND METHODS

Study design. (i) Study area. The Red Cedar Watershed was chosen as the
study area. It encompasses an area of approximately 118,600 ha in Ingham and
Livingston counties in Michigan. The watershed area provides residents with
numerous recreational activities, including angling, canoeing, kayaking, photog-
raphy, and bird watching. The river also serves as a source of water for the
irrigation of crops throughout the watershed. Swine and dairy cattle are the
predominant forms of livestock present in the watershed.

(ii) Enrollment of participating farmers. Farms were located within the Red
Cedar Watershed, and county drain commissioners identified specific farms
whose premises drained into the watershed. Through county extension agents,
these farmers were sent a letter inviting them to participate in the study. To
indicate their willingness to participate, respondents returned a prestamped
postcard to the Center for Comparative Epidemiology at Michigan State Uni-
versity. A total of 60 farmers were contacted and asked to participate in the
study. Thirty-one farmers agreed to participate, and farm visits were arranged
quarterly from winter 2002 to winter 2003.

(iii) Data collection. Data relating to antimicrobial use and numbers of ani-
mals on each farm were collected (during the time of collection of fecal samples)
with a questionnaire administered by in-person interviews. Participants were
asked about the use of antimicrobial agents for therapy, prophylaxis, and growth
promotion during the previous 60 days.

(iv) Sample collection. Animal fecal and farm environment samples and hu-
man septage samples were taken using culturette swabs, and 100-ml water sam-
ples were collected from specific locations in the watershed. Water sampling sites
were determined with the help of the Ingham County drain commissioner, based
on the direction of the rain flow from every farm enrolled in the study. Bottles
for water sampling contained 10 mg sodium thiosulfate to neutralize any residual
chlorine in the water. All samples were shipped to the University of Maryland for
bacterial isolation, identification, and antimicrobial susceptibility testing.

Fecal samples were obtained from dairy and beef cattle, swine, horses, sheep,

goats, poultry, deer, ducks, and wild geese. Fecal samples from livestock (dairy
cattle, beef cattle, swine, sheep, goats, and horses) were collected rectally from
individual animals using culturette swabs. Samples were collected from fresh
manure using culturette swabs on feedlots where individual animal sampling was
not feasible. Poultry samples were collected by cloacal swab. Deer samples were
collected from freshly voided droppings. Wild goose samples were collected from
freshly voided droppings and cloacal swabs by the Michigan Department of
Natural Resources. Environmental samples from manure storage facilities (i.e.,
lagoons, slurry pits, and manure piles) on the farms were collected using cul-
turette swabs. Septage samples from humans were collected from septic tanks
(prior to chemical treatment) in the study area with the help of local septic-
pumping companies.

(v) Isolation of E. coli from water samples. The membrane filtration method
used by the United States Environmental Protection Agency (6) was used to
isolate E. coli from water samples. In this procedure, water samples were filtered
through a sterile, white, grid-marked, 47-mm-diameter membrane (pore size,
0.45 � 0.02 �m) that retained bacteria. After filtration, the membrane containing
the bacteria was placed on a selective and differential medium (mTEC) (10) and
incubated at 35°C for 2 h to resuscitate the injured or stressed bacteria and then
incubated at 44°C for 22 h. The filter was transferred from mTEC agar to a filter
pad saturated with urea substrate medium. After 15 to 20 min, yellow, yellow-
green, or yellow-brown colonies on mTEC were transferred to urea substrate
medium; any non-E. coli colonies turned pink or purple on the medium.

(vi) Identification of E. coli from surface water, fecal, and environmental
samples. Standard methods were used for the enrichment, isolation, identifica-
tion, and biochemical confirmation of E. coli isolates (1).

Upon arrival at the laboratory, culturette swabs (fecal and farm environment
samples and human-derived septage samples) or colonies picked from urea
substrate medium (surface water samples) were placed in tubes with tryptic soy
broth (TSB) and incubated at 35°C for 24 h. Approximately 10 �l of the turbid
broth was streaked onto violet red bile agar and incubated for 18 to 20 h at 35°C.
The plates containing violet red bile agar were examined for reddish purple
colonies that fluoresced under a black light. Selected colonies were streaked onto
MacConkey’s agar and incubated at 35°C for 18 to 20 h. The MacConkey plate
was examined for red colonies that precipitated bile and had dark red centers.
One or two colonies were selected, streaked onto tryptic soy agar (TSA), and
incubated for 18 h. The TSA plate was then examined for single colonies that
were round, milk-colored, and slightly convex. One single colony was selected
and placed in a tube containing TSB and incubated for approximately 3 to 4 h
until turbid.

One or two presumptive E. coli colonies were obtained from each fecal,
environmental, and water sample. To ensure that antimicrobial resistance pro-
files were obtained for confirmed E. coli isolates only, each presumptive E. coli
isolate was biochemically confirmed using the indole–methyl red–Voges-
Proskauer–citrate and triple-sugar iron tests. Isolates that failed to demonstrate
biochemical test results consistent with those of typical E. coli strains for any
single test were excluded from further analysis. Confirmed isolates were inocu-
lated into a new TSB tube and incubated to the turbidity of a 0.5 McFarland
standard (approximately about 2 to 3 h).

(vii) Antimicrobial susceptibility testing. The standard Kirby-Bauer disk dif-
fusion method was used to develop the antimicrobial susceptibility profile of E.
coli isolates (18, 19) for 12 antimicrobial agents (neomycin, gentamicin, strepto-
mycin, chloramphenicol, ofloxacin, nalidixic acid, sulfisoxazole, trimethoprim-
sulfamethoxazole, tetracycline, ampicillin, nitrofurantoin, and cephalothin).
These antimicrobial agents were chosen on the basis of their importance in
treating human or animal E. coli infections or their use as feed additives to
promote growth in animals and to provide diversity in representation of different
antimicrobial classes (14).

A TSB tube was inoculated with E. coli and incubated to the turbidity of a 0.5
McFarland standard and then swabbed onto a 150-mm Mueller-Hinton plate.
Twelve commercially prepared antimicrobial disks were dispensed onto the in-
oculated plates. The plates were incubated at 35°C for 18 to 20 h. The diameter
of the clear zones of growth inhibition around the antimicrobial disks, including
the 6-mm disk diameter, was measured in millimeters using precision calipers
(18, 19). E. coli isolates from American Type Culture Collection strain 25922
were used for quality control.

(viii) Statistical analysis. Separate known-species source libraries were devel-
oped for fecal and environmental samples. Initially, classification rules were
developed for eight species groups with at least 50 isolates (beef cattle, dairy
cattle, sheep, swine, poultry, equids, wildlife [wild geese and white-tailed deer],
and humans). Species groups were then combined by exposure to antimicrobial
use to reduce the number of categories entering the DA. These groups included,
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in order of increasing scope, all ruminants (cattle and sheep), livestock (all
ruminants and swine), and food animals (livestock and poultry).

Exploratory analyses were conducted with the diffusion zone data to determine
whether the use of DA was warranted. Descriptive statistics were generated to
assess the distributions of the diffusion zones, and simple nonparametric tests
(Kruskal-Wallis �2 tests) were carried out to test for differences in diffusion zones
between different species groups. Principal component analysis (PCA) was con-
ducted on the diffusion zones to describe any grouping of populations of isolates,
and multivariate analysis of variance was used to determine whether significant
differences were found in disk diffusion zone distributions for all species classi-
fication groups at a P value of �0.05.

We utilized Mahalanobis distances to generate discriminant function models
for the different species classification groups (PROC DISCRIM, SAS 9.1.3; SAS
Institute, Cary, NC). Since diffusion zone measures were not normally distrib-
uted, three different nonparametric DA models were utilized: linear, quadratic,
and Epanechnikov density kernel models. The cross-validation method was used
for DA development, in which individual isolates were removed from the data set
one at a time, the decision rule was developed from the remainder of the data
set, and then the removed isolate was classified based on the rule created by
those remaining observations. The cross-validation classification table was used

to calculate the percentage of misclassified isolates and determine the average
rate of correct classification (ARCC) (11, 27).

To develop the most efficient decision rules for each species classification
group, an approach similar to backward model building for regression models
was undertaken. First, a “full” discriminant function model using all 12 antimi-
crobial agents was generated. Next, agents were removed from the full model one
at a time, based on the results of PCA and univariable analyses, and the
resulting 12 models were compared. The model with the best performance
(highest rate of correct classification) was selected as the base model for the
next level of model building, and the process of elimination/selection was
repeated. These steps were repeated until the removal of additional agents
did not improve the performance of the DA or until only one agent remained
in the discriminant function model.

Once developed from known-source fecal isolates, the decision rules were
applied to a set of isolates from environmental samples where the species of
animals housed in the environment were known. This served as a test of the
reliability of the decision rules for use in classifying environmental samples where
the fecal sources were known. Finally, DA rules derived from known-source fecal
isolates were applied to a set of isolates from water samples to classify each water
isolate into the most probable source species population.

RESULTS

A total of 1,247 fecal, environmental, and septage samples
were collected, and data from 954 fecal- and septage-origin E.
coli isolates were used to develop the discriminant function
models (Table 1). The disk diffusion zones were not normally
distributed. Bimodal distributions were seen for neomycin,
gentamicin, trimethoprim-sulfamethoxazole, tetracycline, am-
picillin, nalidixic acid, nitrofurantoin, cephalothin, and sul-
fisoxazole. Given the bimodal nature of these distributions,
isolates were classified as belonging to either the lower or
higher bimodal distribution for descriptive purposes (Table 2).
The breakpoints suggested by the bimodal distribution of the
majority of antimicrobial agents in this study did not coincide
with currently established resistance breakpoints (19) (Table
2). The only agents for which the CLSI (formerly
NCCLS)-defined breakpoints were comparable to the natural
breakpoints seen in this study were streptomycin, tetracycline,
and sulfisoxazole.

Tests were conducted to determine whether the data war-
ranted the use of DA, and results of the Kruskall-Wallis �2

analysis and multivariate analysis of variance found significant
differences in all disk diffusion zone distributions for all species

TABLE 2. Distributions of disk diffusion zones of 951 fecal isolates to 12 antimicrobial agents

Agent
Overall Lower peak Upper peak CLSI

breakpointa
Mean Median Range Median Range Median

Neomycin 17.7 16.3 6.0–18.7 15.4 19.0–26.2 22.0 12
Streptomycin 15.2 14.5 3.2–16.7 13.5 17.0–26.0 20.0 17
Tetracycline 18.6 21.7 6.0–13.9 6.0 15.0–35.0 23.7 14
Ampicillinb 19.3 19.0 13
TMP/SMZc 26.7 26.1 6.0–29.9 24.5 30.0–38.0 33.0 10
Cephalothin 17.6 16.1 6.0–17.9 14.4 18.0–32.0 22.0 14
Sulfisoxazole 20.6 22.1 6.0–7.8 6.0 12.0–35.0 22.8 12
Gentamicin 21.0 19.6 6.0–20.9 18.3 21.0–30.0 25.0 12
Chloramphenicol 25.6 25.4 6.0–26.9 24.3 27.0–35.0 28.0 12
Ofloxacinb 29.3 29.4 12
Nalidixic acid 24.2 22.9 6.0–25.9 21.0 26.0–36.0 29.0 13
Nitrofurantoin 21.0 19.5 6.0–20.8 18.1 21.0–30.0 25.0 14

a Maximum diffusion zone (mm) breakpoint for the determination of antimicrobial resistance (17).
b Not bimodally distributed; lower and upper peak ranges and medians not reported.
c TMP/SMZ, trimethoprim-sulfamethoxazole.

TABLE 1. Numbers of different samples, by species and
species groups

Species
group

No. of
samples

Species group
Beef cattle ........................................................................................184
Dairy cattle ......................................................................................228
Sheep ................................................................................................155
Swine ................................................................................................175
Poultry .............................................................................................. 85
Equids............................................................................................... 60
Wildlife............................................................................................. 64
Humans ............................................................................................ 3

Total .....................................................................................................954

Combined groups
Ruminantsa ......................................................................................567
Livestockb .........................................................................................742
Food animalsc ..................................................................................827

a The ruminant species group includes beef and dairy cattle and sheep.
b The livestock species group includes beef and dairy cattle, sheep, and swine.
c The food animal species group includes beef and dairy cattle, sheep, swine,

and poultry.
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classification groups (with the Kruskal-Wallis �2 test, P was
�0.0001; with the Wilks lambda test, P was �0.001). PCA was
also conducted on the 951 fecal isolates by using all 12 anti-
microbial agents. The first, second, and third principal compo-
nents accounted for 55.2, 19.4, and 10.2% of total variance,
respectively. When loadings for the components were exam-
ined, the first principal component was representative of gen-
erally susceptible isolates (all positive loadings for diffusion
zone diameters), the second component was representative of
isolates with low susceptibility to tetracycline (�0.67 loading
for tetracycline), and the third component was representative

of isolates with low susceptibility to tetracycline and high suscep-
tibility to sulfisoxazole (loadings of �0.53 for tetracycline and 0.73
for sulfisoxazole).

When the first and second principal components were plot-
ted against each other (Fig. 1), observations were present in
three groups. Identifying data points as being resistant or sus-
ceptible according to CLSI breakpoints (Table 2) showed no
pattern of distribution of resistant isolates. However, when the
plots identified isolates from the naturally observed high or low
bimodal distribution groups, distinctions were seen between
high and low susceptibility to the majority of antimicrobial

FIG. 1. Plot of the first two principal components resulting from PCA of all 12 antimicrobial agents (A indicates one observation, B indicates
two observations, etc.), demonstrating the grouping of data points into three groups.
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agents (Fig. 2) and isolates with low susceptibilities to tetracy-
cline (Fig. 3) and sulfisoxazole (Fig. 4). It appears that there
were three distinct populations: high susceptibility (high-diffu-
sion-zone-diameter group members) to tetracycline and sul-
fisoxazole, low susceptibility (low-diffusion-zone-diameter
group members) to tetracycline and sulfisoxazole, and low
susceptibility to sulfisoxazole alone. Each of these three
groups could be further divided into two subgroups: high
and low susceptibilities to the remaining antimicrobial
agents. Grouping was also evident for multidrug resistance
when observations were labeled with the numbers of anti-
microbial agents to which resistance was present (Fig. 5).
When points were labeled by source species, the clearest
distinctions in the distributions of points were seen for wild-

life, swine, and humans (Fig. 6), with wildlife isolates
present in the high-susceptibility groups and human and
swine isolates in the low-susceptibility groups.

DA was executed for the different species groups (three-,
four-, five-, and eight-species groups), using the three DA
approaches (Table 3). The ARCC values for each DA model
were higher than those based purely on random chance and
increased as the number of classification groups decreased.
When assessed by overall ARCCs, the linear and Epanechnikov
models performed better than did the quadratic models.
When the models’ performance in identifying specific species
groups was assessed, the quadratic method was the most effi-
cient at identifying wildlife sources over all species groups
(Table 3). The linear method was able to correctly identify

FIG. 2. Plot of the first two principal components resulting from PCA of all 12 antimicrobial agents, with points from the high (1) and low (0)
distribution peaks for nalidixic acid (the line indicates the division between high- and low-susceptibility groups). Isolate distribution patterns for
neomycin, streptomycin, ampicillin, trimethoprim-sulfamethoxazole, cephalothin, gentamicin, chloramphenicol, ofloxacin, nalidixic acid, and
nitrofurantoin were very similar; nalidixic acid was chosen as a representative case for graphical purposes.
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swine and combined species groups containing swine at least
50% of the time, while the Epanechnikov model correctly
identified human isolates (Table 3).

A stepwise model-building approach was applied to select
antimicrobial agents from the three different DA methods
(Table 4) by using the ARCC as the criterion for the retention
of agents. The efficiency of DA was improved by the removal
of agents for models using eight-, five-, four-, and three-species
groups (Table 3). The agents present in all reduced models
included tetracycline, trimethoprim-sulfamethoxazole, nitro-

furantoin, and cephalothin. The Epanechnikov models per-
formed better than the linear and quadratic models did. The
performance of these models in identifying specific species
sources was similar to that of the full models using 12 agents,
with the exception of the Epanechnikov models, which were
able to correctly identify wildlife samples at rates higher than
those for human samples for the eight- and five-species group
models.

Decision rules generated from fecal isolates were applied to
E. coli isolates from 230 environmental samples with known

FIG. 3. Plot of the first two principal components resulting from PCA of all 12 antimicrobial agents, with points from the high (1) and low (0)
distribution peaks for tetracycline (the line indicates the division between low- and high-susceptibility groups for nalidixic acid, and the oval
indicates the high-tetracycline-susceptibility group).
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sources (Table 5). The linear models performed better than
the quadratic and Epanechnikov models. In general, when they
were used for environmental samples, there was little differ-
ence between the performance of the 12-agent DA models and
that of the reduced agent models.

Finally, reduced model decision rules for the different spe-
cies groups were applied to 26 surface water samples (Table 6).

The majority of isolates were classified as being from food-
producing animals when linear DA was used, while the major-
ity of isolates were classified as wildlife isolates by quadratic
and Epanechnikov DA. There were three (11.5%) water sam-
ples that were consistently identified as wildlife in origin, re-
gardless of the DA method or number of species groups, and
one (3.9%) sample was identified as equine by the linear and

FIG. 4. Plot of the first two principal components resulting from PCA of all 12 antimicrobial agents, with points from the high (1) and low (0)
distribution peaks for sulfisoxazole (the line indicates the division between low and high groups for nalidixic acid, the oval indicates the
high-tetracycline susceptibility group, and the rectangle indicates high sulfisoxazole susceptibility alone, and the hexagon indicates the low-
susceptibility group).
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quadratic methods. When eight-species groups were used,
dairy cattle were the most commonly identified food-producing
animals regardless of DA method, with one individual isolate
classified as being from dairy cattle by all three methods. No
samples were classified as human in origin.

DISCUSSION

In this study, DA was performed with the goal of optimizing
decision rules for use in classifying fecal E. coli isolates by
species group, using data on antimicrobial susceptibility. As
the results of this study indicate, this technique can be used for

FIG. 5. Plot of the first two principal components resulting from PCA on all 12 antimicrobial agents, with points labeled by the number of
antimicrobial agents the isolate expressed resistance to (0 to 12) (the line indicates the division between low and high groups for nalidixic acid, the
oval indicates the high-tetracycline susceptibility group, the rectangle indicates high sulfisoxazole susceptibility alone, and the hexagon indicates
the low-susceptibility group).
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this purpose, but the methods used to develop the DA result in
decision rules that differ significantly in their performance.

Cost is an important consideration in developing a library of
known-source bacterial isolates from which to derive decision
rules based on patterns of antimicrobial resistance. It was cost

prohibitive to obtain the recommended six to seven isolates per
sample for determining the representative E. coli population
within a sample. The purpose of using the known-source sam-
ples was not to determine the representative E. coli population
within each fecal or environmental sample but to determine

FIG. 6. Plot of the first two principal components resulting from PCA of all 12 antimicrobial agents for species selected to demonstrate
differences in PCA, with points labeled as wildlife (w), swine (s), and human (*) (the line indicates the division between low- and high-susceptibility
groups for nalidixic acid, the oval indicates the high-tetracycline-susceptibility group, the rectangle indicates high sulfisoxazole susceptibility alone,
and the hexagon indicates the low-susceptibility group).
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the representative E. coli population within the species group.
Taking a single confirmed E. coli isolate from a very large
number of individuals in the population will achieve this ob-
jective better than will obtaining multiple isolates from a very
limited number of members of the population and thereby
enhance the validity of our findings. If the goal of using DA
with antimicrobial resistance profiles of enteric bacteria is to
identify a source of fecal pollution, it is important to ensure
that bacterial isolates are collected from all potential sources
of fecal pollution. In this phase of our study, we were unable to
collect sufficient numbers of isolates from humans or compan-
ion animals (23), so the current version of our DA is limited for
use with surface water samples. Despite this limitation, the
exercise of refining the DA process for the isolates available in
this study yielded insights into the development of optimized
decision rules.

Geographic and temporal variations in antimicrobial resis-
tance must be taken into consideration when samples are col-
lected for use with DA. Antimicrobial resistance patterns are
known to differ by location and time due to differences in
selection pressure (21), and these differences may have con-
tributed to the reduced ARCCs found in this study. It has been
demonstrated with samples from multiple regions that there is
little variation in patterns of antimicrobial resistance within a
12-month period, so any comparison of resistance patterns

within a year are valid (29). In other studies, lower ARCC
values were reported when samples were taken from larger
numbers of species from more diverse locations, with conse-
quently lower homogeneity levels of study populations (11).
Given these results, it is recommended that DA decision rules
not be applied outside a study’s sampling area and time frame,
and comparisons of different decision rules generated from
different locations at different times cannot determine whether
one analysis is more accurate than another. Applying the meth-
ods used in this study to another known-source library would
provide additional information on the utility of the develop-
ment process for this DA model, and results from those li-
braries could be compared to determine the degree of dif-
ference between locations and times. This form of analysis
will provide us with the information needed to make assess-
ments of the generalizability of results gained from this ap-
proach. The use of molecular techniques, including the ri-
botyping of E. coli isolates, has been suggested for use in DA
for the determination of fecal pollution sources (3, 5, 21), as
genetic profiles are less susceptible to localized selection pres-
sures than are antimicrobial resistance patterns (21), which
may make decision rules developed with these data more use-
ful on a broader geographic and temporal scale.

The bimodal distribution of diffusion zones has been re-
ported by other investigators (2, 4, 25) and has been attributed
to various causes, including a titration effect when dilution
techniques are used (2), genetic differences in populations
reflecting the presence of new bacterial strains (4), and the
acquisition of resistance (17). Since these samples were not
collected prospectively from clearly identified sources, it was
not possible to determine whether any active shifting of sus-
ceptibility is occurring in the regional E. coli population.
Breaks in the observed bimodal distribution of the majority of
antimicrobial agents in this study did not coincide with cur-
rently established resistance breakpoints, with the NCCLS
breakpoints (19) falling in the lower peak ranges of these
bimodal distributions. While these resistance breakpoints have
clinical significance and provide a clear standard with which
tests can be interpreted, our results suggest that the simple
identification of an isolate as resistant or susceptible may not
provide sufficient information for DA or other multivariate
tools for the identification of isolate sources.

The PCA of the E. coli isolates from this study demonstrated

TABLE 3. Overall rates of correct classification (ARCC) for different reductions in numbers of drugs and species classifications
for three DA methods: results from cross-validation analysis

Approach
(probability due to random chance)

% of isolates correctly classified by DA method, best group for identificationa

Linear Quadratic Epanechnikov

Twelve drugs; eight species (12.5%) 28.7,* swine (49) 25.6, wildlife (75) 27.5, humans (67)
Reduced drugs; eight species (12.5%) 30.8, swine (50) 27.7, wildlife (75) 37.3,* wildlife (89)
Twelve drugs; six species (16.7%) 35.0,* swine (59) 33.1, wildlife (80) 33.8, humans (67)
Reduced drugs; six species (16.7%) 37.1, swine (57) 35.0, wildlife (78) 54.5,* humans (100)
Twelve drugs; five species (20%) 33.6, livestockb (67) 32.7, wildlife (83) 42.3,* humans (100)
Reduced drugs, five species (20%) 36.3, livestockb (67) 35.4, wildlife (80) 51.5,* wildlife (89)
Twelve drugs; four species (25%) 32.6, food animalsc (82) 36.8, wildlife (84) 48.7,* humans (100)
Reduced drugs; four species (25%) 39.0, food animalsc (80) 40.7, wildlife (81) 67.9,* humans (100)

a �, best model by approach; the value in parentheses following the best group for identification is the percentage of isolates correctly identified in the group.
b The livestock group is a combination of beef and dairy cattle, sheep, and swine.
c The food animal group is a combination of beef and dairy cattle, sheep, swine, and poultry.

TABLE 4. Antimicrobial agents present after drug reduction
process for three DA models

Antimicrobial agent
Status of agent in reduced modela

Linear Quadratic Epanechnikov

Tetracycline X X X
Trimethoprim-sulfamethoxazole X X X
Nitrofurantoin X X X
Cephalothin X X X
Neomycin X X
Sulfisoxazole X X
Gentamicin X X
Chloramphenicol X X
Ofloxacin X X
Nalidixic acid X X
Ampicillin X
Streptomycin X

a An “X” indicates the presence of the agent in the model.
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significant patterns in the antimicrobial disk diffusion zone
data, and the groupings of data points labeled by source spe-
cies (Fig. 6) indicated that DA would be capable of distinguish-
ing sources based on antimicrobial susceptibility. The clear
patterns seen for wildlife (in the generally susceptible group),
humans (in the generally reduced-susceptibility group), and
swine (in both tetracycline and tetracycline/sulfisoxazole re-
duced-susceptibility groups) were reflected in the power of
different DA approaches to distinguish these species (alone or

in species groups) from other species. In studies comparing
levels of resistance between species, swine have been reported
to have higher levels of resistant isolates than other livestock
species (30). On the other hand, wildlife should have far lower
levels of exposure to antimicrobial agents than intensively
managed food-producing livestock and, consequently, should
harbor lower levels of resistant bacteria.

Different levels of classification were used for animal species
groups in this study, based on potential exposure to antimicro-
bial agents through common livestock husbandry practices.
One of the underlying hypotheses that allows patterns of an-
timicrobial resistance to be used to identify source species of
enteric bacteria is that exposure to antimicrobial agents has
been associated with the development of resistance (22, 24)
and the different management practices for different species of
domestic animals (e.g., dairy cattle, swine, and horses) will
influence the types of antimicrobial agents a given species is
exposed to. One important area of difference is the type of
agents that are legal for use with a given species; for example,
the use of nitrofuran is prohibited for food animals, but it can
be used for companion animals. How certain antimicrobial
agents are used is also important: the use of some agents at
subtherapeutic levels (for growth promotion) is believed by
some researchers to enhance the selection of resistant bacteria
more than the therapeutic use of antimicrobials in response to
clinical disease does (26). A reduction in the number of po-
tential classification groups in the discriminant function im-
proved the rates of correct classification, which has also been
reported by other investigators (8, 28). However, users of the
system need to weigh the benefits of improved model perfor-
mance (ARCC) versus loss of source specificity, given the low
rates of species-specific correct classification.

While DA may not be capable of identifying specific sources
of fecal contamination, it can be used to improve current
methods of source tracking by focusing more expensive source
tracking methods on specific bacterial isolates. One approach
would be to use DA in a “serial testing” approach by using the
DA models with reduced species groups to include or exclude
whole species groups (e.g., by using the five-species-group re-
duced-agents Epanechnikov model [Table 3] to identify wild-
life sources). The results of this testing, coupled with additional
information known about the area (e.g., the presence or ab-

TABLE 5. Rates of correct classification (ARCC) of environmental samples, based on known source locations, for different reductions in numbers
of species classifications and drugs for three DA methods: results from cross-validation analysis using DA training rules from fecal samples

Approach
% of isolates classified in agreement, best group for identificationa

Linear Quadratic Epanechnikov

Twelve drugs; eight species 26.0, swine (39) 18.7, swine (42) 22.5, dairy cattle (39)
Reduced drugs; eight species 25.4, swine (34) 19.8, swine (37) 17.1, dairy cattle (39)
Twelve drugs; six species 37.9, ruminantsb (56) 28.9, swine (50) 31.0, ruminantsb (66)
Reduced drugs; six species 36.9, ruminantsb (58) 30.2, swine (50) 30.0, swine (50)
Twelve drugs; five species 40.2, livestockc (70) 26.3, equine (29) 33.6, livestockc (56)
Reduced drugs; five species 39.8, livestockc (69) 27.2, livestockc (31) 30.4, equine (41)
Twelve drugs; four species 57.2, food animalsd (85) 32.7, food animalsd (36) 43.1, food animalsd (57)
Reduced drugs; four species 57.4, food animalsd (85) 35.4, food animalsd (35) 38.1, equine (41)

a The value in parentheses following the best group for identification is the percentage of isolates correctly identified in the group.
b The ruminant group is a combination of beef and dairy cattle and sheep.
c The livestock group is a combination of beef and dairy cattle, sheep, and swine.
d The food animal group is a combination of beef and dairy cattle, sheep, swine, and poultry.

TABLE 6. Rates of classification of 26 water samples, for eight
species classifications and reduced drugs for three DA

methods: results from cross-validation analysis

Species
group Species

Percent classified by method

Linear Quadratic Epanechnikov

Eight Beef 19.2 0 0
Dairy 26.9 7.7 15.4
Sheep 19.2 3.9 0
Swine 3.9 0 0
Poultry 7.7 0 3.9
Equids 11.5 11.5 11.5
Wildlife 11.5 76.9 69.2
Humans 0 0 0

Six Ruminantsa 65.4 3.9 3.9
Swine 3.9 0 0
Poultry 7.7 0 3.9
Equids 11.5 15.4 11.5
Wildlife 11.5 80.8 80.8
Humans 0 0 0

Five Livestockb 73.1 3.9 0
Poultry 3.9 0 3.9
Equids 11.5 15.4 11.5
Wildlife 11.5 80.8 84.6
Humans 0 0 0

Four Food animalsc 76.9 3.9 3.9
Equids 11.5 15.4 11.5
Wildlife 11.5 80.8 84.6
Humans 0 0 0

a The ruminant group is a combination of beef and dairy cattle and sheep.
b The livestock group is a combination of beef and dairy cattle, sheep, and

swine.
c The food animal group is a combination of beef and dairy cattle, sheep,

swine, and poultry.
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sence of different kinds of animals in the area where the sam-
ple was collected), can be evaluated to determine whether
more specific methods should be used. In this way, expensive
yet precise tools, such as ribotyping (3, 5, 21), can be applied
only to isolates where there is a higher suspicion that they
come from a specific animal species. When the method is used
in this way, the minimum acceptable correct classification rate
for a source would not need to be extremely high, and models
with ARCC values of over 50% would still be of use as a
screening tool.

The differences in the performance of different types of DA
(linear, quadratic, and nonparametric) may be reflective of the
nature of the distributions of the diffusion zones in this study.
One of the requirements of DA is that the data entering the
analysis be normally distributed (15), which is not characteris-
tic of our data. Nonparametric DA was used, and different
techniques (linear, quadratic, and Epanechnikov) were utilized
to determine how each performed with our bimodal distribu-
tion data. In general, the linear models were better at identi-
fying isolates from swine and species groups containing swine
(livestock and food animals), while the quadratic models were
better at identifying wildlife samples. The Epanechnikov
model using all 12 antimicrobial agents was better at identify-
ing human isolates, while the models with reduced antimicro-
bial agents were better at identifying human and wildlife sam-
ples. Given these differences, the choice of a DA model may
depend on the ultimate purpose of susceptibility testing: if the
purpose of testing unknown samples is to determine whether
they are from human sources, the Epanechnikov model would
provide the best performance. The quadratic model would be
most useful for identifying wildlife as a source of fecal contam-
ination. However, if the purpose of testing is to determine
whether the source of fecal contamination comes from a spe-
cific domestic animal species, such as swine, the linear models
would be preferred. Expanding the source library of isolates to
enter into the DA should also improve model performance and
may highlight the strengths of different model approaches for
the identification of different species groups.

The model-building approach was undertaken to attempt to
improve the performance of the decision rules by reducing the
number of agents entering the analysis (15, 27) and did result
in better model performance for the identification of fecal
isolates (Table 3). Reducing the numbers of feature variables
can be helpful to the DA process, since including too many
variables can harm the performance of the DA in situations
with smaller sample sizes (3, 15). In a study by Beharav and
Nevo (3), a stepwise model-building approach was conducted
by using each variable’s Wilks lambda statistic at a P value of
�0.05 as the criterion for factor inclusion and/or retention.
This approach was tested with our data, but the resulting mod-
els had lower ARCC values than did models generated by
using ARCC as the criterion for factor inclusion/retention. As
found in this earlier study (3), removing agents from the mod-
els improved the ARCC for all species classifications under
cross-validation (Table 3). Given the improvement in ARCC
found when the number of antimicrobial agents used in the
analysis was reduced, agents entered into the DA should be
selected for their abilities to distinguish between source species
groups. By reducing the number of tests being conducted,
limiting the number of agents will also reduce the costs of

antimicrobial resistance testing. Further research is needed to
select a panel of antimicrobials that best distinguishes between
source species.

This study found that linear DA of antimicrobial resistance
profiles assigned the majority of surface water samples in this
study to dairy cattle and food-producing animals (Table 6),
which is supported by other studies that have reported that the
majority of surface water isolate sources classified through DA
were from cattle (27). The reduced ability of DA to correctly
classify environmental samples (Table 5) and the differences in
results seen between the linear models and the quadratic and
Epanechnikov models suggest caution in the interpretation of
these results regarding cattle. However, the consistency in the
classification of the one equine and three wildlife samples,
regardless of method and number of agents, indicates a higher
level of confidence in the classification of these isolates.

Conclusions. Based upon the findings of this study, DA of
antimicrobial resistance profiles can be used as a valid tech-
nique for microbial source identification as long as decision
rules generated in the process are developed carefully with the
goal of improving ARCC for the known-source isolates. The
first consideration before performing the DA is to minimize
the imbalance of numbers between different classification
groups in the known-source library. This can be achieved
through the use of targeted sampling to ensure that numbers of
bacterial isolates entering the DA will be balanced. Next, the
rates of correct classification by the DA should be viewed in
terms of the relative contributions of random chance and the
true discriminatory power of the DA. Any methods applied to
the DA to improve the ARCC should be conducted to specif-
ically increase the true discriminatory power of the DA, rather
than simply improving the overall ARCC. Finally, selectively
reducing the number of potential species classifications and the
number of antimicrobial agents entering the analysis can im-
prove the performance of DA.
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