




ORIGINAL RESEARCH
published: 29 April 2015

doi: 10.3389/fmicb.2015.00336

Edited by:
Amy Pruden,

Virginia Tech, USA

Reviewed by:
Celia Manaia,

Universidade Católica Portuguesa,
Portugal

Ying Yang,
The University of Hong Kong, China

*Correspondence:
Krassimira R. Hristova,

Department of Biological Sciences,
Marquette University, 530 N.

15th Street, Wehr Life Sciences
Building, 208, P. O. Box 1881,

Milwaukee, WI 53201-1881, USA
krassimira.hristova@marquette.edu

Specialty section:
This article was submitted to

Antimicrobials, Resistance and
Chemotherapy,

a section of the journal
Frontiers in Microbiology

Received: 17 December 2014
Accepted: 05 April 2015
Published: 29 April 2015

Citation:
Kappell AD, DeNies MS, Ahuja NH,

Ledeboer NA, Newton RJ
and Hristova KR (2015) Detection

of multi-drug resistant Escherichia coli
in the urban waterways

of Milwaukee, WI.
Front. Microbiol. 6:336.

doi: 10.3389/fmicb.2015.00336

Detection of multi-drug resistant
Escherichia coli in the urban
waterways of Milwaukee, WI
Anthony D. Kappell1, Maxwell S. DeNies1, Neha H. Ahuja1, Nathan A. Ledeboer2,3,
Ryan J. Newton4 and Krassimira R. Hristova1*

1 Department of Biological Sciences, Marquette University, Milwaukee, WI, USA, 2 Department of Pathology, Medical College
of Wisconsin, Milwaukee, WI, USA, 3 Dynacare Laboratories, Milwaukee, WI, USA, 4 School of Freshwater Sciences, Great
Lakes WATER Institute, University of Wisconsin–Milwaukee, Milwaukee, WI, USA

Urban waterways represent a natural reservoir of antibiotic resistance which may
provide a source of transferable genetic elements to human commensal bacteria
and pathogens. The objective of this study was to evaluate antibiotic resistance of
Escherichia coli isolated from the urban waterways of Milwaukee, WI compared to those
from Milwaukee sewage and a clinical setting in Milwaukee. Antibiotics covering 10
different families were utilized to determine the phenotypic antibiotic resistance for all
259 E. coli isolates. All obtained isolates were determined to be multi-drug resistant.
The E. coli isolates were also screened for the presence of the genetic determinants
of resistance including ermB (macrolide resistance), tet(M) (tetracycline resistance), and
β-lactamases (blaOXA, blaSHV, and blaPSE). E. coli from urban waterways showed a
greater incidence of antibiotic resistance to 8 of 17 antibiotics tested compared to
human derived sources. These E. coli isolates also demonstrated a greater incidence of
resistance to higher numbers of antibiotics compared to the human derived isolates. The
urban waterways demonstrated a greater abundance of isolates with co-occurrence
of antibiotic resistance than human derived sources. When screened for five different
antibiotic resistance genes conferring macrolide, tetracycline, and β-lactam resistance,
clinical E. coli isolates were more likely to harbor ermB and blaOXA than isolates from
urban waterway. These results indicate that Milwaukee’s urban waterways may select or
allow for a greater incidence of multiple antibiotic resistance organisms and likely harbor
a different antibiotic resistance gene pool than clinical sources. The implications of this
study are significant to understanding the presence of resistance in urban freshwater
environments by supporting the idea that sediment from urban waterways serves as a
reservoir of antibiotic resistance.
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Introduction

The increasing number of multiple-antibiotic resistant pathogens has become a serious threat
to human health (Centers for Disease Control and Prevention [CDC], 2013; Review on
Antimicrobial Resistance [RAR], 2014; World Health Organization [WHO], 2014). Over the past
two decades researchers have expanded their focus from the clinical settings to also include
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FIGURE 3 | Principal Component Analysis (PCA) biplots of E. coli
isolates in terms of their phenotypic antibiotic resistance profiles
and/or their genotype based on the presence of antibiotic resistance
genes. Separate PCA were performed on data containing both the
phenotypic and genotypic profiles (Left) and the genotypic (Middle) and
phenotypic (Right) profiles separately. The green points represent the E. coli
isolates from the inner Milwaukee Harbor, black points from the outer harbor,
red points from human derived sewage, and blue from clinical isolates. Points
in the upper panels are individual isolates and the points in the bottom

panels represent the group center (average of individuals). Dotted line in the
upper panels shows the gradient of number of resistance (multiple antibiotic
resistances) in the isolates. The ellipses represent a 95% confidence interval
of the respective points in the same color. In the right panel: Black arrows
represent antibiotics (see Materials and Methods for abbreviations) utilized in
the phenotypic antibiotic resistance screening. Erythromycin (ERY),
Sulfamethoxazole (SFM), and Moxifloxacin (MOX) respective arrows may not
be perceptible due to little influence in the ordination. Red arrows represent
antibiotic resistance genes screened by PCR.

within the isolates (Figure 2). The co-occurrences of ampi-
cillin, fosfomycin, rifampicin, and cefuroxime resistance were
of the greatest abundance in urban waterway isolates compared
to human derived sewage and clinical E. coli isolates. The co-
occurrences of neomycin, sulfamethoxazole, erythromycin, and
meropenem resistance were not significantly different between
the urban waterways and clinical isolates indicating a potentially
common resistance mechanism between the environmental and
the clinical E. coli isolates.

In summary, a higher incidence of antibiotic resistance, preva-
lence of resistance to a greater number of antibiotics and a greater
incidence of co-occurrences of resistance was identified within
the urban waterway (inner and outer Milwaukee Harbor) E. coli
isolates compared to the human derived isolates (sewage and
clinical isolates) from Milwaukee.

Detection of Antibiotic Resistance Genes
The presences of five antibiotic resistance genes: ermB (macrolide
resistance), tet(M), and β-lactamases (blaOXA, blaSHV, and

blaPSE) were screened for in the E. coli isolates (Figure 4). More
than 65% of all the E. coli isolates (n = 259) harbored at least one
of the five resistance genes chosen for analysis. The presence of
ermB was the most prevalent represented in 38% of the isolates.
The β-lactamase encoding genes blaOXA and blaSHV were present
in 26 and 25% of all strains, respectively. The resistance gene
blaPSE and tet(M) were the least prevalent at 10 and 14%, respec-
tively. The clinical E. coli isolates showed significantly greater
frequencies of the blaOXA compared to the urban waterway iso-
lates of the inner and outer harbor and the human derived sewage
(Figure 4). The greater incidence of resistance to meropenem in
the clinical E. coli isolates can be partially (58.2%) explained by
the greater frequency of the blaOXA gene in the isolates compared
to less than 10% in the meropenem resistant E. coli isolates from
urban waterways and human derived sewage (Table 2). The pres-
ence of any β-lactamase genes could explain 73% of the ampicillin
resistant clinical E. coli isolates compared to only 21–40% of the
ampicillin resistant E. coli isolates from the urban waterways and
human derived sewage.
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TABLE 1 | The percentage of Escherichia coli isolates from the urban waterways of the inner and outer Milwaukee Harbor and of human derived sources
(sewage and clinical) with co-occurrence of antibiotic resistance.

Co-occurrence of antibiotic resistance1 Inner harbor (36)2 Outer harbor (58) Sewage (66) Clinical (99) Significance (p < 0.01)3

GEN, STR, TRM, AZT, MER 58.3 (21) 37.9 (22) 12.1 (8) 22.2 (22) O > S, I > S, I > C

AMP, FOS, RIF, CFX 75.0 (27) 82.8 (48) 25.8 (17) 2.0 (2) O > S, I > S, O > C, I > C

NEO, SFM, ERY, MER 66.7 (24) 55.0 (29) 18.2 (12) 69.7 (69) O > S, I > S, C > S, O > C

GEN, STR, CHL, MER 27.8 (10) 8.6 (5) 7.6 (5) 14.1 (14) I > S, I > O

GEN, TET, SFM 58.3 (21) 70.7 (41) 28.8 (19) 39.4 (39) O > S, I > S, O > C

TET, TRM, SFM 38.9 (14) 36.2 (21) 28.8 (19) 24.2 (24) NS

STR, ERY, RIF 72.2 (26) 75.9 (44) 30.3 (20) 54.5 (54) O > S, I > S, C > S, O > C

1Criteria for inclusion was non-sensitive resistance (resistance or intermediate resistance level) for three or more antibiotics and presence in greater than 20% in one or
more locations.
2Reported in percentage of isolates from location and number of isolates in parenthesis.
3Statistical significance was determined between locations by proportional Z test.

FIGURE 4 | Percentage of E. coli isolates from sewage (n = 66), outer harbor (n = 58), inner harbor (n = 36), and clinical setting (n = 99) harboring
antibiotic resistance genes. Table indicates significant difference in antibiotic resistance (not including intermediate resistance) between locations (p < 0.01) by
proportional Z test.

The E. coli isolates of the inner harbor demonstrated greater
frequencies of the tet(M) gene compared to the isolates of the
outer harbor and derived from human sources (clinical and
human derived sewage isolates). The presence of the tet(M) gene
explained greater than 38.9% of the tetracycline resistant isolates
detected in the inner harbor and less than 16.1% in the other
tetracycline isolates from other sources.

The ermB gene was present in significantly greater frequency
in clinical E. coli isolates than the E. coli isolates from the outer
harbor and human derived sewage. The presence of ermB may
explain 52% of the erythromycin resistance observed in the

clinical isolates, while less than 40% of erythromycin resistance
could be explained in the urban waterways and human derived
sewage isolates.

The few genetic determinants detected in this study had little
to no effect on the PCA analysis in the presence of the phenotypic
data (Figure 3). Utilizing only the genetic determinations in PCA
analysis and MANOVA did not show any significant difference
between sources of E. coli isolates.

While the genetic determinates were able to explain some of
the high incidences of resistance within the clinical E. coli isolates,
direct phenotypic determination of antibiotic resistance showed
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