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The goal of the study was to determine which similarity coefficient and statistical method to use to produce
the highest rate of correct assignment (RCA) in repetitive extragenic palindromic PCR-based bacterial source
tracking. In addition, the use of standards for deciding whether to accept or reject source assignments was
investigated. The use of curve-based coefficients Cosine Coefficient and Pearson’s Product Moment Correlation
yielded higher RCAs than the use of band-based coefficients Jaccard, Dice, Jeffrey’s x, and Ochiai. When
enterococcal and Escherichia coli isolates from known sources were used in a blind test, the use of maximum
similarity produced consistently higher RCAs than the use of average similarity. We also found that the use of
a similarity value threshold and/or a quality factor threshold (the ratio of the average fingerprint similarity
within a source to the average similarity of this source’s isolates to an unknown) to decide whether to accept
source assignments of unknowns increases the reliability of source assignments. Applying a similarity value
threshold improved the overall RCA (ORCA) by 15 to 27% when enterococcal fingerprints were used and 8 to
29% when E. coli fingerprints were used. Applying the quality factor threshold resulted in a 22 to 32%
improvement in the ORCA, depending on the fingerprinting technique used. This increase in reliability was,
however, achieved at the expense of decreased numbers of isolates that were assigned a source.

The goal of bacterial source tracking is to identify sources of
bacterial contamination in, for example, water or food prod-
ucts. One of the main uses of bacterial source tracking is to
identify sources of fecal pollution in natural waters. Because
the bacterium used as a tracer is part of the normal intestinal
microbiota, it can be used as an indicator of the source of fecal
pollution. With a DNA fingerprint library-based approach, the
first step is to establish a collection of fingerprints of isolates
from likely sources of fecal pollution. The fingerprints are
grouped into library units according to the source of the iso-
late. The DNA fingerprints from water-isolated bacteria are
then compared with the libraries of fingerprints to determine
the most-likely origin of the isolate. Each isolate is assigned to
an origin depending on how similar its fingerprint is to those in
each library unit (2, 4, 5, 10, 12, 13).

There are several coefficients that can be used to calculate
similarity, and the choice of which similarity coefficient to use
can affect the outcome of the source tracking assignment. Co-
sine Coefficient and Pearson’s Product Moment Correlation
are curve-based coefficients that use both the presence or ab-
sence of DNA bands and the peak intensity of each band as
variables, whereas Jaccard, Dice, Jeffrey’s x, and Ochiai are
band-based coefficients that consider only the presence or ab-
sence of DNA bands. Currently, there is no consensus on
which coefficient results in more accurate source assignment.
Pearson’s Product Moment Correlation has been used to cal-
culate similarities among repetitive extragenic palindromic
(rep) PCR fingerprints (4, 12) and ribotypes (3). Cosine Co-
efficient has been used to calculate similarities among rep-PCR

and pulsed-field gel electrophoresis fingerprints (10). The
band-based coefficients Jaccard (5) and Dice (13) have been
used to calculate similarities among rep-PCR fingerprints, and
the latter has also been used to calculate similarities among
ribotypes (7, 11) and among fingerprints generated by the
amplification of the 16S-23S intergenic spacer region (13).

In addition to uncertainties concerning which similarity co-
efficient to use, there are no standards concerning acceptance
of source assignments. When similarity coefficients are used,
each environmental isolate is assigned a source depending on
which library includes the DNA fingerprints to which its DNA
fingerprint is most similar. Because each isolate is always as-
signed a source, without regard to the actual degree of simi-
larity, the user must decide, using a priori assessments of the
accuracy of the method, whether each source assignment is
likely to be correct.

Currently, there are no published studies on the issue of
reliability when source assignments are determined using sim-
ilarity coefficients. Information is needed to better understand
limitations of statistical analyses used for assigning sources of
bacteria on the basis of DNA fingerprint patterns (1). In an
attempt to evaluate the significance of source tracking on the
basis of discriminant analysis, Whitlock et al. (18) suggested
using the percentage of misassigned isolates in each source
group calculated by Jackknife analysis as a lower limit for
significance. When such an approach is used, each isolate from
a collection of isolates from a known source (a library) is
treated, one at a time, as an unknown and then identified by
comparison to the remaining isolates. The proportion of iso-
lates assigned to the correct source relative to the number of
isolates in the library is the rate of correct assignment. Whit-
lock et al. (18) proposed that a source can be implicated in
water pollution only when the percentage of environmental
isolates assigned to it exceeds the percentage of library isolates
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misassigned to it by Jackknife analysis. Although this approach
can be useful when libraries with good representation of the
diversity of isolates in the environmental site being studied are
used, it is less useful when libraries with poor representation
are used or in the presence of isolates contributed by nonli-
brary sources. Therefore, in computer-assisted, library-based
bacterial source tracking efforts, the choice of which similarity
coefficient to use for DNA fingerprint comparisons and what
similarity threshold to use in deciding whether each source
assignment is to be accepted are important issues that need
further investigations to improve the reliability of source as-
signments.

In the present study, six different similarity coefficients were
compared in terms of their rates of correct assignment
(RCAs). In addition, statistical options to improve the reliabil-
ity of source assignments on the basis of the use of similarity
coefficients were investigated. These options include the choice
of how the similarity values are used and the effect of the use
of a threshold similarity value and quality factor on improve-
ment of the reliability of source assignments.

MATERIALS AND METHODS

Sample collection. Fecal samples were collected from humans, cows, deer,
dogs, chicken, and gulls (Table 1). A total of 784 fecal samples were used in the
study (Table 1). Some samples did not yield Escherichia coli, while others did not
yield Enterococcus spp. Thus, the numbers of fecal samples and isolates were not
the same for the two indicator organisms.

Eighty-four human fecal samples were used in the present study. A total of 46
rectal swab samples were collected from human volunteers at the University of
Southern Mississippi; of these, 42 were collected using a BBL CultureSwab
collection and transport device with Cary-Blair transport medium (BD Diagnos-
tics Systems, Sparks, Md.), and 4 were collected with sterile swabs and suspended
in fetal bovine serum containing 10% dimethyl sulfoxide (DMSO). Thirty-eight
samples were collected at a local hospital in Laurel, Mississippi. Fifty-nine
samples yielded E. coli, and 65 yielded Enterococcus spp. (Table 1). Samples
collected using CultureSwabs were refrigerated and processed within 24 h after
collection. Samples collected in fetal bovine serum were frozen immediately after
collection. Hospital samples were collected in sterile cups shipped to our labo-
ratory within 24 h and used within another 24 h.

Cow, chicken, and deer samples were collected from south and central Mis-
sissippi. All of the fecal samples were collected from individuals except for some
of the cow and chicken samples. Four of the cow samples were composite
samples from several cows at the same farm. A total of 86 of the chicken samples
were litter samples from commercial chicken farms, while 27 were obtained from
cloacal swabs from individual chickens. Although some cow and chicken cloacal
samples were collected and transported using CultureSwabs, the majority of cow
and chicken litter samples, as well as all deer samples, were collected and frozen
without additives at their respective collection sites across the State. Dog fecal

samples from veterinary adoption centers and humane societies in Hattiesburg
and Gulfport, Mississippi, and gull fecal samples from beaches along the Mis-
sissippi Gulf coast were collected using CultureSwabs.

Bacteria isolation. Fecal samples were streaked on mTEC (Difco) and mEI
plates for the isolation of E. coli and enterococci, respectively (15). mTEC plates
were incubated at 37°C for 2 to 4 h and then at 44.5°C for 18 to 24 h. Yellow
colonies were picked and confirmed using standard microbiological methods.
Isolates that lacked phenylalanine deaminase, that produced indole from tryp-
tophan, that were unable to utilize sodium citrate as a sole carbon source, and
that fermented glucose through a mixed-acid fermentation pathway (but not a
butanediol pathway) were considered to be E. coli. mEI plates were incubated at
41°C for 24 to 36 h. Colonies that formed blue halos were presumed to be
enterococci. Confirmation was performed by testing each isolate for growth at
45°C and in the presence of 6.5% sodium chloride at 37°C and for esculin
hydrolysis. Among the isolates picked, 89.5 and 73.1% were confirmed to be E.
coli and enterococci, respectively.

rep-PCR and BOX-PCR. rep-PCR (8, 17) was performed using a modified
method of Rademaker and DeBruijn (12). Isolates were grown at 37°C in brain
heart infusion for 12 to 16 h. Cells harvested from 0.5 and 1.0 ml of broth for E.
coli and enterococci, respectively, were washed twice with 0.5 ml of sterile
deionized water. The resulting pellets were resuspended in deionized sterile
water (0.5 and 0.25 ml for E. coli and enterococci, respectively) and stored frozen
at �20°C until use as a template for PCR. DNA amplification reactions were
performed with a 10-�l reaction mixture that consisted of 1 �l of cell suspension
and 9 �l of PCR master mix. The BOX-PCR (9, 16) master mix contained 2 �M
primer (BOX A1R [CTA CGG CAA GGC GAC GCT GAC G]), 1 mM de-
oxynucleoside triphosphates, 4.5 mM MgCl2, 1� buffer provided by the manu-
facturer of the DNA polymerase, and 0.4 units of JumpStart Taq DNA poly-
merase (Sigma, St. Louis, Mo.). Thermal cycling started with 2 min at 95°C
followed by 35 cycles of 94°C for 3 s, 92°C for 30 s, 50°C for 1 min, and 65°C for
8 min. A final extension step was performed at 65°C for 8 min after completion
of the 35 cycles. The REP-PCR (6, 9, 14) master mix contained 3 �M of each of
two primers (REP 1R [III ICG ICG ICA TCI GGC] and REP 2I [ICG ICT TAT
CIG GCC TAC]), 1 mM deoxynucleoside triphosphates, 2.5 mM MgCl2, 1�
buffer, and 0.4 units of JumpStart Taq DNA polymerase. The thermal cycling
protocol for REP-PCR was the same as that for BOX-PCR except that 40°C was
used instead of 50°C for primer annealing.

Jackknife analysis. The effect of having clonal isolates in fingerprint libraries
on RCAs was examined by performing Jackknife analysis both before and after
their removal by use of BOX and REP fingerprints of enterococcal and E. coli
isolates. Clonal isolates were defined in the present study as isolates with iden-
tical fingerprints obtained from the same sample. Removal of clonal isolates was
performed for Jackknife analysis only.

Jackknife analysis was also used to compare the RCAs generated using six
similarity coefficients (Cosine Coefficient, Pearson’s Product Moment Correla-
tion, Jaccard, Dice, Jeffrey’s x, and Ochiai). The fingerprints used were produced
by BOX-PCR using enterococcal isolates with clonal isolates removed. All Jack-
knife analyses were performed using BioNumerics version 3.0 (Applied Maths,
Sint-Martens-Latem, Belgium). Pattern optimization (i.e., the percentage of
pattern shift within which the software looks for the best match) was set at 5%,
and band tolerance (i.e., the maximum gel migration difference for any pair of
bands to be considered matching) was set at 2% with a 2% gradual tolerance
increase towards the bottom of the gel.

Discriminant analysis and multivariate analysis of variance. Enterococcal
isolates from human, cow, deer, dog, chicken, and gull fecal samples were
classified into groups according to their sources. Discriminant analysis was used
to show the separation between these predefined groups on the basis of their
BOX fingerprints. The first and second discriminants were plotted on the x and
y axes, respectively, generating a two-dimensional plot showing the separation of
isolates from six sources. Multivariate analysis of variance was performed ac-
counting for the covariance structure to evaluate the significance of discriminant
analysis. The P value indicated the probability of obtaining equivalent separation
results among isolates of different sources due to random classification of iso-
lates. The probability of obtaining the same level of discrimination, assuming that
all isolates were obtained from a homogeneous population (i.e., the effect of
grouping by source was insignificant), is indicated by the Wilkinson’s likelihood
for normal distribution (L). Low P and L values indicate significant discrimina-
tion by source group.

Identification libraries and the blind test. The RCAs using each of the six
similarity coefficients listed above were also determined using a blind test. First,
libraries containing rep-PCR fingerprints of enterococcal and E. coli isolates
from each known animal source were constructed. Each library consisted of five
units, one for each known source: human, cow, deer, dog, and chicken. These

TABLE 1. Sources and numbers of fecal samples and bacterial
isolates (before and after exclusion of clonal isolates) used in

the study

Animal source
No. of fecal samples (no. of isolates)a

Escherichia coli Enterococci

Humans 59 (209/108) 65 (186/100)
Cows 71 (302/202) 105 (253/170)
Deer 48 (137/102) 86 (184/126)
Dogs 64 (133/100) 80 (131/107)
Chicken 69 (385/202) 113 (654/399)
Gulls 107 (248/153) 81 (176/118)

Total 418 (1,414/867) 530 (1,584/1,020)

a Numbers in parentheses represent the number of isolates before exclusion of
clonal isolates/number of isolates after exclusion of clonal isolates.
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libraries were then used as reference to determine the most likely animal source
of new isolates in the blind test. The enterococcal fingerprint library contained
762 isolates (67 human, 141 cow, 99 deer, 103 dog, and 352 chicken). All were
analyzed by BOX-PCR, but only 458 (40 human, 118 cow, 84 deer, 71 dog, and
145 chicken) were analyzed by REP-PCR. The E. coli library contained 514
isolates (65 human, 136 cow, 39 deer, 142 dog, and 132 chicken), and all were
analyzed by both BOX- and REP-PCR.

Isolates used as blind samples were obtained from feces of animals in the same
general population as those used to obtain isolates for rep-PCR fingerprint
library construction. A total of 131 enterococcal isolates (28 human, 29 bovine,
27 deer, and 47 chicken) and 130 E. coli isolates (19 human, 43 bovine, 17 deer,
and 51 chicken) were analyzed using BOX-PCR for the blind test. A total of 96
enterococcal isolates (12 human, 28 bovine, 23 deer, and 33 chicken) and the
same 130 E. coli isolates were analyzed using REP-PCR for the blind test. Source
assignments were made using Cosine Coefficient to calculate similarity matrices,
and average RCAs were compared using both maximum and average similarity
options.

Setting “similarity value” and “quality factor” thresholds. A similarity thresh-
old was determined for each indicator organism-fingerprinting technique com-
bination. Cosine Coefficient was used to calculate similarity matrices. The thresh-
old was determined by dividing the sum of the average similarity values of the
correctly and the incorrectly assigned isolates by 2. In other words, the threshold
was the midpoint between the average similarities of the correctly and incorrectly
assigned isolates. When this method was used, the similarity threshold values
were 90, 90.8, and 89.2% for enterococcal BOX, REP, and BOX-REP combined
fingerprints, respectively. The combined fingerprints were generated electroni-
cally using BOX and REP fingerprints. The threshold values for E. coli BOX,
REP, and combined fingerprints were 91.5, 90.1, and 87.7%, respectively.

A quality factor was also used as a threshold for determining the reliability of
source assignments. A quality factor is generated by BioNumerics for each
unknown as the unknown is assigned to an animal source. This value is calculated
by dividing the average pairwise similarity of all fingerprints in the source group
by the average pairwise similarity of the unknown with each of the library’s
component isolates. Assignments with a quality factor of 1.0 or less (B or better)
were accepted, while those with a quality factor of more than 1.0 (C, D, or E)
were considered unidentifiable.

RESULTS AND DISCUSSION

The effect of clonal isolates on Jackknife RCAs. The pres-
ence of clonal isolates artificially inflates RCAs calculated by
Jackknife analysis. The overall RCA (ORCA) among 1,584
enterococcal isolates, including clonal isolates, was 92%. How-
ever, the ORCA of the remaining 1,020 isolates after removing
clonal isolates was 82% (Table 2).

The decrease in RCA as a result of the removal of clonal
isolates differed among animal sources, ranging from a 7%
decrease among deer and chicken isolates to 25% for gull
isolates. The decrease in RCA did not correlate with the num-
ber of clonal isolates removed from each source (Fig. 1). For
example, the human and dog groups contained 46 and 18%

clonal isolates, respectively, but removing clonal isolates from
either group resulted in a 10% decrease in the RCA. On the
other hand, the cow and gull groups contained 33% clonal
isolates each, and removing clonal isolates resulted in a 9 and
25% decrease in the RCA, respectively. The observation that
the RCA of gull isolates was the most susceptible to artificial
inflation due to the presence of clonal isolates may have re-
sulted from their lowest RCA among isolates of other sources
(see below). This may be due to the scavenger feeding strategy
of gulls. Gulls were frequently observed feeding and bathing at
a sewage treatment lagoon near the study site. Our hypothesis
is that by feeding on food or drinking water already contami-
nated by enterococci from other animal sources, gull isolates
can be more easily confused with those from other animal
sources, hence, their low RCA. Therefore, providing perfect
matches to some of the isolates, by including clonal isolates,
would artificially inflate the RCA of gull isolates to the greatest
degree.

The presence of clonal isolates inflates the RCA in Jackknife
analysis because members of a clone produce almost identical
fingerprints. In Jackknife analysis, isolates are divided into
groups depending on their sources. Then, individual isolates
are sequentially removed, one at a time, from the collection of
isolates under study, treated as unknowns, and assigned to
sources on the basis of fingerprint similarity. When clonal
isolates are present, the isolate treated as the unknown is
always assigned to the library source where another member of
the same clone is present. Because Jackknife analysis can be
used to validate the reliability of the source tracking method or
used to determine isolate overlap among potential sources, it is
important for users to be aware of this potential source of
error. It is also important to know, however, that this potential
source of error is concerned specifically with Jackknife analysis
and not with library-based source tracking.

The effect of using different similarity coefficients on RCAs.
A comparison of Jackknife RCAs of 1,020 enterococcal iso-
lates on the basis of their BOX fingerprints indicated that the
highest RCAs were obtained using curve-based similarity co-
efficients. The ORCA was 82% with both Pearson’s Product

FIG. 1. The percentages of clonal isolates among enterococci iso-
lated from different animal sources and the decreases in RCA that
resulted from their removal.

TABLE 2. Comparison of the RCAs of enterococcal isolates
obtained before and after excluding clonal isolates

Animal source

% RCA (no. of isolates used)a:

With clonal
isolates included

With clonal
isolates removed

Humans 97 (186) 87 (100)
Cows 90 (253) 82 (170)
Deer 95 (184) 88 (126)
Dogs 79 (131) 71 (107)
Chicken 96 (654) 89 (399)
Gulls 84 (176) 59 (118)
Overall 92 (1,584) 82 (1,020)

a The isolates were fingerprinted using BOX-PCR, similarities were calculated
using Cosine Coefficient, and the RCAs were calculated using Jackknife analysis.
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Moment Correlation Coefficient and Cosine Coefficient. When
band-based coefficients were used, the ORCA was 78% for
each of the four coefficients. Although the RCAs differed
among animal sources with each similarity coefficient, they
were less variable using curve-based coefficients. The standard
deviations for the ORCAs were 11.2 and 12.0% using Pear-
son’s Product Moment Correlation Coefficient and Cosine Co-
efficient, respectively, but ranged from 13.9 to 14.7% for the
four band-based coefficients (Table 3). These results suggest
that the use of curve-based coefficients is preferred over the
use of band-based coefficients for source tracking in our study
area with BOX fingerprinting. Additional data, from other
study areas and with other DNA fingerprinting protocols, are
needed to ascertain whether the superiority of curve-based
coefficients is a general rule.

The effect of using maximum versus average similarity on
RCAs. The ORCAs obtained with the blind test were consis-
tently higher using maximum similarity for source assignments
than using average similarity (Table 4). This was the case
regardless of the target organism (E. coli or Enterococcus spp.)
or the fingerprinting technique used (BOX-PCR or REP-
PCR). Although the ORCAs obtained using maximum simi-
larity were consistently higher, the individual RCAs among
animal sources were frequently but not always higher when
maximum similarity was used. Among the 16 pair-wise com-
parisons (4 animal sources � 2 fingerprinting methods � 2
bacterial indicators), average similarity yielded higher RCAs in
five cases (human and cow enterococci analyzed by BOX-PCR,
human and deer enterococci analyzed by REP-PCR, and
chicken E. coli analyzed by BOX-PCR). A striking difference
between using average and maximum similarity is the large gap
in the RCAs for some animal sources. For example, among
cow enterococci analyzed using REP-PCR, the RCA was only
11% using average similarity but was 71% using maximum
similarity. Among deer E. coli isolates, the RCA was 0% using
average similarity but 35% using maximum similarity.

When maximum similarity, an epidemiological approach, is
used, an isolate is assigned to the source group containing the
best-matching isolate in the identification library. When aver-
age similarity, a population genetics approach, is used, an
isolate is assigned to the source group with which it shares the
highest average similarity. Consequently, the use of maximum
similarity would be advantageous when the within-source

group fingerprints are divergent, while the use of average sim-
ilarity would be advantageous when the fingerprints within
source groups are closely related; our results imply that the
former is the case for the source animal populations in our
study area. The implied genetic diversity was reflected in the
complex cluster analysis dendrogram of the isolates. Isolates
from one source often clustered with isolates from a different
source (data not shown). This overlap is apparent in the two-
dimensional plot generated using discriminant analysis (Fig.
2). The relative contributions of discriminants to total discrim-
ination in descending order from discriminant 1 through 5
were 42, 21, 18, 11, and 7%. The P value associated with each
of the discriminants was 0.001%, indicating that the likelihood
of obtaining the same level of discrimination by use of random
grouping of isolates is remote. The L values for discriminants
1 through 5 were 0.0904, 0.2166, 0.3656, 0.5849, and 0.8053,
respectively. In other words, the probability that isolates from
all sources belong to a homogeneous population calculated
using the first discriminant to distinguish groups (i.e., the prob-
ability that grouping by source by use of the first discriminant
is insignificant) equals 9%. These results indicate that the
grouping of enterococcal isolates by animal source is signifi-
cant. However, the loose clustering of isolates in the discrimi-
nant analysis plot (Fig. 2) shows diversity among fingerprints
which supports the use of maximum similarity in source track-
ing.

In addition to resulting in higher RCAs in general, the use of
maximum similarity also resulted in less-variable RCAs among
animal sources compared to the results seen with RCAs ob-
tained using average similarity. The standard deviations of
RCAs among enterococcal isolates as determined on the basis
of their REP fingerprints were 13.2 and 31.5% by use of max-
imum and average similarity, respectively (Table 4). Among E.
coli isolates, they were 24.9 and 34.2%, respectively, as deter-

TABLE 3. Comparison of the RCAs of enterococcal isolates source
assigned using six similarity coefficientsa

Animal source
% RCA by:

Pearson’s Cosine Jaccard Dice Jeffrey’s x Ochiai

Human 86 87 77 77 76 76
Cow 82 82 79 79 76 79
Deer 86 88 89 89 87 87
Dog 73 71 58 58 60 57
Chicken 88 89 87 87 88 87
Gull 59 59 54 54 54 55

Overall 82 82 78 78 78 78
Standard deviation 11.2 12.0 14.7 14.7 13.9 14.3

a Source assignments of the 1,020 isolates were made using their BOX-PCR
fingerprints, and the RCAs were calculated using Jackknife analysis.

TABLE 4. Comparison of the RCAs obtained by use of average
versus maximum similarity as a basis for bacterial

source assignments

Bacterial species and
animal source

RCA bya:

BOX fingerprinting REP fingerprinting

Average
similarity

Maximum
similarity

Average
similarity

Maximum
similarity

Enterococcus spp.
Humans 71 68 75 50
Cows 79 63 11 71
Deer 56 74 78 57
Chicken 64 89 67 79

Overall 64 76 54 69
Standard deviation 9.8 11.3 31.5 13.2

E. coli
Humans 5 32 16 32
Cows 79 86 72 74
Deer 35 41 0 35
Chicken 71 69 47 78

Overall 59 65 45 65
Standard deviation 34.2 24.9 32.1 24.6

a The RCAs were calculated from the blind test.
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mined on the basis of their BOX fingerprints. When REP
fingerprints were used, the standard deviation of RCAs among
E. coli isolates were 24.6 and 32.1% by use of maximum and
average similarity, respectively (Table 4). The only case in
which the standard deviation of RCAs was higher using max-
imum similarity than using average similarity was in the case of

RCAs of enterococci determined using BOX-PCR finger-
prints, where they were 9.8% using average similarity and
11.3% using maximum similarity. These results suggest that the
use of maximum similarity in future DNA fingerprint library-
based bacterial source tracking efforts is warranted. The use of
maximum similarity results in RCAs that are not only on av-
erage higher but also more consistent among different animal
sources, regardless of the target organism (E. coli or Entero-
coccus spp.) or the fingerprinting technique used (BOX-PCR
or REP-PCR).

The effect of using a similarity value threshold on RCAs. By
classifying as unidentified those isolates that did not meet the
similarity threshold requirement, the RCAs among isolates
assigned a source improved significantly. The ORCA among
enterococci fingerprinted by BOX-PCR increased from 76 to
87% (Table 5). In addition, the number of isolates assigned
incorrectly to a source decreased from 24 to 9%. The draw-
back, however, is that the proportion of isolates that were
assigned to a source decreased from 100 to 69%, and 16% of
the isolates assigned correctly to a source when a threshold was
not used are designated as unidentifiable when a threshold was
used. Similar results were obtained using enterococcal REP
fingerprints, where the ORCA increased from 63 to 80% after
the threshold was applied. When combined BOX-REP finger-
prints were used, the RCAs before and after application of the
similarity threshold were 77 and 89%, respectively. With E.
coli, the ORCAs increased from 65 to 70% for isolates finger-
printed using BOX-PCR, from 65 to 82% for isolates finger-
printed using REP-PCR, and from 69 to 89% for isolates
fingerprinted using combined BOX- and REP-PCR finger-
prints (Table 5). However, note that these increases in ORCA
are achieved at a cost. A total 13 to 29% of the isolates
formerly assigned to a correct source when a threshold was not
used are classified as unidentifiable when a threshold is used.

The use of a similarity threshold in deciding whether to
accept source assignments increased the RCA for each of the
six similarity coefficients in a blind test. Its use also had a
significant effect on the proportion of isolates that were iden-

FIG. 2. A two-dimensional plot using discriminant analysis showing
the separation of isolates on the basis of BOX fingerprints. The plot
was generated by plotting the first discriminant (contributing 42% of
total discrimination) on the x axis and the second discriminant (con-
tributing 21% of total discrimination) on the y axis. The P value was
0.001 for both discriminants, while the L values were 0.0904 and 0.2166
for the first and second discriminants, respectively. Human isolates are
shown in cyan, cow isolates are shown in green, deer isolates are shown
in blue, dog isolates are shown in yellow, chicken isolates are shown in
red, and gull isolates are shown in pink.

TABLE 5. Effect of using a similarity threshold during source assignments on the ORCA, the percentages of isolates correctly assigned, and
the percentages incorrectly assigneda

Fingerprint type Similarity
threshold ORCA (%)a % Assigned to an

animal source
% Correctly

assigned
% Incorrectly

assigned

Enterococcus spp.
BOX None 76 100 76 24
BOX 90.0% 87 69 60 9
REP None 63 100 63 37
REP 90.8% 80 63 50 13
BOX � REP None 77 100 77 23
BOX � REP 89.2% 89 67 59 8

E. coli
BOX None 65 100 65 35
BOX 91.5% 70 52 36 15
REP None 65 100 65 35
REP 90.1% 82 55 45 10
BOX � REP None 69 100 69 31
BOX � REP 87.7% 89 56 50 6

a The ORCA values represent the percentages of isolates among those assigned a source that were assigned correctly. The percent correctly assigned and percent
incorrectly assigned are the percentages of isolates that were correctly and incorrectly assigned among all isolates, respectively (including those not assigned to an animal
source).

516 HASSAN ET AL. APPL. ENVIRON. MICROBIOL.



tifiable in terms of animal origin and of the proportion iden-
tified correctly. Among the 131 enterococcal isolates analyzed
in blind testing by BOX-PCR, the ORCAs were 76 to 77% for
the six similarity coefficients when similarity thresholds were
not used (Table 6). When source assignments were accepted
only when similarity thresholds were met, the ORCAs in-
creased to 84 to 85%. Although the ORCAs were equivalent
among the six similarity coefficients, the proportion of isolates
that were correctly assigned to an animal source was signifi-
cantly higher by use of curve-based coefficients than by use of
band-based coefficients (Fig. 3). When the curve-based coeffi-
cients Pearson’s and Cosine Coefficient were used, 57 and
60%, respectively, of the isolates were correctly assigned.
When the band-based coefficients Jaccard, Dice, Jeffery’s x,
and Ochiai were used, only 28, 25, 26, and 26%, respectively, of
the total isolates were correctly assigned (Table 6 and Fig. 3).

The effect of using a quality factor threshold on RCAs.
Applying the quality threshold criterion to source assignments

also resulted in significant improvements in the RCAs, regard-
less of whether BOX, REP, or combined BOX-REP finger-
prints were used. The ORCA increased from 74 to 98% with
BOX-PCR fingerprints, from 63 to 77% with REP-PCR fin-
gerprints, and from 77 to 97% with combined BOX-REP fin-
gerprints (Table 7). This increase in source assignment accu-
racy was obtained at the expense of efficiency. The percentage
of isolates assigned a source decreased from 100% when all
source assignments were accepted to 43, 50, and 32% for BOX,
REP, and combined BOX-REP fingerprints, respectively,
when a quality threshold was used. However, mistakes in
source identification also decreased dramatically. When a
quality threshold was not used for BOX, REP, and combined
BOX-REP fingerprints, the percentages of isolates assigned to
an incorrect source were 26, 37, and 23%, respectively (Table
7). When a quality threshold was used, these values decreased
to 1, 11, and 1%, respectively.

Although the usefulness of a similarity value and/or a quality
factor threshold to improve the reliability of bacterial source
assignments appears obvious, the reduction in the proportion
of isolates that can be assigned to a source can be a concern. If
the proportion of isolates classified as unidentified is large, a
significant source of fecal pollution may remain hidden. This
would occur if the fingerprint libraries used were of insufficient

FIG. 3. The effect of curve-based and band-based similarity coef-
ficients on the percentages of enterococcal isolates assigned to an
animal source and the percentages of isolates assigned correctly and
incorrectly. Source assignments were made on the basis of their BOX-
PCR fingerprints (n � 131).

TABLE 6. Effect of using a similarity threshold on the RCAs of enterococcal isolates, the proportion of isolates assigned a source, and the
proportion of isolates assigned to the correct sourcea

Animal source

RCA by:

Pearson’s (%) Cosine (%) Jaccard (%) Dice (%) Jeffrey’s x (%) Ochiai (%)

Without
threshold

With
threshold

Without
threshold

With
threshold

Without
threshold

With
threshold

Without
threshold

With
threshold

Without
threshold

With
threshold

Without
threshold

With
threshold

Humans 71 75 68 75 71 88 71 88 68 88 71 88
Cows 69 75 69 75 76 73 76 73 79 82 76 82
Deer 63 79 66 78 67 71 67 83 67 71 63 71
Chicken 89 97 89 97 85 94 85 93 87 93 87 93

Overall 76 85 76 85 76 84 76 85 77 85 76 85

Identifiable 100 67 100 71 100 34 100 30 100 31 100 31
Percent correctly assigned 76 57 76 60 76 28 76 25 77 26 76 26
Percent incorrectly assigned 24 10 24 11 24 5 24 5 23 5 24 5

a Source assignments were made on the basis of BOX-PCR fingerprints. The RCAs were calculated using a blind test with and without a threshold value. The bottom
two rows show the proportions of total tested isolates that were correctly or incorrectly assigned to an animal source.

TABLE 7. Effect of applying a quality factor threshold on the
ORCA, the percentages of enterococcal isolates correctly assigned,

and the percentages incorrectly assigneda

Fingerprint
type

Quality
factor

threshold
ORCA

%
Assigned

to an
animal
source

%
Correctly
assigned

%
Incorrectly

assigned

BOX None 74 100 74 26
BOX 1.0 98 43 42 1
REP None 63 100 63 37
REP 1.0 77 50 38 11
BOX � REP None 77 100 77 23
BOX � REP 1.0 97 32 31 1

a Source assignments were only accepted when the quality factor was equal to
or less than 1.0. Similarity matrices were calculated using Cosine Coefficient.
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size. The proportion of unknown isolates that can be classified
given a certain similarity value or quality factor threshold may
be useful in future studies in determining whether libraries of
sufficient size have been achieved for reliable bacterial source
tracking efforts.

In conclusion, results from the present study indicate that (i)
the use of curve-based coefficients (e.g., Cosine Coefficient and
Pearson’s Product Moment Correlation) results in higher OR-
CAs than the use of band-based coefficients (e.g., Jaccard and
Dice); (ii) the removal of clonal isolates is essential for the
proper calculation of RCAs by Jackknife analysis; (iii) the use
of maximum, as opposed to average, similarity yields higher
ORCAs; and (iv) the application of a similarity value or a
quality factor threshold for source assignment improves the
ORCA, but this is achieved at the expense of the total numbers
of isolates assigned a source.
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