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Members of the genus Aeromonas are ubiquitous in nature and have increasingly been implicated in numerous diseases of hu-
mans and other animal taxa. Although some species of aeromonads are human pathogens, their presence, density, and relative
abundance are rarely considered in assessing water quality. The objectives of this study were to identify Aeromonas species
within Lake Erie, determine their antibiotic resistance patterns, and assess their potential pathogenicity. Aeromonas strains were
isolated from Lake Erie water by use of Aeromonas selective agar with and without tetracycline and ciprofloxacin. All isolates
were analyzed for hemolytic ability and cytotoxicity against human epithelial cells and were identified to the species level by us-
ing 16S rRNA gene restriction fragment length polymorphisms and phylogenetic analysis based on gyrB gene sequences. A mo-
lecular virulence profile was identified for each isolate, using multiplex PCR analysis of six virulence genes. We demonstrated
that Aeromonas comprised 16% of all culturable bacteria from Lake Erie. Among 119 Aeromonas isolates, six species were identi-
fied, though only two species (Aeromonas hydrophila and A. veronii) predominated among tetracycline- and ciprofloxacin-resis-
tant isolates. Additionally, both of these species demonstrated pathogenic phenotypes in vitro. Virulence gene profiles demon-
strated a high prevalence of aerolysin and serine protease genes among A. hydrophila and A. veronii isolates, a genetic profile
which corresponded with pathogenic phenotypes. Together, our findings demonstrate increased antibiotic resistance among
potentially pathogenic strains of aeromonads, illustrating an emerging potential health concern.

Members of the genus Aeromonas are Gram-negative bacilli
that are typically associated with freshwater environments,

though they are also present in soil and clinical sources (1) and are
symbionts of zebrafish (2), leeches (3), and dreissenid mussels (4).
Within the past few decades, there has been a marked increase in
Aeromonas research due to the clinical relevance of this genus in
fish, humans, and other animal taxa (5). For example, Aeromonas
salmonicida has received considerable attention from both fishery
biologists and hatchery operators due to its ability to cause furun-
culosis, especially in commercially valuable salmonids (6, 7). A.
salmonicida infections range from chronic to acute infections that,
in some cases, lead to death within hours (7). Additionally, A.
hydrophila and A. veronii have been identified as the etiologic
agents of major fish kills worldwide (5) as well as epizootic ulcer-
ative syndrome in several species of farmed fish (9).

Aeromonas species (most often A. caviae, A. hydrophila, and A.
veronii) have received increased attention due to their association
with a multitude of human diseases, ranging from subclinical con-
ditions such as gastroenteritis to more severe extraenteric condi-
tions, including wound infections and septicemia (1, 5, 10, 11).
For example, A. hydrophila and A. veronii were the leading causes
of skin and soft tissue infections found in survivors of the 2004
tsunami in Thailand (12). Aeromonads were also associated with
pulmonary infections resulting from the tsunami (13) but are
more typically identified as a cause of pneumonia in immuno-
compromised patients (14).

Due to the overuse of broad-spectrum antibiotics in clinical
settings, agriculture, and fish hatcheries, there has been an in-
crease in antibiotic resistance among disease-causing Aeromonas
species (15). Members of the genus have developed a high level of

resistance to commonly used antibiotics such as ampicillin (16),
which has become so widespread that low levels of the antibiotic
are used as a selective agent for the bacterium (17). There has also
been an emerging resistance to other antibiotics, including tetra-
cycline and ciprofloxacin, among Aeromonas species. The overuse
of tetracycline as a broad-spectrum antibiotic within fish hatcher-
ies and feedlots, as well as clinics, appears to have resulted in an
increase in resistance (18). Although ciprofloxacin resistance is
less common among environmental isolates, recent studies have
indicated low levels of resistance among A. caviae, A. hydrophila,
and A. sobria isolates, thus indicating that it is an emerging con-
cern (15).

Identification and characterization of pathogenic and antibi-
otic-resistant strains of Aeromonas in aquatic environments are
important steps in curtailing their spread and preventing further
disease. The present study reports the prevalence of tetracycline
and ciprofloxacin resistance among potentially pathogenic Aero-
monas isolates from the Eastern Basin of Lake Erie. Additionally,
virulence gene profiles were identified, along with hemolytic and
cytotoxic phenotypes.
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MATERIALS AND METHODS
Relative abundance and antibiotic resistance of Aeromonas in the envi-
ronment. Water samples were collected in Erie, PA, between 12 July and
10 November 2010, from the south pier of the shipping channel that
connects Presque Isle Bay to Lake Erie (42°09.079=N, 80°04.738=W). Sam-
ples were collected 1 meter above the bottom substrate by use of a sewage
sampler (model 990 A10; Wildlife Supply Co., Yulee, FL) and sterile
300-ml bottles. All samples were held on ice until processed. Samples of
water (8 �l to 25 ml) were vacuum filtered through standard 0.45-�m
nitrocellulose filters (Millipore, Billerica, MA) within 4 h of collection.

Filters were placed onto 60-mm by 15-mm tryptic soy agar (TSA;
Difco, Lawrence, KS) plates to determine total CFU. Filters were also
placed on ampicillin-dextrin agar (Hardy Diagnostics, Santa Maria, CA)
with vancomycin (2 �g/ml) according to U.S. Environmental Protection
Agency (EPA) methodology (19). Previous comparisons of 10 selective
and differential media indicated that ampicillin-dextrin agar was most
effective in differentiating Aeromonas from other waterborne bacteria
(20). To further increase the selectivity of the ampicillin-dextrin agar,
irgasan was added at a concentration of 5 �g/ml, i.e., the concentration
contained in Aeromonas agar (Lab M, Bury, Lancashire, United King-
dom). Replica plating experiments on water collected at the site indicated
that this modified agar (referred to here as ampicillin-dextrin agar with
vancomycin and irgasan [ADA-VI]) reduced growth of non-Aeromonas
organisms (colonies with coloration other than yellow) but did not affect
the growth of presumptive Aeromonas organisms (yellow colonies) (data
not shown). Volumes were plated onto TSA and ADA-VI plates in dupli-
cate and incubated at 30°C for 24 h. Total numbers of cultivatable bacteria
(total CFU on TSA) and presumptive Aeromonas isolates (yellow colonies
on ADA-VI) (CFU/100 ml) were determined for each sample date. The
relative abundance of presumptive Aeromonas was calculated by dividing
the number of presumptive Aeromonas organisms by the total CFU and
multiplying by 100.

Resistance of Aeromonas in the environment against tetracycline and
ciprofloxacin was assessed by filter plating water samples onto ADA-VI
supplemented with tetracycline (4 �g/ml) (21) or ciprofloxacin (0.16 �g/
ml). The ciprofloxacin concentration was approximately midway be-
tween the MIC50 and MIC90 values reported by Ko et al. (15) for Aeromo-
nas. Percent resistance of presumptive Aeromonas to each antibiotic was
calculated by dividing the concentration of resistant Aeromonas organ-
isms (CFU/100 ml) by the total concentration of Aeromonas organisms
(CFU/100 ml) and multiplying by 100.

Isolation and confirmation of antibiotic resistance. Presumptive
Aeromonas organisms (i.e., yellow colonies) were picked randomly from
filter plates containing ADA-VI (n � 54), ADA-VI with tetracycline (n �
50), and ADA-VI with ciprofloxacin (n � 20), streaked for isolation onto
TSA plates, and then grown overnight in tryptic soy broth (TSB; Difco,
Lawrence, KS). Glycerol (15%) frozen stocks were made from each over-
night culture and stored at �80°C for later use. Each isolate was tested for
cytochrome oxidase activity, trehalose fermentation, and indole produc-
tion (19). Physiological tests with negative results were repeated to help
ensure accuracy. Antibiotic resistance of isolates obtained from ADA-VI
plates lacking or supplemented with tetracycline or ciprofloxacin was fur-
ther evaluated by their ability to grow in TSB with tetracycline (4 �g/ml)
or ciprofloxacin (0.16 �g/ml).

16S rRNA gene RFLP and gyrB sequence analysis. Aeromonas species
identification was performed following previous methodology (22).
Briefly, bacterial DNA was obtained through lysis using BR-A buffer
(GenScript, Piscataway, NJ). Universal primers (forward, 5=-AGAGTTT
GATCATGGCTCAG-3=; and reverse, 5=-GGTTACCTTGTTACGACTT-
3=) were used to PCR amplify a 1,465-bp 16S rRNA gene segment, using
GoTaq Green master mix (Promega, Madison, WI). The amplicon was
subsequently double digested with AluI and MboI (New England BioLabs,
Ipswich, MA) at 37°C overnight and electrophoresed in a 4% MetaPhor
agarose gel (Lonza, Rockland, ME) as previously described (22). Strains of
A. hydrophila (ATCC 7966), A. caviae (ATCC 15468), and A. veronii

(ATCC 9071) were used as positive controls. All restriction fragment
length polymorphism (RFLP) patterns were further confirmed by gyrB
sequence analysis (23). The neighbor-joining method (24) was used to
compare 11 A. veronii, 6 A. hydrophila, and all other Aeromonas isolates to
other Aeromonas reference strains. MEGA5 (25) was used to predict the
evolutionary distances, using the maximum composite likelihood method
(26). Figure S1 in the supplemental material demonstrates the phyloge-
netic analysis. For Aeromonas isolates for which gyrB and RFLP analyses
revealed different species, gyrB results were used. All A. veronii and A.
hydrophila RFLP patterns were in agreement with phylogenetic analysis
based on gyrB sequence homology.

Pathogenicity in vitro. Isolates were streaked onto TSA and 5% sheep
blood agar plates to determine their hemolytic ability and were tested for
cytotoxicity following a previously described protocol (27). Briefly, frozen
stocks of isolates were plated onto ADA-VI and incubated at 30°C for 24 h.
Isolated colonies from ADA-VI plates were used to make TSB cultures. After
incubation at 30°C for 48 h, 1-ml aliquots were centrifuged at 12,000 � g for
30 min. Supernatants were then passed through a 0.2-�m syringe filter,
diluted 1:5 in minimal essential medium (MEM) with 5% fetal bovine
serum (FBS), and added to HeLa cells in a 96-well plate at 2 � 105 cells/ml.
The negative control was TSB medium alone. Cytotoxicity was measured
at 18 to 24 h postinoculation via an MTT [3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2H-tetrazolium bromide] assay (Sigma, St. Louis, MO) fol-
lowing the manufacturer’s protocol. Briefly, MTT solution (5 mg/ml in
phosphate-buffered saline [PBS]) was added to RPMI 1640 with 10% FBS
and without phenol red for 2 h at 37°C to identify viable cells. MTT
crystals were solubilized in 10% Triton X-100, 0.1 N HCl diluted in iso-
propanol. Cytotoxicity was determined by measuring the absorbance at
590 nm minus that at 650 nm, using an enzyme-linked immunosorbent
assay (ELISA) plate reader and comparing the values to those of negative-
control wells containing only HeLa cells and medium alone. Isolates were
considered cytotoxic if their absorbance values were less than 50% the
absorbance values of the negative controls.

Scanning electron microscopy. Cytotoxic effects of Aeromonas iso-
lates on HeLa cells were further investigated using scanning electron mi-
croscopy. Cell cultures were fixed in 100% ice-cold methanol for 10 min,
with subsequent incubation with 1% OsO4 (Electron Microscopy Sci-
ences, Hatfield, PA) overnight at room temperature. Samples were dehy-
drated with increasing concentrations of ethanol (10%, 25%, 50%, 75%,
90%, 100%, and 100% [vol/vol]) and stored in 100% ethanol at 4°C for
future use. Samples were critical point dried under CO2, using a Ladd
28000 (Ladd Research Industries, Burlington, VT) critical point dryer,
and then coated with gold with a Polaron Instruments E5100 (Polaron
Instruments, Inc., Doylestown, PA) sputter coater. Samples were imaged
using a Hitachi S-570 scanning electron microscope (Hitachi High-Tech-
nologies Corp., Tokyo, Japan) with a 25-kV acceleration voltage. Images
were generated using an Orion digitizer (E.L.I. Microscopy, Charleroi,
Belgium) connected to the microscope. The figure was composed using
the Inkscape 0.47 vector graphics program. The final image was corrected
for brightness and contrast after composition, and corrections were ap-
plied uniformly to all parts of the figure.

Multiplex analysis of virulence genes. Multiplex analysis of viru-
lence genes (lateral flagellum, nuclease, aerolysin, serine protease,
glycerophospholipid cholesterol acyltransferase [GCAT], and lipase
genes) was performed following a previously described protocol (28).
Briefly, 1 �l of overnight culture was lysed in 20 �l of BR-A buffer
(GenScript), and multiplex PCR was performed with 2� BacReady
PCR master mix (GenScript) and six sets of primers (Table 1), specific
for the virulence genes mentioned above. PCR amplification was per-
formed under the following conditions: denaturation for 3 min at 94°C
followed by 35 cycles of 94°C for 60 s, 64°C for 30 s, and 72°C for 45 s,
with a final extension step at 72°C for 7 min. PCR products were
analyzed using agarose gel electrophoresis.
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RESULTS
Relative abundance and antibiotic resistance of Aeromonas in
the environment. Water samples were collected from Presque Isle
Bay on eight dates between 12 July and 10 November 2010 and
used to enumerate total cultivatable bacteria and presumptive
Aeromonas organisms (Fig. 1). Abundances of total cultivatable
bacteria (growth on TSA) ranged from 4,275 to 68,750 CFU/100
ml of water (mean � 25,672 CFU/100 ml of water; standard devi-
ation [SD] � 20,909 CFU/100 ml of water). The spike in bacterial
abundance on 13 September coincided with a dense algal bloom in
the bay. Abundances of presumptive Aeromonas organisms (yel-
low colonies on ADA-VI) ranged from 475 to 36,750 CFU/100 ml
of water (mean � 3,382 CFU/100 ml of water; SD � 2,753 CFU/

100 ml of water), resulting in a prevalence range of 1.1% to 29.0%
(mean � 16.0%; SD � 10.2%).

Resistance of presumptive Aeromonas organisms from Presque
Isle Bay to tetracycline and ciprofloxacin (quantified by compar-
ing growth on ADA-VI filter plates supplemented with tetracy-
cline or ciprofloxacin to that on ADA-VI filter plates lacking both
antibiotics) was relatively rare in the environment, comprising
less than 1% of presumptive Aeromonas organisms across dates.
On average, 0.53% (SD � 0.20%) of presumptive Aeromonas or-
ganisms were resistant to tetracycline, and 0.12% (SD � 0.02%)
were resistant to ciprofloxacin.

Species identification and antibiotic resistance of Aeromonas
isolates. Species identification was performed on 124 isolates by
using 16S rRNA gene RFLP analysis; 119 isolates demonstrated
published Aeromonas RFLP patterns (22) and were further con-
firmed by gyrB sequence analysis. The presence and relative abun-
dance of species varied among ADA-VI plates lacking additional
antibiotics and those supplemented with tetracycline or cipro-
floxacin (Fig. 2). Of the 54 isolates obtained from ADA-VI filter
plates lacking additional antibiotics, 51 were confirmed as Aero-
monas, and they belonged to six different species (A. allosacchar-
ophila, A. bestiarum, A. jandaei, A. hydrophila, A. sobria, and A.
veronii). The majority of Aeromonas organisms isolated from
those plates were identified as A. veronii (80.3%). All 50 isolates
from ADA-VI filter plates supplemented with tetracycline dem-
onstrated previously described RFLP patterns (22). In contrast to
the species distribution on ADA-VI filter plates lacking additional
antibiotics, the majority of isolates from plates supplemented with
tetracycline were identified as A. veronii (74.0%) or A. hydrophila
(24.0%). Of the 20 isolates obtained from ADA-VI plates supple-
mented with ciprofloxacin, 18 exhibited previously published
RFLP patterns (22) and were identified as either A. hydrophila
(72.2%) or A. veronii (27.8%).

Among the 26 A. hydrophila isolates, 96% demonstrated resis-
tance to tetracycline, ciprofloxacin, or both antibiotics when grown
in TSB supplemented with antibiotics (Table 2). Similarly, 50.6% of
83 A. veronii isolates demonstrated resistance to one or both of the
antibiotics (Table 2). In contrast, of the 10 isolates that were identified
as species other than A. hydrophila or A. veronii, only 1 (an isolate of A.
allosaccharophila) demonstrated resistance (Table 2).

TABLE 1 Primer pairs used for PCR amplification of virulence genes and the 16S rRNA gene

Target gene Primer Sequence (5=¡ 3=)
Product size
(bp)

GenBank accession no.
(reference) Reference

Lateral flagellum B LatFB-F GACCAGCAAGGATAGTGGGTTGGAG 624 AF348135 28
LatFB-R AAGCACCATCGCGTTGGTATAAGG

Nuclease Nucl-F CAGGATCTGAACCGCCTCTATCAGG 504 AF004392 28
Nucl-R GTCCCAAGCTTCGAACAGTTTACGC

Aerolysin Aero-F GAGCGAGAAGGTGACCACCAAGAAC 417 M16495 28
Aero-R TTCCAGTCCCACCACTTCACTTCAC X65044

Serine protease SerP-F ACGGAGTGCGTTCTTCCTACTCCAG 211 X67043 28
SerP-R CCGTTCATCACACCGTTGTAGTCG AF159142

GCAT GCAT-F CATGTCTCCGCCTATCACAACAAGC 339 X70686 28
GCAT-R CCAGAACATCTTGCCCTCACAGTTG AF268080

Lipase Lip-F GACCCCCTACCTGAACCTGAGCTAC 155 U63543 28
Lip-R AGTGACCCAGGAAGTGCACCTTGAG

16S rRNA 16S-F AGAGTTTGATCATGGCTCAG 1,465 22
16S-R GGTTACCTTGTTACGACTT

FIG 1 Prevalence of Aeromonas in Presque Isle Bay, Lake Erie. Abundances
(CFU/100 ml water) of cultivatable bacteria (light bars) and presumptive Aero-
monas organisms (dark bars) were determined by filter plating water samples
onto tryptic soy agar and ADA-VI, respectively. The value above each pair of
bars is the relative abundance (%) of presumptive Aeromonas. The mean rel-
ative abundance of Aeromonas at the site was 16.0% (SD � 10.2%) for the
study period.
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Biochemical properties of Aeromonas isolates. A variety of
biochemical properties were observed among the 119 isolates con-
firmed as Aeromonas (Table 3). The typical Aeromonas phenotype
(19) of oxidase activity, trehalose fermentation, and indole pro-
duction (O� T� I�) was observed in 81 (68.1%) isolates. Of the
remaining 38 isolates, 26 were positive for oxidase activity and
trehalose fermentation but did not produce indole (O� T� I�).
Analysis of RFLP patterns and gyrB sequences identified the ma-
jority of isolates with the O� T� I� phenotype as A. hydrophila.
The absence of trehalose fermentation and indole production was
found in 10 (8.4%) isolates, all of which were identified as A.
veronii. Oxidase activity was absent in two isolates, identified as A.
veronii and A. hydrophila, with the latter isolate also being negative
for indole production. Overall, A. hydrophila isolates demon-
strated the highest prevalence of atypical physiological pheno-
types, with only 23.1% testing positive for cytochrome oxidase
activity, trehalose fermentation, and indole production.

Characterization of virulence phenotypes and virulence gene
profiles. Beta-hemolysis and cytotoxic effects of cell-free superna-
tants on human epithelial cells were evaluated to determine the
potential pathogenicity of Aeromonas isolates. Virulence pheno-
types were associated predominantly with two species: A. veronii
and A. hydrophila (Table 4). Beta-hemolysis was exhibited in 73%
of A. veronii isolates, with 63% of isolates within this species dem-
onstrating cytotoxic activity against human epithelial cells. Prev-
alences of beta-hemolytic and cytotoxic phenotypes of A. hydro-
phila isolates were even higher, i.e., 100% and 92%, respectively.
Cytotoxic activity appeared to be mediated via different virulence
mechanisms, including a loss of membrane integrity with subse-
quent membrane blebbing (Fig. 3B) and pore-forming activities
(Fig. 3C). Other species of aeromonads had markedly lower prev-
alences of potential pathogenicity, with only one isolate demon-
strating hemolysis. However, the small sample sizes of A. allosac-
charophila, A. bestiarum, A. jandaei, and A. sobria preclude
detailed comparisons across species.

Identifying a virulence gene profile associated with hemolytic

and cytotoxic phenotypes would aid in understanding Aeromonas
pathogenesis. We tested for the presence of six different virulence
genes (28) (lateral flagellum B, nuclease, aerolysin, serine pro-
tease, GCAT, and lipase genes) in each isolate. No isolates dem-
onstrated the presence of the lateral flagellum gene (data not
shown). Hemolytic and cytotoxic phenotypes were strongly asso-
ciated with isolates harboring the aerolysin and serine protease
genes (Fig. 4 and Table 4). However, determining which of those
genes conferred virulence was difficult due to the presence of both
serine protease and aerolysin genes in 100% of A. hydrophila iso-
lates and 77% of A. veronii isolates (Fig. 4 and Table 4).

DISCUSSION

We evaluated antibiotic resistance among environmental isolates
of Aeromonas, a genus of bacteria gaining attention due to its
increasing prevalence as an etiologic agent in an array of diseases
associated with both immunocompetent and immunocompro-
mised individuals. This study is unique in that we were interested
in comparing the prevalences of potentially pathogenic pheno-
types and virulence gene profiles between antibiotic-resistant and
-susceptible Aeromonas isolates. Few studies of Aeromonas have
been performed in North America’s Great Lakes, bodies of water
that contain 20% of the earth’s fresh surface water. Our findings
identified Aeromonas species similar to those previously reported
within zebra mussels obtained from Lake Erie (4), though a short-
age of studies within the Great Lakes prevents detailed compari-
sons among studies.

Among aquatic isolates from the Eastern Basin of Lake Erie,
Aeromonas comprised, on average, 16% of total cultivatable bac-
teria, with A. veronii (80%) being the most prevalent species. A.
hydrophila, one of the most pathogenic Aeromonas species, com-
prised around 2% of the sample population. Estimates of antibi-
otic resistance among Aeromonas organisms were 0.53% for tet-
racycline and 0.12% for ciprofloxacin. However, antibiotic
resistance was not uniformly distributed among species. Instead,
over 98% of tetracycline- and ciprofloxacin-resistant isolates were
identified as A. hydrophila or A. veronii, and 72% of isolates that
were resistant to both antibiotics were identified as A. hydrophila.
The higher prevalence of tetracycline resistance than ciprofloxacin
resistance among Aeromonas organisms is in agreement with
other environmental and clinical studies (15, 21, 29, 30) and high-
lights the antibiotic resistance in the genus, specifically among
Aeromonas species that are associated with human disease.

The sources of antibiotic-resistant Aeromonas at our study site
are not clear. However, combined sewer overflows (CSOs) in 2010
on three dates, all of which had rainfall events of �9 cm, resulted
in 805,604 gallons of untreated water entering Presque Isle Bay

TABLE 2 Antibiotic resistance phenotypes of Aeromonas species
isolated from Lake Erie

Aeromonas species
No. of
isolates

No. (%) of isolates with phenotypea

Tets Cips Tetr Cips Tets Cipr Tetr Cipr

A. allosaccharophila 2 1 (50.0) 1 (50.0) 0 (0) 0 (0)
A. bestiarum 2 2 (100.0) 0 (0) 0 (0) 0 (0)
A. hydrophila 26 1 (3.8) 3 (11.5) 1 (3.8) 21 (80.8)
A. jandaei 2 2 (100.0) 0 (0) 0 (0) 0 (0)
A. sobria 4 4 (100.0) 0 (0) 0 (0) 0 (0)
A. veronii 83 41 (49.4) 32 (38.6) 2 (2.4) 8 (9.6)
a Tet, tetracycline; Cip, ciprofloxacin; s, susceptible; r, resistant.

FIG 2 Prevalences of Aeromonas species among tetracycline- and ciprofloxa-
cin-resistant populations. Isolates (n � 119 total) were randomly picked from
filter plates containing ADA-VI (white bars; n � 51), ADA-VI supplemented
with 4 �g/ml tetracycline (gray bars; n � 50), and ADA-VI supplemented with
0.16 �g/ml ciprofloxacin (black bars; n � 18). Species identity was determined
using RFLP analysis of the 16S rRNA gene and was confirmed by gyrB sequenc-
ing analysis. A. allosacch., A. allosaccharophila.

Skwor et al.

844 aem.asm.org Applied and Environmental Microbiology

http://aem.asm.org


and its outer harbor (City of Erie, Bureau of Sewers, Erie Waste-
water Treatment Plant). More recent data from 2011 and 2012
showed CSOs of 1,364,014 gallons and 409,488 gallons, respec-
tively. Although the city of Erie’s treatment plant captured and
treated over 99.9% of the 12,126.57 million gallons of wastewater
that flowed into it in 2010 (well above the compliance require-
ment of 85%), CSOs that result from short-duration, high-inten-
sity rain events may be a source of Aeromonas and other bacteria of
human origin. Quantitative PCR on water from several tributary
streams located near the city of Erie revealed the presence of hu-
man-derived Bacteroides at all study sites (Coastal Zone Manage-
ment [CZM] projects CZM 2006-PE.10 and CZM 2007 PE.05).
These findings suggest that contamination of tributary streams
from sanitary sewer overflows, malfunctioning on-lot septic sys-
tems, municipal sewerage conveyance systems, and storm water
discharges makes its way into Lake Erie and may serve as a source
of human-derived bacteria at our study site (CZM projects CZM
2006-PE.10 and CZM 2007 PE.05). It is also possible that effluent
from a trout hatchery operated by the Pennsylvania Fish and Boat
Commission and several trout raceways operated by local sports-
men’s organizations, along with agricultural runoff from within
the watershed, may be sources of bacterial contamination origi-
nating in other animals; however, no point sources appear to have
been identified to date. Long-term monitoring of Escherichia coli
along the beaches of Presque Isle State Park and swimming advi-

sories that typically occur after large runoff events indicate peri-
odically high fecal coliform populations near the study site (31).
The potential sources of bacterial contamination mentioned
above are not unique to Lake Erie and suggest that antibiotic-
resistant Aeromonas may be present in other areas of the Great
Lakes.

Aeromonas populations at our study site may also be influ-
enced by animals known to harbor them. Aeromonads, including
A. hydrophila, are known to occur as part of the normal surface
and gut floras of leeches (3, 32). Although leeches are probably
present at our site, gut content analyses of bluegills (Lepomis mac-
rochirus), pumpkinseeds (Lepomis gibbosus), and round gobies
(Neogobius melanostomus) suggest that the population density is
relatively low or that these species of fish avoid eating leeches (33,
34). Dreissenid mussels (Dreissena polymorpha and Dreissena ros-
triformis bugensis) from the Eastern Basin of Lake Erie have also
been shown to harbor several species of Aeromonas (4), including
A. hydrophila, A. veronii, A. sobria, A. media, A. jandaei, and A.
salmonicida (T. A. Skwor and G. M. Andraso, unpublished data).
Dense populations of dreissenids occur at our study site (34) and
in most regions in the Great Lakes and may therefore serve as
reservoirs for potentially pathogenic aeromonads (4).

In addition to the potential clinical consequences of increasing
antibiotic resistance of Aeromonas, their ubiquitous nature may
make them a reservoir and ecological vehicle for spreading anti-

TABLE 3 Biochemical properties of Aeromonas species isolated from Lake Erie

Species No. of isolates

No. (%) of isolates with physiologic profilea

O� T� I� O� T� I� O� T� I� O� T� I� O� T� I�

A. allosaccharophila 2 2 (100) 0 (0) 0 (0) 0 (0) 0 (0)
A. bestiarum 2 2 (100) 0 (0) 0 (0) 0 (0) 0 (0)
A. hydrophila 26 6 (23.1) 19 (73.1) 0 (0) 0 (0) 1 (3.8)
A. jandaei 2 1 (50.0) 1 (50.0) 0 (0) 0 (0) 0 (0)
A. sobria 4 3 (75.0) 1 (25.0.0) 0 (0) 0 (0) 0 (0)
A. veronii 83 67 (80.7) 5 (6.0) 10 (12.0) 1 (1.2) 0 (0)
Total 119 81 (68.1) 26 (21.8) 10 (8.4) 1 (0.8) 1 (0.8)
a O, cytochrome oxidase activity; T, trehalose fermentation; I, indole production.

TABLE 4 Prevalences of virulence phenotypes and gene profiles among Aeromonas species

Aeromonas species and
gene profile

No. of isolates
(n � 119)

Beta-hemolysis Cytotoxicity Presence of virulence gene

% of each species
(no. of isolates)

% of each genotype
(no. of isolates)

% of each species
(no. of isolates)

% of each genotype
(no. of isolates) Nuclease Aerolysin GCAT

Serine
protease Lipase

A. allosaccharophila 2 0 (0) 0 (0)
Gene profile 1 2 0 (0) 0 (0) � � � � �

A. bestiarum 2 0 (0) 0 (0)
Gene profile 1 2 0 (0) 0 (0) � � � � �

A. hydrophila 26 100 (26) 92 (24)
Gene profile 1 23 100 (23) 88 (21) � � � � �
Gene profile 2 2 100 (2) 100 (2) � � � � �
Gene profile 3 1 100 (1) 100 (1) � � � � �

A. jandaei 2 50 (1) 0 (0)
Gene profile 1 1 100 (1) 0 (0) � � � � �
Gene profile 2 1 0 (0) 0 (0) � � � � �

A. sobria 4 0 (0) 0 (0)
Gene profile 1 2 0 (0) 0 (0) � � � � �
Gene profile 2 1 0 (0) 0 (0) � � � � �
Gene profile 3 1 0 (0) 0 (0) � � � � �

A. veronii 83 73 (61) 63 (52)
Gene profile 1 1 0 (0) 0 (0) � � � � �
Gene profile 2 2 100 (2) 100 (2) � � � � �
Gene profile 3 61 84 (51) 74 (45) � � � � �
Gene profile 4 8 38 (3) 25 (2) � � � � �
Gene profile 5 3 100 (3) 67 (2) � � � � �
Gene profile 6 8 25 (2) 0 (0) � � � � �
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biotic resistance to other bacteria, including E. coli (35). Antibiotic
resistance genes among Aeromonas organisms have been associ-
ated with integron-associated R plasmids, and tetracycline resis-
tance, in particular, has been associated with an array of different
plasmids within A. hydrophila isolates (36). Ciprofloxacin resis-
tance among environmental and clinical Aeromonas isolates has
been attributed to plasmids (37, 38) as well as chromosomal mu-
tations in quinolone resistance-determining regions of gyrA
(39, 40).

The use of biochemical characters (oxidase activity, trehalose
fermentation, and indole production) to identify presumptive
Aeromonas has been adopted by the U.S. Environmental Protec-
tion Agency (19). Although the 119 isolates described in this study
grew as yellow colonies on ADA-VI agar and were confirmed by
published 16S rRNA gene RFLP patterns (22) and gyrB sequence
analysis, only 81 (68.1%) had typical Aeromonas physiological
properties. In particular, the majority of A. hydrophila isolates
(73.1%) were indole negative, and one isolate was negative for
oxidase activity and indole production. Deviation from typical
Aeromonas physiological traits has been noted previously in A.
hydrophila and other species; however, in that study, only one A.
hydrophila isolate tested negative for indole production (1). Con-
sidering that all negative tests were repeated to ensure accuracy, a
potential reason for these atypical findings among A. hydrophila
isolates may be specific to antibiotic-resistant strains. In our study,
we identified only one A. hydrophila isolate that was susceptible to
both antibiotics among the 54 isolates obtained from ADA-VI
plates lacking tetracycline and ciprofloxacin, thus preventing us
from determining the typical physiological phenotype or pheno-
types of susceptible strains.

The majority (25/26 isolates) of A. hydrophila isolates were
obtained from ADA-VI plates with tetracycline or ciprofloxacin.
After identifying antibiotic resistance, we examined their poten-
tials to be pathogenic by their cytotoxic and hemolytic activities.
We found that 92% of antibiotic-resistant A. hydrophila isolates
were cytotoxic and 100% were hemolytic. Our results are consis-
tent with previous work on A. hydrophila that demonstrated 98%
of water isolates as cytotoxic and 97% as hemolytic (41). Another

FIG 3 Cytotoxic effects of Aeromonas cell-free supernatants on human epithe-
lial cells. HeLa cells were incubated with cell-free bacterial supernatants for 4 h
and fixed to identify cytotoxic phenotypes. (A) Control HeLa cells. The inset
shows an intact membrane. (B) HeLa cells following 4 h of incubation with
Aeromonas supernatant, showing evident blebbing of the plasma membrane.
The inset shows that the bleb is contiguous with the cell membrane. (C) HeLa cells
following 4 h of incubation with another Aeromonas isolate supernatant, showing
an irregular shape. The inset demonstrates pores in the plasma membrane
(marked by arrowheads). Bars, 7.5 �m (main panels) and 1.5 �m (insets).

FIG 4 Aerolysin and serine protease association with cytotoxic phenotypes.
Multiplex PCR was performed on all Aeromonas isolates, and the isolates were
grouped into virulence gene profiles based on the presence or absence of aero-
lysin and serine protease. Cytotoxic activity is represented by dark bars, and
noncytotoxicity is represented by white bars. The percent cytotoxicity against
HeLa cells for each genotypic pattern was determined by dividing the number
of cytotoxic isolates by the total number of isolates. The total numbers of
isolates exhibiting the described genotypes are given above the bars. A, aero-
lysin; S, serine protease.
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Aeromonas species associated with human disease, A. veronii, also
demonstrated high prevalences of cytotoxicity (72%) and hemo-
lysis (88%) in our study. The apparently lower prevalence of po-
tentially pathogenic A. veronii isolates than of A. hydrophila iso-
lates is consistent with previous work showing that only 61% of A.
veronii water isolates were cytotoxic and hemolytic (41).

Numerous genes have been proposed to mediate pathogenic
phenotypes of Aeromonas, specifically those associated with type
II (42), III (43), and VI (44) secretion systems. The regulation of
these secretion systems is mediated via quorum sensing and may
be associated with polar and lateral flagellar activity (45–48). Type
II secretion systems regulated by quorum sensing are involved in
the secretion of multiple virulence factors, including serine pro-
tease and aerolysin (49, 50). In our study, serine protease and
aerolysin genes were the most prevalent virulence genes among all
cytotoxic and hemolytic Aeromonas isolates. The prevalence of
both genes was 100% in A. hydrophila and 77% in A. veronii,
corresponding with their high prevalence of pathogenic pheno-
types (�63%). Of the remaining 10 Aeromonas isolates, only one
(an isolate of A. jandaei) exhibited a hemolytic phenotype which
corresponded with the presence of both aerolysin and serine pro-
tease. The remaining isolates lacked pathogenic phenotypes and
the presence of both aerolysin and serine protease. Clinically, both
aerolysin and serine protease have demonstrated cytotoxic effects
(51, 52), and their cooccurrence among A. hydrophila strains is
more common in diseased than in healthy fish (53).

One limitation of this study is that the virulence gene profiles of
locally obtained clinical isolates are unknown. We were therefore
unable to determine if the virulence genotypes seen in potentially
pathogenic environmental isolates are the same genotypes found
in local clinical settings. Deletion experiments with these virulence
genes among Aeromonas isolates would also support their associ-
ation with pathogenicity, especially considering a study that dem-
onstrated that serine protease and GCAT were not associated with
pathogenicity of A. salmonicida (54). However, the multitude of
Aeromonas virulence genes and animal models utilized to study
pathogenicity present difficulty in interpreting these findings.

Antibiotic resistance continues to increase among bacterial
communities, but the association of resistance with pathogenic
phenotypes has rarely been elucidated. It is imperative to deter-
mine if antibiotic-resistant strains are those capable of causing
disease. In the studies described here, we identified the greatest
prevalence of tetracycline and ciprofloxacin resistance in isolates
of Aeromonas species previously associated with human disease: A.
hydrophila and A. veronii. The high prevalence of cytotoxicity and
hemolytic ability in those isolates suggests that they have the po-
tential to cause human diseases such as wound infections and
gastroenteritis if they are encountered by humans in local recre-
ational waters. Due to their high prevalence in potentially patho-
genic isolates, it appears that aerolysin and serine protease may
play important roles in the pathogenicity of Aeromonas. Future
studies are needed to identify the source of the antibiotic-resistant
Aeromonas described herein to determine if human or agricultural
waste is directly influencing bacterial resistance levels within the
recreational waters of Lake Erie.
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