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Counts of Escherichia coli cells in water indicate the potential presence of pathogenic microbes of intestinal
origin but give no indication of the sources of the microbial pollution. The objective of this research was to
evaluate methods for differentiating E. coli isolates of livestock, wildlife, or human origin that might be used
to predict the sources of fecal pollution of water. A collection of 319 E. coli isolates from the feces of cattle,
poultry, swine, deer, goose, and moose, as well as from human sewage, and clinical samples was used to
evaluate three methods. One method was the multiple-antibiotic-resistance (MAR) profile using 14 antibiotics.
Discriminant analysis revealed that 46% of the livestock isolates, 95% of the wildlife isolates, and 55% of the
human isolates were assigned to the correct source groups by the MAR method. Amplified fragment length
polymorphism (AFLP) analysis, the second test, was applied to 105 of the E. coli isolates. The AFLP results
showed that 94% of the livestock isolates, 97% of the wildlife isolates, and 97% of the human isolates were
correctly classified. The third method was analysis of the sequences of the16S rRNA genes of the E. coli isolates.
Discriminant analysis of 105 E. coli isolates indicated that 78% of the livestock isolates, 74% of the wildlife
isolates, and 80% of the human isolates could be correctly classified into their host groups by this method. The

results indicate that AFLP analysis was the most effective of the three methods that were evaluated.

Water quality in many lakes and rivers has been impaired by
the presence of high levels of fecal coliform bacteria, which is
indicative of contamination by feces (1, 18). Such contamina-
tion brings the threat of infection for people who use the water
for drinking, bathing, or watering fruits and vegetables. Un-
derlying this concern are numerous reports of waterborne out-
breaks of disease involving fecal organisms such as Escherichia
coli O157:H7, Campylobacter jejuni, Salmonella, Vibrio chol-
erae, and shigellae (4, 10, 18, 22). Identification of the source of
the bacterial contamination is an essential first step in seeking
to control fecal contamination of water. In particular, it is
important to determine whether the source of fecal contami-
nation is of human, livestock, or wildlife origin, as microorgan-
isms of human origin are regarded as having greater potential
to cause disease in humans (29).

The multiple-antibiotic-resistance (MAR) test is based on
detection of bacterial resistance to a panel of antibacterial
agents. The MAR patterns reflect the selective pressures im-
posed on the gastrointestinal floras of humans and animals
during antibiotic use. The MAR test has been reported to be
capable of identifying the sources of fecal streptococcal con-
tamination in water (14) and distinguishing between E. coli
strains from specific point sources, such as industrial and mu-
nicipal effluents, and strains from nonpoint sources, such as
land runoff, that are dispersed over wide areas (27).

Rapid advances in nucleic acid-based technologies may per-
mit discrimination among E. coli strains from different hosts
(30). These methods include amplified fragment length poly-

* Corresponding author. Mailing address: Department of Patho-
biology, University of Guelph, Guelph, ON N1G 2W1, Canada.
Phone: (519) 824-4120, ext. 4715. Fax (519) 767-0809. E-mail: cgyles
@uoguelph.ca.

2690

morphism (AFLP) analysis and 16S rRNA gene sequencing (5,
16).

AFLP analysis is a relatively new and sensitive fingerprinting
technique, which generates highly reproducible results and has
superior discriminatory power (32). This method is based on
selective amplification of a subset of DNA fragments from a
digest of total genomic DNA (38). AFLP analysis has been
used in the genotyping of a variety of bacterial species, such as
Campylobacter spp. (8, 23), Pseudomonas spp. (32, 33), Chia-
mydia spp., V. cholerae, Mycoplasma spp. (20), and E. coli (3),
and has been shown to discriminate bacteria down to the strain
level. In addition, fluorescent AFLP analysis can be easily
automated, digitized, and standardized for long-term database
buildup, cross-referencing, and exchange of data between lab-
oratories. For these reasons, AFLP analysis has been widely
used for bacterial taxonomic, diagnostic, epidemiological, and
source-tracking applications (6, 17, 42). However, the feasibil-
ity of using AFLP fingerprinting to predict the host origins of
E. coli strains has not been investigated previously.

Sequence analysis of bacterial 16S rRNA genes, amplified
directly from bacterial cultures or complex communities, pro-
vides an efficient strategy for differentiating bacterial species.
This technique is becoming increasingly automated and, there-
fore, is a reasonable alternative for genotyping bacterial iso-
lates. It has been successfully applied in various ecosystems to
investigate the bacterial composition of complex microbiota,
such as the human colon (40), to compare strains from differ-
ent reference collections (28), and to identify bacterial patho-
gens (24, 41).

The objective of this study was to evaluate the three test
procedures identified above for effectiveness in determining
the species of origin of E. coli. This bacterium was selected
because it is a common environmental bacterium and a specific
indicator of fecal pollution in water.
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TABLE 1. E. coli isolates used in this study

Host Designation prefix(es) No. of isolates
Human H, HA* 96
Bovine beef BB 25
Bovine dairy BD 32
Pig P 19
Geese G 20
Chicken C 10
Turkey T 34
Moose M 2
Deer DP, DR’ 81
Total 319

“H, isolates from Guelph sewage plant; HA, isolates from human fecal sam-
ples.

® DP, deer isolates from Pinery Provincial Park, Ontario, Canada; DR, deer
isolates from Rondeau Provincial Park, Ontario, Canada.

MATERIALS AND METHODS

Sample collection and identification. A total of 319 E. coli isolates were
collected from known sources in widespread locations in southern Ontario (Ta-
ble 1). The samples from which E. coli strains were isolated included fresh feces
from cattle (dairy and beef), poultry (chickens and turkeys), and wildlife; lagoons
of swine operations; and influents of municipal sewage treatment plants. All
samples were streaked on MacConkey agar plates, which were incubated at 37°C
overnight. A single E. coli colony was selected from each fecal sample and from
each sample of municipal sewage. The initial selection was for lactose-fermenting
colonies, which were confirmed to be E. coli by the Cathra RepliAnalyzer system
(Oxoid Inc., Nepean, Ontario, Canada). It was often necessary to test two or
three colonies from municipal sewage samples in order to obtain a single E. coli
colony. The E. coli isolates and their host sources are shown in Table 1.

MAR test. The following antibiotics and concentrations (in micrograms per
milliliter) were used in this study: ampicillin, 16; cephalothin, 16; streptomycin,
16; neomycin, 32; kanamycin, 16; gentamicin, 8; tetracycline, 16; chloramphen-
icol, 16; sulfathiazole, 500; cotrimoxazole, 10; apramycin, 8; ceftiofur, 2; specti-
nomycin, 16; and tilmycosin, 64. The 14 antibiotics were chosen in order to
permit comparisons with previous studies involving the use of the MAR index
and also to reflect the antibiotics to which farm animals are exposed. The MAR
tests were performed by using the Cathra RepliAnalyzer system (Oxoid) accord-
ing to the manufacturer’s instructions. Cultures to be tested were replica plated
on each of 14 antibiotic plates plus a control plate which lacked antibiotic. E. coli
strain ATCC 25922 was used as a drug-sensitive negative control. After inocu-
lation, the plates were incubated at 35°C for 18 to 24 h, and the results were
recorded. The MAR patterns were converted to binary codes on the basis of
sensitivity or resistance for discriminant analysis (DA) (the DISCRIM proce-
dure) using Statistical Analysis System (SAS) software (version 8.1 for Unix; SAS
Institute Inc.). The MAR index for each group was determined by the method of
Kaspar et al. (19). The MAR index for a host group was calculated by summing
the numbers of drugs to which each isolate was resistant and dividing the
resulting number by the product of the number of antibiotics and the number of
isolates tested. This index was a measure of the extent of drug resistance for
isolates in the group.

Fluorescent AFLP fingerprinting. E. coli cells were collected from 0.5-ml
overnight cultures grown in brain heart infusion broth (Becton Dickinson,
Oakville, Ontario, Canada) at 37°C, and the genomic DNA were extracted from
the cell pellets with a DNeasy tissue kit (QIAGEN, Missisauga, Ontario, Cana-
da). A 50-ng portion of each genomic DNA was digested with EcoRI and Msel,
and the resulting DNA fragments were ligated to EcoRI and Msel adapters of an
AFLP microbial fingerprinting kit (Applied Biosystems, Foster City, Calif.) by
following the specifications of the manufacturer. The EcoRI-Msel fragments
tagged with specific adapters were then selectively amplified by using the Gene-
Amp 9600 PCR system (Applied Biosystems). Two pairs of primers, EcoRI-A
(labeled with the fluorescent dye FAM) plus Msel-G and EcoRI-C (labeled with
the fluorescent dye NED) plus Msel-CA, were used in this work (38). The
following thermocycling conditions were used: one cycle of 2 min at 96°C, 30 s at
65°C, and 2 min at 72°C; eight cycles of 1 s at 94°C, 30 s at 64 to 57°C (1°C
touching down from the previous cycle), and 2 min at 72°C; 28 cycles of 1 s at
94°C, 30 s at 56°C, and 2 min at 72°C; and a final incubation at 60°C for 30 min.
The amplified DNA products were separated with a 5% (wt/vol) Long Ranger
gel (J. T. Baker, Toronto, Ontario, Canada) by using 0.6X Tris-borate-EDTA
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buffer (Bio-Rad, Missisauga, Ontario, Canada) for 3.5 h and an ABI 377 DNA
sequencer (Applied Biosystems). The GSROX 500 size standard (Applied Bio-
systems) was included as an internal marker.

The AFLP results were captured by using ABI PRISM GeneScan 3.1 software
(Applied Biosystems), and the fragment data were tabulated by size and fluo-
rescent intensity by using the ABI PRISM GenoTyper 2.5 software (Applied
Biosystems). All electropherograms were visually inspected for polymorphous
peaks before the table file was produced. Only fragments in the range from 50 to
500 bp were considered further because the resolving capability of the sequenc-
ing gel is generally good in this range. The table files generated with the Geno-
Typer software were scanned for discriminatory bands by using a Perl script
developed for this research. Bands that appeared predominantly in one or two of
the three host groups (livestock, wildlife, and human) but were absent from or
less frequent in the other groups were considered to be discriminatory bands.
The band pattern of each isolate was converted to binary codes by using another
Perl script based on the presence or absence of the discriminatory bands (1 for
presence and 0 for absence). Further analysis of the AFLP data was performed
by using other Perl programs in combination with SAS software and TreeCon,
version 1.3b (37). An unrooted phylogenetic tree was visualized with TreeView
1.6.5 software (26).

Sequencing of 16S rRNA genes. Bacterial genomic DNA was extracted from
the same 105 bacterial isolates that were used for the AFLP analysis. PCR
amplification of the partial 16S rRNA gene was performed by using a forward
primer (5'-AATTGAAGAGTTTGATCATG-3') and a reverse primer (5'-CTC
TACGCATTTCACCGCTAC-3"). Each PCR mixture (25 wl) contained 10 mM
Tris-HCI (pH 8.3), 2 mM MgCl, 100 ng of genomic DNA, each primer at a
concentration of 0.8 uM, each deoxynucleoside triphosphate at a concentration
of 2 mM, and 2 U of Tag DNA polymerase (Applied Biosystems). The PCRs
were performed with a PE-9600 thermocycler (Applied Biosystems) under the
following conditions: denaturation for 5 min at 95°C; 30 cycles of 40 s at 94°C,
30 s at 56°C, and 30 s at 72°C; and a final extension step of 7 min at 72°C. The
resultant purified PCR products were sequenced by using the forward primer.
The amplicon size varies slightly among different E. coli isolates. In the case of
E. coli K-12, PCR amplification of the 16S rRNA gene (GenBank accession
number AE000452) with the designated primers produces a 704-bp DNA frag-
ment. The 543 bases of nucleotide sequence corresponding to positions 68 to 610
of the E. coli K-12 16S rRNA gene were sequenced. Sequences were aligned and
a phylogenetic tree was constructed by using ClustalW software, version 1.7 (35).
Sequence data were then converted into numeric data by using the Replace
function of Microsoft Word. Conversion from nucleotide bases to numbers was
based on the following relationships: A =1,C=2,G =3,T =4, N =5, and
gap = 6. Spaces were used between numbers. For instance, the sequence
ATGC-N was converted to numeric pattern 1 4 3 2 6 5. The resulting data were
further analyzed by using the DA procedure of SAS (the DA procedure requires
numeric data for analysis).

RESULTS

MAR test. Of the 319 E. coli isolates examined, 178 (55.8%)
were resistant to one or more antibiotics (Table 2). Eighty-two
distinctive antibiotic resistance patterns were observed alto-
gether. Livestock isolates, especially poultry and swine isolates,
displayed higher percentages of resistance to most of the an-
tibiotics tested than did human and wildlife isolates. The av-
erage MAR indices for human, livestock, and wildlife isolates
were 0.1339, 0.0966, and 0.027, respectively. Among the live-
stock isolates, the MAR indices were highest for the turkey
isolates (0.3298) and pig isolates (0.3008), intermediate for the
chicken isolates (0.1286), and lower for the cattle isolates
(0.0400 for beef isolates and 0.0513 for dairy isolates), whose
MAR indices were similar to those of wildlife isolates. These
results are consistent with other reports that the MAR indices
of fecal E. coli from wild animals were generally low, while
human and livestock isolates had higher indices (19, 21).

The DISCRIM procedure of SAS classifies observations into
two or more possible groups on the basis of quantitative vari-
ables. DA differs from cluster analysis (CA) in that all varieties
of DA require prior knowledge of the classes, usually in the
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TABLE 2. Number of E. coli isolates resistant to each antimicrobial agent

No. of isolates resistant”

Antimicrobial agent

Human Beef Dairy Chicken Pig Turkey Deer Goose Moose

(n = 96) (n = 25) (n = 32) (n = 10) (n =19) (n =34) (n = 81) (n = 20) n=2)
Ampicillin 42 1 2 0 6 18 0 1 0
Cephalothin 14 4 1 0 2 3 4 1 0
Streptomycin 13 1 3 4 13 28 1 0 0
Neomycin 0 0 1 0 5 14 0 0 0
Kanamycin 2 0 1 0 6 15 0 0 0
Gentamicin 3 0 0 1 0 4 0 0 0
Tetracycline 16 1 4 2 17 29 2 0 0
Chloramphenicol 0 0 0 0 1 0 0 0 0
Sulfathiazole 15 3 4 8 11 24 2 0 0
Cotrimoxazole 7 0 2 0 2 2 0 0 0
Apramycin 16 0 0 0 0 3 1 0 0
Ceftiofur 9 0 0 0 0 0 0 1 0
Spectinomycin 22 4 2 3 11 8 5 2 0
Tilmycosin 21 0 3 0 6 9 15 4 0

“ The MAR indices for the human, beef, dairy, chicken, pig, turkey, deer, goose, and moose isolates are 0.1339, 0.04, 0.0513, 0.1286, 0.3008, 0.3298, 0.0265, 0.0321,
and 0, respectively. The MAR indices for human and chicken isolates are each significantly different from the MAR indices for beef, dairy, pig, turkey, deer and goose
isolates; the MAR indices for beef, dairy, deer, and goose isolates are each significantly different from the MAR indices for human, chicken, pig, and turkey isolates;
and the MAR indices for pig and turkey isolates are each significantly different from the MAR indices for human, beef, dairy, chicken, deer, and goose isolates. The
value for the moose isolates was not included in the analysis of significant differences because of the low number of samples. When the isolates of animal origin are
grouped as livestock and wildlife isolates, the MAR indices for these groups are 0.0966 and 0.027, respectively.

form of a sample from each class. In CA, the data do not When deer, goose, and moose isolates were pooled together
include information on class membership; the purpose is sim- as the wildlife group and swine, turkey, chicken, and bovine iso-
ply to construct a classification. By using DA with the 319 E. lates were pooled together as the livestock group, the ARCC
coli isolates, the average rate of correct classification (ARCC) were 55.21% for the human isolates, 45.83% for the livestock
for all isolates was 33.9% when all isolates were reclassified isolates, and 95.15% for the wildlife isolates (Table 3). The
into nine host groups (81 of 319 isolates). The ARCC was most common misclassifications were between livestock and
calculated by dividing the number of isolates which were cor- wildlife isolates and between human and wildlife isolates.
rectly assigned to a given group by the total number of isolates When all nonhuman sources were pooled so that each isolate
in that group tested and multiplying by 100%. The probability was classified as either human or nonhuman and DA was
that an isolate fell into one of nine categories by chance alone performed, the ARCC for human increased to 56.25% and the
is 11.1%. Moose and chicken isolates were well classified (100 ARCC for nonhuman isolates increased to 92.38% (Table 3).
and 80%, respectively), while goose, bovine dairy, and deer Fluorescent AFLP analysis. Two selective primer combina-
isolates were classified poorly (0, 0, and 14.81%, respectively). tions (EcoRI-A plus Msel-G and EcoRI-C plus Msel-CA) were
Most of the goose and bovine dairy isolates were misclassified used with a subset of 105 E. coli isolates, which were randomly
into moose categories because these groups displayed similar selected from every host group. Primers EcoRI-A and Msel-G
MAR profiles (i.e., zero resistance to many of the antibiotics) generated 35 to 40 fragments that ranged in size from 50 to 500
(Table 3). bp, while primers EcoRI-C and Msel-CA generated 10 to 20

TABLE 3. Classification of E. coli isolates by source based on MAR profiles and DA analysis

% of isolates classified as”:

Source

Human Beef Dairy Chicken Pig Turkey Deer Goose Moose

(n = 96) (n = 25) (n=32) (n = 10) (n=19) (n = 34) (n = 81) (n = 20) (n=2)
Human 48.96 5.21 1.04 2.08 9.38 3.13 2.08 1.04 27.08
Beef cattle 0 24.00 0 8.00 0 4.00 0 0 64.00
Dairy cattle 3.13 6.25 0 0 9.38 3.13 9.38 0 68.75
Chicken 0 10.00 0 80.00 10.00 0 0 0 0
Pig 0 5.26 5.26 0 63.16 26.32 0 0 0
Turkey 2.94 0 0 5.88 14.71 61.76 2.94 0 11.76
Deer 1.23 7.41 0 1.23 1.23 1.23 14.81 2.47 70.37
Goose 5.00 10.00 0 0 0 0 15.00 0 70.00
Moose 0 0 0 0 0 0 0 0 100.00

“ When human, livestock, and wildlife species groups were distinguished, 55.21% of the isolates in the human species group (n = 96) were classified as human isolates,
10.42% of the isolates were classified as livestock isolates, and 34.38% of the isolates were classified as wildlife isolates; in the livestock species group (n = 120), 6.67%
of the isolates were classified as human isolates, 45.83% of the isolates were classified as livestock isolates, and 47.50% of the isolates were classified as wildlife isolates;
and in the wildlife species group (n = 103), 1.94% of the isolates were classified as human isolates, 2.91% of the isolates were classified as livestock isolates, and 95.15%
of the isolates were classified as wildlife isolates. When human and nonhuman species groups were distinguished, 56.25% of the isolates in the human species group
(n = 96) were classified as human isolates and 43.75% of the isolates were classified as nonhuman isolates; in the nonhuman species group (n = 223), 7.62% of the
isolates were classified as human isolates and 92.38% of the isolates were classified as nonhuman isolates.



VoL. 68, 2002

PROCEDURES FOR DIFFERENTIATING AMONG E. COLI ISOLATES

DP6
HA9

2693

Cluster I

20 human
12 livestock
4 wildlife

Cluster I & III
6 human

17 livestock

11 wildlife

Cluster IV
9 human

7 livestock
19 wildlife

J

FIG. 1. CA of fluorescent AFLP results obtained by using primers EcoRI-A and Msel-G for 105 E. coli isolates from various host sources.
Bacterial designation prefixes based on host origins are explained in Table 1. The tree was constructed with TREECON, version 1.3b.

fragments. The average band intensities (represented by peak
heights) were 2,038 fluorescence units for the EcoRI-A-
Msel-G primer set and 2,166 fluorescence units for the EcoRI-
C-Msel-CA primer set under the test conditions. This indi-
cated that most of the bands were readily distinguishable from
background noise, which was less than 200 fluorescence units.

To evaluate whether the AFLP results could be used to
correctly predict the host origins of E. coli isolates, the AFLP
data for the 105 E. coli isolates were converted to binary codes
by using the Perl scripts referred to in Materials and Methods.
Altogether, 101 distinct band patterns were observed with data
obtained with primers EcoRI-A and Msel-G based on 87 se-

lected discriminatory bands, whereas 85 distinct band patterns
were observed with data obtained with primers EcoRI-C and
Msel-CA based on 74 selected discriminatory bands. These
observations indicated that most of the E. coli isolates pro-
duced unique band patterns.

CA of the AFLP data obtained with primers EcoRI-A and
Msel-G resulted in the dendrogram shown in Fig. 1. Four
major phylogenetic groups (clusters I through IV) were evi-
dent. Twenty of the 35 human isolates were present in the
largest cluster (cluster I), along with 12 livestock isolates and
four wildlife isolates. The second largest branch was cluster IV,
which contained nine human isolates, seven livestock isolates,
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TABLE 4. DA of AFLP data obtained with primers EcoRI-A and Msel-G
% of isolates classified as:

Source Human Beef Dairy Chicken Pig Turkey Deer Goose Moose

(n = 35) (n=17) n=7) n="7 (n =38) n="17 (n = 25) n="7 n=2)
Human 97.14 0 0 0 0 0 2.86 0 0
Beef cattle 14.29 85.71 0 0 0 0 0 0 0
Dairy cattle 0 0 100 0 0 0 0 0 0
Chicken 0 0 0 100 0 0 0 0 0
Pig 0 0 0 0 100 0 0 0 0
Turkey 0 0 0 0 0 100 0 0 0
Deer 4.00 0 0 0 0 0 96.00 0 0
Geese 0 0 0 0 0 0 0 100 0
Moose 0 0 0 0 0 0 0 0 100

¢ When human, livestock, and wildlife species groups were distinguished, 97.14% of the isolates in the human species group (n = 35) were classified as human isolates,
and 2.86% of the isolates were classified as wildlife isolates; in the livestock species group (n = 36), 2.78% of the isolates were classified as human isolates, 94.44%
of the isolates were classified as livestock isolates, and 2.78% of the isolates were classified as wildlife isolates; and in the wildlife species group (n = 34), 2.94% of the
isolates were classified as human isolates, and 97.06% of the isolates were classified as wildlife isolates. When human and nonhuman species groups were distinguished,
97.14% of the isolates in the human species group (n = 35) were classified as human isolates, and 2.86% of the isolates were classified as nonhuman isolates; in the
nonhuman species group (n = 70), 1.43% of the isolates were classified as human isolates, and 98.57% of the isolates were classified as nonhuman isolates.

and 19 wildlife isolates. Clusters II and III together contained
six human isolates, 17 livestock isolates, and 11 wildlife iso-
lates. Cluster I contained more than one-half of the human
isolates, clusters II and III contained more livestock isolates,
and cluster IV essentially favored wildlife isolates. The AFLP
data obtained with primers EcoRI-C and Msel-CA were also
examined by using CA, but no significant conclusions could be
drawn (data not shown). These results indicated that CA of
AFLP data might not be suitable for predicting fecal contam-
ination sources.

Whereas CA of AFLP data is commonly reported, regroup-
ing and predicting bacterial contamination sources based on
AFLP results are generally not done. When the binary code
files were analyzed by using the DISCRIM procedure of SAS,
satisfactory grouping was achieved for the 105 E. coli isolates
examined (Tables 4 and 5). For instance, 97.1% of the human
isolates, 94.4% of the livestock isolates, and 97.1% of the
wildlife isolates were correctly classified when the data gener-
ated with primers EcoRI-A and Msel-G were analyzed,
whereas 71.4% of the human isolates, 77.8% of the livestock
isolates, and 94.1% of the wildlife isolates were correctly clas-

sified when data obtained with primers EcoRI-C and Msel-CA
were analyzed (Tables 4 and 5). These results suggest that the
AFLP method could be used as an effective way to predict the
sources of contaminating E. coli isolates.

To further verify the predictive value of DA, another Perl
program was developed to assign each individual sample to
one of three possible groups (human, livestock, and wildlife)
on the basis of AFLP band patterns. This program treats each
band listed in the criterion file independently. The program
first screened for discriminatory bands from all known samples
and established a criterion file containing a list of selected
bands. If a band was restricted to or predominantly present in
one or two of the three possible groups, it was selected into the
criterion file. The program then compared the band pattern of
an unknown sample and the band list in the criterion file. If the
unknown sample contained a band listed in the criterion file,
the program calculated three likelihood values that this sample
might fall into each of the three groups. After all the bands on
the criterion band list were examined, the likelihood values
corresponding to each of the three possible groups were com-
bined. The unknown sample was classified into the group that

TABLE 5. DA of AFLP data obtained with primers EcoRI-C and Msel-CA

% of isolates classified as”:

Source Human Beef Dairy Chicken Pig Turkey Deer Goose Moose

(n = 35) n="7 n="17 n="7 (n =8) n="7 (n = 25) n="7 n=2)

Human 71.43 5.71 5.71 0 8.57 0 2.86 2.86 2.86
Beef cattle 0 71.43 0 0 0 0 14.29 14.29 0
Dairy cattle 0 14.29 71.43 0 0 0 0 14.29 0
Pig 0 0 0 87.50 0 0 0 12.50 0
Turkey 14.29 14.29 0 0 71.43 0 0 0 0
Chicken 0 14.29 0 0 0 85.71 0 0 0
Deer 0 4.00 8.00 0 0 0 84.00 4.00 0
Geese 0 0 0 0 0 0 14.29 85.71 0
Moose 0 0 0 0 0 0 0 0 100

“ When human, livestock, and wildlife species groups were distinguished, 71.43% of the isolates in the human species group (n = 35) were classified as human isolates,
8.57% of the isolates were classified as livestock isolates, and 20.0% of the isolates were classified as wildlife isolates; in the livestock species group (n = 36), 8.33%
of the isolates were classified as human isolates, 77.78% of the isolates were classified as livestock isolates, and 13.89% of the isolates were classified as wildlife isolates;
and in the wildlife species group (n = 34), 2.94% of the isolates were classified as human isolates, 2.94% of the isolates were classified as livestock isolates, and 94.12%
of the isolates were classified as wildlife isolates. When human and nonhuman species groups were distinguished, 80% of the isolates in the human species group (n
= 35) were classified as human isolates and 20% of the isolates were classified as nonhuman isolates; in the nonhuman species group (n = 70), 8.57% of the isolates
were classified as human isolates and 91.43% of the isolates were classified as nonhuman isolates.
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TABLE 6. Reclassification analysis of AFLP data using
a Perl program

Primers EcoRI-A Primers EcoRI-C

and Msel-G and Msel-CA
Group
ARCC (%) Cor(‘f,}f)i““ ARCC (%) Cor:f(i;jf““
Human 80.00 65.12 80.00 63.64
Livestock 66.67 77.42 52.78 79.17
wildlife 73.53 80.65 61.72 72.41

“ Confidence = (number of isolates which were correctly classified into one
group/total number of isolates that were classified into that group) X 100%.

had the greatest likelihood value. The best way to assess the
reclassification accuracy of this Perl program is to examine the
rate of correct classification of E. coli isolates from known
sources. When the Perl program was used to reclassify the 105
E. coli isolates mentioned above, 80% of the human isolates,
67% of the livestock isolates, and 74% of the wildlife isolates
could be correctly classified with data obtained with primers
EcoRI-A and Msel-G (Table 6). When the results from the
Perl program analysis were visualized by using the TreeView
software, each individual isolate was shown in the category to
which it most likely belonged (Fig. 2a). A slightly lower rate of
correct classification was obtained when data obtained with
primers EcoRI-C and Msel-CA were analyzed (Table 6 and
Fig. 2b). The advantage of using the Perl program is that it
does not require a large database to predict the results for
unknown samples because it is a band-by-band-based method
instead of a pattern-by-pattern-based method. It also displays
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a confidence rate that equals the number of isolates correctly
classified into a given group divided by the total number of
isolates classified into that group based on known samples
(Table 6).

16S rRNA gene sequencing. The partial 16S rRNA genes of
the 105 E. coli isolates used in the AFLP analysis were ampli-
fied. This part of the 16S rRNA gene was chosen for analysis
because it is more variable and is routinely used in our lab for
reliable identification of unknown bacterial species. All se-
quences showed a high degree of similarity to each other and
to the 16S rRNA gene of E. coli K-12. CA using ClustalW or
the neighbor-joining method of the Phylip package (9) indi-
cated that the 16S rRNA gene sequencing analysis was not
sufficiently discriminative. No obvious correlation was ob-
served between 16S rRNA gene sequences and host sources of
isolation, except that 13 of the human isolates were clustered
together (data not shown). However, when the multiple-
aligned-sequence file was converted into a numeric file and the
numeric file was further analyzed by using the DA procedure
of SAS, remarkably good rates of correct classification were
achieved (Table 7). Pooling of related animal sources in-
creased the rate of correct classification, although the rates
were not as high as the AFLP analysis rates.

DISCUSSION

The purpose of this study was to identify a procedure that
could be used to differentiate E. coli isolates of various host
origins, thereby allowing development of a system for deter-
mining the sources of fecal pollution. A total of 319 E. coli
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FIG. 2. Unrooted tree generated by a Perl program showing that most of the E. coli isolates were correctly classified into the host groups. The
tree was visualized by using TreeView 1.6.5 software (26). Bacterial designation prefixes based on host origins are explained in Table 1. (a) AFLP
results generated with primers EcoRI-A and Msel-G; (b) AFLP results generated with primers EcoRI-C and Msel-CA.
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TABLE 7. DA analysis of the partial 16S rRNA genes from 105 E. coli isolates”
% of isolates classified as’:

Source Human Beef Diary Chicken Pig Turkey Deer Goose Moose

(n = 35) (n=17) n=7) n="7 (n =38) n="17 (n = 25) n="7 (n=2)
Human 77.14 0 0 0 0 11.43 8.57 2.86 0
Beef cattle 14.29 85.71 0 0 0 0 0 0 0
Dairy cattle 0 0 71.43 0 0 14.29 0 14.29 0
Chicken 0 0 0 85.71 0 0 14.29 0 0
Pig 37.50 0 0 0 37.50 12.50 12.50 0 0
Turkey 28.57 0 0 0 14.29 42.86 14.29 0 0
Deer 20.83 0 0 4.17 0 0 75.00 0 0
Goose 12.50 0 0 0 0 0 0 87.50 0

Moose 50.00 0 0 0 0 0 0 0 50.00

@ Partial nucleotide sequences (543 bp) corresponding to positions 68 to 610 of the E. coli K-12 16S rRNA gene (GenBank accession number AE000452) were

analyzed.

® When human, livestock, and wildlife species groups were distinguished, 80.00% of the isolates in the human species group (n = 35) were classified as human isolates,
8.57% of the isolates were classified as livestock isolates, and 11.43% of the isolates were classified as wildlife isolates; in the livestock species group (n = 36), 11.11%
of the isolates were classified as human isolates, 77.78% of the isolates were classified as livestock isolates, and 11.11% of the isolates were classified as wildlife isolates;
and in the wildlife species group (n = 34), 14.71% of the isolates were classified as human isolates, 11.76% of the isolates were classified as livestock isolates, and 73.53%
of the isolates were classified as wildlife isolates. When human and nonhuman species groups were distinguished, 80.00% of the isolates in the human species group
(n = 35) were classified as human isolates and 20.00% of the isolates were classified as nonhuman isolates; in the nonhuman species group (n = 70), 11.43% of the
isolates were classified as human isolates and 88.57% of the isolates were classified as nonhuman isolates.

isolates were collected from nine known host sources in wide-
spread locations in southern Ontario, and three typing tech-
niques were evaluated. Our results indicate that fluorescent
AFLP fingerprinting provided the highest level of discrimina-
tory capacity for differentiating various E. coli isolates and for
identifying the fecal contamination sources.

Of the three methods investigated in this work, the MAR
test is the simplest and the least expensive approach. Several
researchers have previously used the MAR profiles of strep-
tococci to identify fecal pollution sources (13, 14, 39). Wig-
gins reported that the ARCC was 84% when streptococcal
isolates were pooled into four possible categories (cattle,
human, poultry, and wildlife) (39), whereas Hagedorn et al.
(13) demonstrated that the average correct identification
rate for fecal Streptococcus sources was 87% for 7,058 iso-
lates. These results are better than the 64.58% accuracy
obtained if all 319 E. coli isolates in the present study were
pooled into three possible categories (human, livestock, and
wildlife). Several factors may contribute to the difference in
the results. First, fecal Streptococcus was investigated rather
than E. coli, and second, different antibiotic panels were
used. A third contributing factor was the difference in the
diversities of the bacterial collections. In the present study,
animal fecal samples were collected from farms or provin-
cial parks located over a wide geographic area and only one
E. coli isolate was selected from each animal fecal sample,
so that repetitious selection of the same clone of E. coli was
avoided. Consequently, a more diversified and representa-
tive collection of E. coli isolates was utilized. This sampling
protocol could produce a more heterogeneous collection of
bacterial isolates than other protocols, in which multiple
bacterial isolates were derived from each fecal sample (39).

It is interesting that E. coli isolates from beef and dairy cattle
exhibited very low MAR indices which were similar to those of
wildlife. Most of the bovine isolates were not resistant to any of
the antibiotics tested. This may reflect the fact that antibiotics
are less widely used on dairy and beef farms than in poultry
and swine operations. However, the overall rate of correct

classification for the three sources was significantly weighted
because most of the bovine isolates were misclassified and
placed into the wildlife group. If bovines were considered
members of the wildlife group, the rates of correct classifica-
tion were dramatically increased for three sources (human,
54.17%; livestock, 73.02%; and wildlife, 94.38%). Interestingly,
most (>80) of the wildlife samples were obtained from deer,
which, like cattle, are ruminants. In another study of fecal
streptococci, Hagedorn et al. also reported that the antibiotic
resistance patterns of beef cow and wildlife isolates are very
similar (13). It is unclear if the low antibiotic resistance of
these E. coli isolates is associated with the diets of their hosts.

Bacteria gain resistance to antimicrobial agents primarily
through three mechanisms: (i) acquisition of antibiotic resis-
tance genes through mobile elements, such as plasmids and
insertion sequences (31); (ii) mutations in genes responsible
for antibiotic uptake or binding sites (34); and (iii) activation of
the MAR locus (mar) in the bacterial chromosome (2, 12).
Over time, the patterns of antibiotic resistance in bacterial
communities may change dramatically depending on geo-
graphic location, farm management, and levels and kinds of
antibiotics used in the local human population and livestock
husbandry (11, 15, 25). For this reason, the MAR test might be
more suitable for microbial source tracking or surveillance in
designated geographic locations and self-contained systems,
such as estuaries, provided that a comprehensive and repre-
sentative criterion database is locally established beforehand.

AFLP fingerprinting has been shown to be a powerful tool
for molecular characterization of various bacterial species (7,
36). However, the real power of this technique may rely on
tailoring to account for genomic differences of various organ-
isms (genome size, G+C content, and DNA modification).
The choice of the restriction enzymes and selective primers
used is crucial to the outcome of AFLP analysis. In this study,
two restriction enzymes (EcoRI and Msel) and two sets of
primers (EcoRI-A plus Msel-G and EcoRI-C plus Msel-CA)
were selected. Since the genomes of three E. coli strains have
been completely sequenced, the number of bands and frag-
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ments generated by using the designated adapters and selective
primers could be predicted (i.e., electronic AFLP analysis).
Based on the complete sequence information deposited in
GenBank, the combination of restriction enzymes EcoRI and
Msel should generate a total of 21,852 fragments for E. coli
K-12 (‘accession numberU00096), 26,131 fragments for E. coli
O157:H7 (NC_002695), and 26,313 fragments for E. coli
O157:H7 strain EDL933 (AE005174). Theoretically, 1,234,
1,502, and 2,939 of these fragments should contain one EcoRI
end and one Msel end, respectively; the rest of the fragments
should contain either two EcoRI ends or two Msel ends. Com-
puter-assisted analysis suggested that 86, 82, and 78 fragments
could be amplified if selective primers EcoRI-A and Msel-G
were used, 49, 52, and 51 of which should be unique in size and
should fall in the size range from 50 to 500 bp. In contrast,
selective primers EcoRI-C and Msel-CA should amplify only
14, 23, and 22 fragments, and 9, 19, and 17 of them should be
in the size range from 50 to 500 bp and be unique. Although
the genomic sequences of E. coli strains vary, this electronic
AFLP analysis suggested that digestion of E. coli genomic
DNA with EcoRI and Msel was suitable for AFLP analysis.

The computer analysis also predicted that selective primers
EcoRI-A and Msel-G should produce more bands that were
evenly distributed in terms of length than primers EcoRI-C
and Msel-CA should produce and hence should result in
greater discrimination. Our experimental data were consistent
with these expectations. The difference between the number of
fragments detected and the number of fragments predicted
could be explained by the genetic diversity of E. coli isolates,
inefficient amplification of some of the fragments, and the
inability of the software to detect some weak bands. The use of
a Perl program to screen for discriminative bands could po-
tentially lead to discovery of new DNA markers that are spe-
cifically associated with one host group.

In conclusion, the three different methods that were evalu-
ated varied in the ability to differentiate the E. coli isolates
from various sources. Fluorescent AFLP analysis provided the
greatest discriminatory power, the highest rate of correct clas-
sification, and ease of standardization and automation, but this
technique requires a major capital investment (an automated
DNA sequencer and appropriate software). The two other
methods (MAR test and 16S rRNA sequencing) also provided
moderate to high degrees of correct classification. In particu-
lar, the MAR test is a simple and cost-effective approach, which
is more suitable for surveillance of local self-contained water
or environmental systems. Although extensive field testing is
required to determine the efficacy of these assays and much
larger referencing databases must be accumulated before these
methods could be used for routine natural environmental mon-
itoring, these assays appear to provide promising diagnostic
tools for tracking nonpoint sources of fecal pollution.
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