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The detection and abundance of Escherichia coli in water is used to monitor and mandate the quality of drinking and recre-
ational water. Distinguishing commensal waterborne E. coli isolates from those that cause diarrhea or extraintestinal disease in
humans is important for quantifying human health risk. A DNA microarray was used to evaluate the distribution of virulence
genes in 148 E. coli environmental isolates from a watershed in eastern Ontario, Canada, and in eight clinical isolates. Their
pathogenic potential was evaluated with Caenorhabditis elegans, and the concordance between the bioassay result and the
pathotype deduced by genotyping was explored. Isolates identified as potentially pathogenic on the basis of their complement of
virulence genes were significantly more likely to be pathogenic to C. elegans than those determined to be potentially nonpatho-
genic. A number of isolates that were identified as nonpathogenic on the basis of genotyping were pathogenic in the infection
assay, suggesting that genotyping did not capture all potentially pathogenic types. The detection of the adhesin-encoding genes
sfaD, focA, and focG, which encode adhesins; of iroN,, which encodes a siderophore receptor; of pic, which encodes an autotrans-
porter protein; and of b1432, which encodes a putative transposase, was significantly associated with pathogenicity in the infec-
tion assay. Overall, E. coli isolates predicted to be pathogenic on the basis of genotyping were indeed so in the C. elegans infec-
tion assay. Furthermore, the detection of C. elegans-infective environmental isolates predicted to be nonpathogenic on the basis
of genotyping suggests that there are hitherto-unrecognized virulence factors or combinations thereof that are important in the

establishment of infection.

he deterioration of source water quality by fecal contamina-

tion considerably increases the cost of producing potable wa-
ter, as well as the risk to public health if water treatment is lacking
or is insufficient (1). Monitoring water quality and tracking
sources of contamination are essential to address this public
health issue. The Gram-negative enteric bacterium Escherichia coli
is ubiquitous in warm-blooded animals and is short lived once
shed into the environment (2). These characteristics, coupled with
the development of efficacious semiselective differential growth
media for the enumeration of E. coli cells, have resulted in the
widespread adoption of E. coli abundance as the metric of choice
for evaluating and mandating the quality of water used for drink-
ing, crop irrigation, or recreation (1, 3). The vast majority of E. coli
strains are benign, but there are several virotypes (the virotype is
the potential for pathogenicity as determined on the basis of geno-
typing results) of E. coli able to cause infections of the gastrointes-
tinal tract, central nervous system, urinary tract, or bloodstream
(4, 5). Thus, the ability to detect and quantify E. coli virotypes and
distinguish these from commensal strains is a precursor to evalu-
ating, with confidence, the human health risk from E. coli contam-
ination of water. In this context, specific virotypes can tentatively
be ascribed to environmental isolates on the basis of virulence
gene profiling, the assumption being that specific complements of
virulence genes are associated with the ability to cause specific
diseases (6-8). The virulence gene profiling approach has been
used to characterize the seasonal and spatial distribution of water-
borne E. coli that are potentially pathogenic to humans or live-
stock and to identify associations in virotype distribution within
catchments with variation in land use, climate, and the distribu-
tion of potential sources of fecal contamination (9-15). There are,
however, practical problems with the tractability of the virulence
gene profiling approach. The cost of obtaining data using array or
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PCR methods can be prohibitive, particularly when undertaking
large-scale environmental surveys. Furthermore, the technology
required to do so will not be available to many water quality or
public health laboratories. In addition, PCR and array methods do
not assess for mutations in virulence or regulatory genes that may
inactivate the expression of factors required to confer a patho-
genic phenotype. Finally, with a growing literature on the list of
potential virulence factors and the combinations of genes required
for pathogenicity, keeping microarrays up-to-date may become
costly over time.

Within this context, we have sought here to explore the utility
of the Caenorhabditis elegans infection assay as a high-throughput
method to distinguish pathogenic from nonpathogenic environ-
mental isolates of E. coli. The nematode C. elegans is susceptible to
a wide range of medically relevant bacteria, including Pseudomo-
nas aeruginosa (16, 17), Burkholderia (18-21), Enterococcus (22—
24), Legionella pneumophila (25, 26), and E. coli (27-30). A strong
correlation has been demonstrated between nematode-patho-
genic extraintestinal E. coli strains and strains that are capable of
killing mice (29). Furthermore, enteroaggregative E. coli (EAEC),
enteropathogenic E. coli (EPEC), adherent-invasive E. coli (AIEC),
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and uropathogenic E. coli (UPEC) have also been shown to be
pathogenic to C. elegans (29, 31-33). Pathogenic bacteria cause
disease in C. elegans directly through infection or indirectly by
production of toxins (34). For example, secreted toxins from en-
teropathogenic E. coli (27), P. aeruginosa (17), and B. cepacia (21)
were found to kill C. elegans. N-Acylhomoserine lactone (AHL)-
mediated quorum sensing in Yersinia pseudotuberculosis (35) and
B. cepacia-complex strains (36) have also been shown to have a
role in C. elegans killing.

The antibiotic resistance of environmental E. coli is also
screened to assess the potential risk of antibiotic resistance being
transmitted to potentially pathogenic bacteria. A survey of clinical
E. coli isolates from urinary tract infections suggested that isolates
expressing extended-spectrum beta-lactamases (CTX-Ms) had a
low virulence potential with C. elegans (30). Overall, it is reason-
able to assume that the nematode-killing mechanisms of the bac-
teria can be associated with the potential to cause disease in hu-
mans and animals but that relationships between virulence
potential and the complement of virulence genes are highly com-
plex.

Our objectives in the present study were to (i) screen a large
number of environmental E. coli isolates obtained from within
one watershed in Eastern Ontario, Canada, for pathogenic poten-
tial using C. elegans, (ii) subject the isolates to virulence gene and
antibiotic resistance gene profiling, as well as phenotypic elucida-
tion of antibiotic resistance, and (iii) evaluate associations be-
tween the pathogenic potential established with the nematode
bioassay and the gene-profiling characteristics of the isolates.

MATERIALS AND METHODS

Bacterial isolates and nematode strains. Surface water (n = 143) and
fecal (n = 5; 3 dog, 1 dairy, and 1 poultry) samples were obtained in 2004
from the South Nation River drainage basin (an area of about 3,900 km?)
located east of Ottawa (45°25'15"N, 75°41'24"W) in the province of On-
tario, Canada. Descriptions of the experimental area, water and fecal sam-
pling procedures, and laboratory methods for E. coli isolation, confirma-
tion, and storage are found in Lyautey et al. (37, 38), Ruecker et al. (39),
and Wilkes et al. (40). The following clinical E. coli strains were obtained
from Josée Harel (University of Montreal): enteropathogenic strain
E2348/69, isolated during an outbreak of infantile diarrhea in 1969 (41);
enterohemorrhagic strain EDL933, isolated from meat during an EHEC
outbreak in the United States in 1982 (42); uropathogenic strain CFT073,
isolated from the urine and blood of a patient with acute pyelonephritis
(43); enterotoxigenic strain H10407, a clinical isolate from a patient with
cholera-like symptoms (44, 45); enteroaggregative 17-2, from a patient
with diarrhea (46-48); sepsis- and meningitis-associated strain 536, from
a patient with pyelonephritis (49); and enteroinvasive (EIEC) strain H84
(50). Strain 25922 was purchased from the ATCC and is a biosafety level 1
clinical isolate used as a negative control in antibiotic resistance assays
(51).

The temperature-sensitive C. elegans strain DH26 [fer-15(b26)I1] was
routinely grown in the presence of E. coli OP50, a uracil auxotroph, using
standard practices (52). OP50 and DH26 were purchased from the Cae-
norhabditis Genetics Center (CGC) from the University of Minnesota. C.
elegans strains CF512 [fer-15(b26)I1 fem-1(hc17)IV] and BA15 [fer-
15(hc15)1I] were from Ann Karen Brassinga from the University of Man-
itoba. Burkholderia cenocepacia strain H111 was obtained from Daniel
Aubert from the University of Western Ontario. E. coli strains RO8, B44,
F107, PD20, AMR-472, P16M, and JG280 were obtained from Patrick
Boerlin from the University of Guelph and used as positive controls for
virulence genes detected by PCR (see below), along with strains E2348/69,
EDL933, H10407, 17-2, 536, and H84 described above.
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Genotyping environmental isolates. All environmental and clinical
isolates were evaluated for the presence of 300 virulence and antibiotic
resistance genes by microarray hybridization using the methods of Hame-
lin et al. (53). The presence of 17 virulence-associated genes, faeG, fanA,
fedA, aidAl paa, sepA, pic, bfpB, invE, elt, escV, aggR, stx,, stx,, estlb, estla,
and ast, was determined through multiplex PCR using primers and con-
ditions previously described (8, 54, 55). Putative intestinal and extraint-
estinal virotypes were identified based on the criteria elaborated by John-
son et al. (56) and Hamelin et al. (53). Briefly, isolates were classified as
extraintestinal E. coli when isolates encoded two or more of the following
genes: pap, sfa/foc, afa/dra, iutA, and kpsMT-I1. Specific types of extraint-
estinal isolates were identified, including uropathogenic E. coli (UPEC;
containing P fimbria-encoding genes, hlyA, S fimbria-encoding genes,
chuA, fepC, cnfl, irpl, irp2, fyuA, iroN, and usp), neonatal meningitis-
causing E. coli (NMEG; containing ibeA, neuA, and neuC), and septicemic
E. coli [SEPEC; containing cdtB-3, f165(1)A, gafD, and F17A]. Intestinal
virotypes were also identified, including enterotoxigenic E. coli (ETEC;
containing heat-stable and heat-labile toxin-encoding genes and F4 and
F18 fimbria-encoding genes), atypical enteropathogenic E. coli (AEPEC;
containing espA, espB, tir, and eae), and enteroaggregative E. coli (EAEC;
containing capU, shf, virK, and aggregative adherence fimbria-encoding
genes).

The Bingen phylogenetic grouping of each isolate was determined by
multiplex PCR screening for the presence of chuA, yjaA, tspE4.C2, and svg
as previously described (57, 58), using cell lysates prepared by proteinase
K digestion. The chuA positive control, ATCC 35381, was purchased from
ATCC. Strain J96, from Patrick Boerlin, was used as the positive control
for yjaA, chuA, and tspE4.C2. The criteria used to differentiate the five
phylogenetic lineages were as follows: D, possesses chuA and lacks yjaA;
B2, possesses chuA, yjaA, and svg; B2-1, possesses chuA and yjaA and lacks
svg; B1, lacks chuA and possesses tspE4.C2; and A, lacks chuA and
tspE4.C2 (57).

Antibiotic resistance profiles of environmental and clinical isolates.
The antibiotic resistance profile for each isolate was determined pheno-
typically. Briefly, overnight cultures were prepared in Mueller-Hinton
broth in 96-well microplates. Amounts of 8 i of the overnight cultures
were transferred to 96-well plates containing 200 pl of 0.02% Tween 20 to
stabilize the suspensions. Using a 96-pin floating-pin replicator (V&P
Scientific, Inc.), 5-ul amounts of culture were placed on 245-mm? square
plates containing BD Bacto Mueller-Hinton agar supplemented with var-
ious antibiotics. The antibiotics and concentrations (in wg/ml) tested in-
cluded amikacin (32, 64, and 128), ampicillin (16, 32, and 64) ceftiofur (4,
8,and 16), cephalothin (16, 32, and 64), ciprofloxacin (2, 4, and 8), chlor-
amphenicol (16, 32, and 64), gentamicin (8, 16, and 32), kanamycin (32,
64, and 128), nalidixic acid (16, 32, and 64), streptomycin (32, 64, and
128), tetracycline (8, 16, and 32), trimethoprim (8, 16, and 32), and trim-
ethoprim-sulfamethoxazole (STX) (2:38, 4:76, and 8:152). The concen-
trations were based on the breakpoints identified by the Canadian Inte-
grated Program for Antimicrobial Resistance Surveillance (CIPARS)
report (59).

The viability of each isolate was also determined on antibiotic-free
plates. After an overnight incubation at 37°C, isolates were considered to
be antibiotic resistant if they grew at the midpoint antibiotic concentra-
tion.

Determining the growth kinetics of isolates. Overnight cultures of
each E. coliisolate were diluted in 96-well microplates to an optical density
at 600 nm (ODyg,) of 0.4 in nematode growth medium (NGMII; 0.3%
[wt/vol] NaCl, 0.35% [wt/vol] Bacto peptone, 0.5% [wt/vol] cholesterol, 1
mM CaCl,, 1 mM MgSO,, and 25 mM phosphate buffer, pH 6) contain-
ing 1.22 mM tryptophan. The cultures were incubated at 26°C for 12 h,
and the ODy, of each culture was monitored every 15 min using a Biotek
Powerwave XS microplate spectrophotometer. The average generation
time for each culture was calculated from three independent experiments.

Infection assays. Plate-to-liquid infection assays of C. elegans with E.
coli were performed as previously described (24), with some modifica-
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tions. Briefly, NGMII plates (0.3% NaCl, 0.35% Bacto peptone, 5 wg/ml
cholesterol, 1 mM CaCl,, 1 mM MgSO,, 25 mM phosphate buffer, 1.7%
Bacto agar) containing 1.22 mM tryptophan (27) were inoculated with 20
pl of overnight bacterial cultures diluted to an ODg, of 0.8 in LB con-
taining 1.22 mM tryptophan and incubated at 37°C overnight. Approxi-
mately 90 NGMII broth-washed, hypochlorite-synchronized young-
adult nematodes were added to each lawn, and the nematodes were
allowed to feed overnight at 26°C. The next day, the nematodes and bac-
teria were washed off NGMII agar plates using NGMII broth containing
tryptophan. After the nematodes were allowed to settle to the bottom of
the tube, the bacterial supernatant was diluted with NGMII broth con-
taining tryptophan to an OD, of between 0.8 and 1. Approximately 5 to
10 nematodes in a volume of 100 .l were transferred into each well of a
96-well plate with six wells per tested bacterial strain. Nematodes were
scored as live or dead every other day. As DH26 C. elegans are unable to
reproduce at 26°C, the total number of worms in the wells did not increase
over time. All of the environmental and the clinical isolates (H84, H10407,
17-2,EDL933, 536, and CFT073) were tested in three independent assays,
while OP50, ATCC 25922, and E2348/69 were included as controls in all
assays. To test for potential differences in nematode response to the clin-
ical isolates, the infections with the clinical isolates and OP50 were also
done using C. elegans strains CF512 and BA15.

To test the pathogenicity of nonviable bacteria on C. elegans, bacterial
lawns were exposed to UV light (310 nm) for 1 h prior to the addition of
nematodes. The death of each bacterial strain following UV treatment was
confirmed by determining viability on LB agar plates.

Nematode food preference assays. The food preference of C. elegans
for the clinical strains was determined as described previously (60).
Briefly, bacterial isolates were grown overnight in LB broth containing
1.22 mM tryptophan at 37°C. The bacterial cultures were diluted to an
0Dy, of approximately 0.8. Assays were done on 100- by 15-mm plates
containing NGMII agar containing 1.22 mM tryptophan. Thirty microli-
ters of E. coli OP50 culture was added 1.5 cm away from the periphery of
the plate, and 30 .l of the test bacterial culture was added on the other side
at a similar distance away from the periphery. The plates were then incu-
bated overnight at 37°C. The next day, approximately 50 prewashed
young-adult nematodes were added to the center of the plate and incu-
bated at 26°C. The percentage of nematodes present on each bacterial
lawn was determined at 2, 5, and 23 h.

In addition, the selective grazing preference of the nematodes for all
148 environmental isolates and the clinical isolates on NGMII agar with
1.22 mM tryptophan was determined as previously described (61).
Briefly, using a 96-pin floating pin replicator (V&P Scientific, Inc.), over-
night cultures of the environmental isolates in LB broth containing 1.22
mM tryptophan were added to three 150- by 15-mm NGMII agar plates
each. After allowing the lawns to grow overnight at 37°C, 5 to 10 pre-
washed young-adult nematodes were added near each of the lawns, and
the plates were incubated at 26°C for 5 days. The size of the lawns was
monitored daily and used as a measure of nematode feeding. The nema-
tode-pathogenic B. cenocepacia H111 was used in both assays as a food
source avoided by the worms (18-21).

Statistical analyses. The survival of the nematodes was analyzed using
the Cox proportional hazards (CPH) model in R 2.11.1 with the Survival
package (62). The Efron method was used to handle censored survival
data and robust jackknife estimates for estimation of 95% confidence
intervals. The hazard ratio and median survival for each bacterial strain
were determined in comparison to those of E. coli OP50. Due to different
rates of survival of the nematodes in the presence of OP50, the data sets
were stratified for the individual tests (using the function “strata”) in
order to allow for different baseline hazard functions.

The multiplicative effect of individual genes and phenotypes was
tested by including the binary covariate (presence/absence of gene or phe-
notype) as a linear predictor in a CPH analysis, separately for the data set
of the environmental isolates and the clinical strains and individually for
each gene. The data sets were clustered for strains encoding the genes or
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phenotypes of interest. Bonferroni correction for the P values obtained for
each gene and phenotype within each of the two data sets was applied to
correct for multiple testing. Only genes or phenotypes that were present
(or absent) in at least 10 of the environmental isolates were considered in
the covariate analysis of that data set (i.e., 45 genes in total). Interactions
between various genes or phenotypes were not considered in the analysis,
simply because most interactions could not be assessed as no strain had
the respective genetic profile pattern (i.e., the data set was not fully crossed
with regard to the presence and absence of each gene).

For CPH analysis, the generation time of each isolate was binarized
such that 0 indicates strains that grew faster than the median generation
time of all strains, including OP50, whereas 1 indicates strains growing
more slowly than the median generation time. Virotypes, including UP-
ECs, other extraintestinal pathogens, and AEPECs, were grouped into the
category “potentially pathogenic” prior to CPH analysis. Isolates that
could not be classified as intestinal or extraintestinal pathogens were
grouped as “potentially nonpathogenic” for analysis.

RESULTS
Abundance of pathogenic environmental isolates. The survival
of C. elegans DH26 in the presence of 148 environmental E. coli
isolates and 8 human clinical isolates was compared to its survival
in the presence of E. coli OP50 (52, 63). The mean survival time of
nematodes in the presence of OP50 was 8.3 days, consistent with
what others have found (64). In contrast, the mean survival times
of nematodes in the presence of the environmental and clinical
isolates ranged from 3 to 14 days. A strain was considered patho-
genic if its hazard ratio was significantly (Bonferroni-corrected P
value of <0.05) higher than that of E. coli OP50, i.e., >1. As ref-
erenced to the survival of nematodes in the presence of OP50, 29%
of the environmental isolates (n = 43) significantly decreased the
survival of C. elegans, with the hazard ratios determined for these
pathogenic isolates ranging from 1.3 to 6.9 (Fig. 1A). Of the eight
clinical isolates, strains 17-2, CFT073, ATCC 25922, and EDL933
were not pathogenic, whereas E2348/69, 536, H10407, and H84
had hazard ratios ranging from 1.7 to 3.9 and were therefore con-
sidered to be pathogenic. Similar results were seen for the clinical
isolates using C. elegans strains CF512 and BA15. Thirty-five
(24%) of the environmental isolates had hazard ratios signifi-
cantly smaller than 1, indicating that the survival of C. elegans was
better in their presence than with E. coli OP50 (Fig. 1B).

Associations between pathogenicity and virotype and other
attributes. Statistical associations between pathogenicity and the
presence of various genes and virotypes were explored using CPH
analysis. Likewise, the association of pathogenicity with the resis-
tance to specific antibiotics and the generation time for each bac-
terium in NGMII broth were determined. Of the 317 genes and
probes screened by PCR or microarray, 143 genes were found in at
least one environmental isolate and 7 genes were found in all iso-
lates. In order to be statistically robust, the analysis was performed
only with virulence genes or antimicrobial resistance phenotypes
present (or absent) in at least 10 of the 148 environmental isolates.
Based on this criterion, 45 virulence genes and six antibiotic resis-
tance phenotypes were sufficiently frequent that associations with
pathogenicity could be explored. As some genes or gene probes
(the latter denoted by subscripts) [ompT, ompT,, iucD, iutA,,
iutA(UPEC), fyuA, irpl, irp2, chuA, fepC, focA, and focG] were
always present together in the environmental isolates, the impact
of these genes or phenotypes could only be determined as a group,
not individually.

Within the collection of environmental isolates, 6 genes of the
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FIG 1 Hazard ratios of E. coli isolates in the C. elegans assay. A bacterial isolate was considered pathogenic when its hazard ratio was statistically higher than 1.
Stars represent clinical strains and OP50, whereas diamonds represents environmental isolates. Red symbols indicate isolates characterized as potentially
pathogenic on the basis of virotyping. Filled symbols indicate hazard ratios that are significantly different (Bonferroni-corrected P value of <0.05) than 1 (vertical
dashed line). The error bars represent the 95% confidence limits. Cox proportional hazards ratios greater (A) or less (B) than 1 with respect to that of OP50 are

plotted.

45 genes analyzed were found to be very highly associated with
phenotypic pathogenicity (Fig. 2; see also Table S1 in the supple-
mental material). The adhesin-encoding genes sfaD, focA, and
focG; iroN,, a gene probe for iroN, which encodes a siderophore
receptor; pic, which encodes an autotransporter protein; and
b1432, which encodes a putative transposase, were all detected at
high frequency in pathogenically potent isolates. On the other
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hand, flmA54, encoding a flagellin subunit, was associated with
decreased pathogenicity in environmental isolates (Fig. 2). Al-
ternatively, the remaining 39 genes analyzed were not found to
be associated with phenotypic pathogenicity. Those genes en-
coded capsular and somatic antigens (kpsM-11), adhesins [IpfA,
IpfA(O157), IpfA(O113), and IpfA(EHEC)], colicins and micro-
cins (cba, cia, cma, and mchB), toxins (astA and astA,, a variant of
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FIG 2 Relationships between the carriage of specific virulence genes and the
pathogenic potential of E. coli environmental isolates in the C. elegans assay.
CPH analysis of genes present in environmental isolates. Filled symbols indi-
cate hazard ratios that are significantly different (Bonferroni-corrected P value
of =0.05) than 1 (vertical dashed line). The error bars indicate the 95% con-
fidence limits.

astA with an 8-amino-acid deletion), iron acquisition or transport
systems [chuA, fepC, iroN, irpl, irp2, fyuA, iucD, iutA,, and
iutA(UPEC)], hemolysins or agglutinins (hylA, hral, and tsh),
new or putative EC virulence genes (b1121, ECs1282, rtx,
tspE4.C2, usp, and yjaA), and genes encoding proteins or enzymes
with various functions (agn43, ccdB, fliC, ibeA, iss, malX, ompT,
ompT,, tia, traT, and sepA).

Pathogenicity was not associated with antibiotic resistance
phenotypes, generation time, or specific Bingen phylotypes (Fig. 3
and Table 1). However, isolates ascribed to various virotypes (in-
cluding other extraintestinal pathogenic E. coli [ExXPEC], AEPEC,
and UPEC) on the basis of genotyping and thus considered to be
potentially pathogenic were significantly more likely to be patho-
genic in the C. elegans infection assay than those determined to be
potentially nonpathogenic on the basis of virotyping (Fig. 3 and
Table 2). Of the 16 environmental isolates characterized as poten-
tially pathogenic based on virotyping, 11 (69%) were found to be
pathogenic to the nematodes. In contrast, 32 (24%) of the 132
isolates not ascribed to a specific virotype were found to be patho-
genic.

Pathogenicity requires viability, and nonpathogenic types
are palatable. Viable clinical E. coli isolates that had a high hazard
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FIG 3 Relationships between characteristics of the environmental E. coli iso-
lates, such as Bingen phylotype, virotype, generation time, and antibiotic re-
sistance phenotypes, and pathogenicity in the C. elegans assay. Bingen phylo-
types include A, D, B1, and B2. Potentially pathogenic isolates were identified
via virotyping. Filled symbols indicate hazard ratios that are significantly dif-
ferent (Bonferroni-corrected P value of =0.05) than 1 (vertical dashed line).
The error bars indicate the 95% confidence limits.

ratio were benign in the assay when killed by UV irradiation prior
to exposure to C. elegans, indicating that viability was required for
pathogenicity (Fig. 4). The relative palatability of all isolates to C.
elegans was determined and referenced to that of the food source
E. coli OP50 (60, 61). The nematode-pathogenic B. cenocepacia
H111 was used as a negative control to which food avoidance
could be expected (18-21). There was no relationship between an
isolate’s hazard ratio and its preferability as a food source (Fig. 5).
There was a clear preference for OP50 when the choice was be-
tween the organism and no food. Furthermore, C. elegans fed
upon all environmental isolates equally after 5 days but avoided
the H111 lawn (data not shown). Taken together, these results
indicate that viable bacteria were required to kill C. elegans and
that palatability did not play a role in determining why some en-
vironmental isolates were nonpathogenic in the bioassay.

TABLE 1 Virotypes and phylotypes of E. coli environmental isolates and
clinical strains used in C. elegans bioassays

No. of isolates

Category Clinical Environmental®
Virotypes”

Potentially nonpathogenic 2 132

Potentially pathogenic 6 16
Phylotypes”

A 1 10

Bl 0 20

B2 6 46

D 1 72

“ Putative extraintestinal and intestinal virotypes were identified by microarray using
the criteria of Johnson et al. (56) and Hamelin et al. (53).

b Phylotypes were based on multiplex PCR as described by Clermont et al. (58).

¢ Only covariates from environmental isolates were analyzed by CPH.
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genes used to determine putative intestinal and extraintestinal virotypes. S fimbria genes, heat-stable toxin genes, heat-labile toxin genes, P fimbria genes, and aggregative adherence fimbria genes encompass several genes encoding

“ Putative intestinal and extraintestinal virotypes (UPEC, AEPEC, and EXPEC), as well as potentially nonpathogenic isolates, were assigned based on the criteria of Johnson et al. (56) and Hamelin et al. (53). Genotypes include only
components of these structures.
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b Percentage of isolates carrying this genotype that were found to be pathogenic in the C. elegans infection assay.
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FIG 4 Pathogenicity of E. coli is destroyed by UV irradiation. The hazard ratio
for each live and UV-killed strain was calculated with the CPH model relative
to the CPH oflive OP50. A bacterial isolate was considered pathogenic when its
hazard ratio was statistically higher than 1 (vertical dashed line). The error bars
represent the 95% confidence limits.

DISCUSSION

Ascribing pathogenic potential to environmental isolates on the
basis of virulence gene complement is an important facet of un-
derstanding risk from waterborne E. coli (12, 53). However, con-
clusions regarding the potential risk to humans or animals from
isolates with defined genotypes are best confirmed by validating
presumptive pathogenicity using an infection model. In the pres-
ent study, we investigated the pathogenicity to C. elegans of envi-
ronmental E. coli isolates and medically relevant pathogens to ex-
plore possible associations between the presence of specific virulence
genes or antibiotic resistance attributes and pathogenic potential. The
C. elegans model has several advantages that make it tractable and
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FIG 5 Pathogenicity of E. coli strains is not dependent on their palatability to
C. elegans. Nematodes were given the choice between an OP50 lawn and clin-
ical E. coli strains. Burkholderia cenocepacia H111 was used as a repellant. The
number of nematodes present in each lawn was counted at 2, 5, and 23 h
following the addition of the nematodes to the agar plate. The error bars
represent the standard deviations of the results from triplicate plates.
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powerful for this purpose; the killing assay is relatively facile, rapid,
and inexpensive, and the knowledge base regarding C. elegans-bacte-
rial pathogen interactions is large (29, 64-68).

In the present study, 29% of the 148 environmental isolates
were pathogenic to the nematode. To investigate which specific
genes and phenotypes were associated with increased or decreased
pathogenicity, we analyzed their contributions to pathogenicity
with CPH analysis. No associations between antibiotic resistance
phenotype and pathogenicity were found; environmental isolates
that were resistant to ampicillin, cephalothin, streptomycin, tet-
racycline, trimethoprim, and STX were generally not pathogenic.
Associations between pathogenicity and the carriage of specific
antimicrobial genes could not be evaluated systematically as too
few isolates possessed these genes. However, seven of the nine
environmental isolates that possessed these genes were nonpatho-
genic. These results, along with similar ones obtained by Lavigne
et al. (30), support the conclusion that specific virulence genes,
not simply antibiotic resistance in itself, are important in patho-
genicity.

A number of the virulence genes evaluated in the present study
were noteworthy in that they were detected at much higher fre-
quency in pathogenically potent isolates (Fig. 2), namely, the ad-
hesin-encoding genes sfaD, focA, and focG, iroN, that encodes a
siderophore receptor, and pic that encodes an autotransporter
protein. These genes are typically associated with strains that cause
extraintestinal infections. The genes sfaD, focA, and focG are all
required for synthesis of the F1C fimbriae and are upregulated
during urinary tract infection by the prototypic uropathogenic E.
coli strain CFT073 (13). Likewise, pic is associated both with
strains that cause pyelonephritis and with fecal strains and is ex-
pressed during urinary tract infection (UTI) (69). The gene prod-
uct, Pic, is a serine protease autotransporter that has mucinase
activity and is associated with UTI isolates (69, 70). The sidero-
phore receptor IroN is detected at high frequency in EXPEC strains
and is an important virulence factor in UTI and neonatal menin-
gitis (71, 72). Similar results for the adhesins and siderophore
receptor were seen by Diard et al. (29), but this is the first time that
an autotransporter and transposase have been shown to be asso-
ciated with C. elegans pathogenicity. Alternatively, the gene en-
coding flagellin (flinA54) that is associated with repressed expres-
sion of the flagellin gene fliC was found to be inversely associated
with pathogenicity (73). It is important to note that the genes
themselves may not be directly involved in pathogenicity but in-
stead could represent the effect of a combination of genes linked
with the specific genes on pathogenicity islands that were not
screened for in the present microarray or PCR analysis. Further-
more, regulatory genes required for the expression of virulence
genes might be absent or nonfunctional, creating discordance be-
tween the virotype and pathogenicity in the C. elegans assay.

There was a strong relationship between the ability to kill C.
elegans in the bioassay and an isolate’s potential for pathogenicity
as determined on the basis of genotyping results, i.e., virotype (Fig.
3). Microarray analysis of the environmental isolates identified 15
putative extraintestinal virotypes and one putative enteric viro-
type. C. elegans infection assays revealed that 11 (69%; the enteric
AEPEC isolate and 10 of the extraintestinal isolates) of the 16
potentially pathogenic isolates were pathogenic to nematodes.
These results, as well as the pathogenicity of the extraintestinal and
enteric clinical isolates, indicate that the C. elegans model can be
used to detect both extraintestinal and intestinal virotypes. The
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nematode bioassay is therefore clearly a useful tool for identifying
environmental isolates that would be expected to pose some pub-
lic health risk. Nonetheless, a few of the clinical isolates used as
positive controls failed to kill the nematodes (Table 2). It is not
expected that the nematode model will provide a 100% correla-
tion due to limits of the model (67, 74). For example, others have
shown that CFT073 is only a weak worm killer of C. elegans (29),
while other clinical isolates have been found to have a level of
killing of C. elegans that is not significant versus that of the nega-
tive control (75). It has been shown that the conditions of infec-
tion can play a role in the ability of human pathogens to cause
disease in C. elegans (22, 76); as such, it is quite possible that the
clinical isolates that were nonpathogenic to C. elegans in our assay
did not express the appropriate virulence factors. Consequently,
they may have been rendered nonpathogenic in C. elegans under
the infection conditions described. Therefore, the observed differ-
ences in pathogenicity for some of the clinical isolates in this study
versus their pathogenicity in other studies may be due to differ-
ences in the infection conditions. This observation raises interest-
ing questions concerning how the expression of various genes dif-
fers depending on the infection conditions and how this can affect
the pathogenicity of the strains in C. elegans.

Importantly, 32 (24%) of the 132 isolates that were classified as
potentially nonpathogenic based on virotype killed the nematodes
(Table 2). This included the environmental water isolate NRC69,
which was even more pathogenic to C. elegans than the clinical
UPEC isolate 536 (Fig. 1A). This may indicate that, when utilizing
virotyping alone based on currently known virulence genes,
pathogenic E. coli strains can be missed, i.e., erroneously not be
identified as a health concern. It is reassuring, however, that all 35
isolates that were found to significantly enhance nematode sur-
vival (Fig. 1B; see also Table S1 in the supplemental material) were
ascribed as potentially nonpathogenic (26%). Together, the re-
sults demonstrate that the relationships between virulence gene
complement and the ability to kill C. elegans are highly complex.
Fully understanding these relationships in the context of the data
in the present study will require whole-genome sequencing of the
E. coli isolates described here.

As C. elegans worms have been shown to be capable of recog-
nizing and avoiding potentially pathogenic bacteria (77), it was
important to determine that pathogenic strains would not be
missed due to the nematodes simply not feeding on the bacteria.
No specific strain avoidance was observed in the food preference
assays with both the clinical isolates and environmental isolates
(Fig. 5). Although it is expected that the liquid aspect of the assay
prevents the nematodes from fully avoiding feeding on the bacte-
ria, the lack of avoidance on plates also indicates that the nema-
todes feed on a similar dose of bacteria when initially on the agar
plates. As such, the difference in pathogenic potential between
isolates was dependent on the presence of specific virulence genes
carried by these isolates and not simply on palatability.

The South Nation River watershed sampled in the present
study is a mixed-activity watershed with livestock, human, and
wildlife fecal inputs and, consequently, a high diversity of E. coli
strains (38, 40). The results in the present study are in agreement
with those of Hamelin et al. (12), who found a high abundance of
ExPEC strains as opposed to intestinal strains in a survey of river-
ine, estuarine, and offshore lake water (12). Here, we demonstrate
that a high percentage of these E. coli strains are pathogenic in a
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nematode killing assay and, therefore, represent a potential hu-
man health problem.

In conclusion, the results with the C. elegans model suggest that
microarray studies and surveys of the presence of single virulence
genes in the environment are not sufficient to determine the po-
tential for organisms in this environment to be a health risk to the
public. Instead, the combination of genes present is more impor-
tant for pathogenicity. As more virotypes are characterized, the
rules for identifying specific virotypes based on gene combina-
tions will be enhanced to decrease the number of false negatives
via microarray analysis alone. Furthermore, we identified specific
genes that were associated with an increased risk for pathogenicity
and demonstrated that virotype determination through microar-
ray analysis was efficient in predicting pathogenic risk. Overall, the
C. elegans infection assay is a reasonably tractable assay for helping
distinguish environmental isolates of E. coli that have pathogenic
potential.
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