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1  | INTRODUC TION

The microbiological quality of coastal environments is a major issue, 
especially in shellfish growing areas where water contamination 
may exist, with sewage discharges, including sewage outfall, com‐
bined sewer overflows, and rainwater discharges (Lee, Panicker, 
& Bej, 2003; Oliveira, Cunha, Castilho, Romalde, & Pereira, 2011). 
Enteropathogenic strains of Escherichia coli are widely distributed in 
coastal areas and are causative agents of gastroenteritis in humans 
after consumption of contaminated seafood (Kanayama et al., 2015). 
As filter‐feeding organisms, bivalves can concentrate contaminants 

from the surrounding water including micro‐organisms that can 
cause several infectious diseases in humans (Brands et al., 2005; 
Ramos et al., 2014). Moreover, as oysters could be consumed raw 
or lightly cooked, they are potential vectors for pathogenic E. coli 
(Pereira et al., 2017).

Escherichia coli is a Gram‐negative, facultative anaerobic bacte‐
rium that is primarily present in the gastrointestinal tract of humans 
and other endothermic organisms. Although most of these commen‐
sal E. coli strains are harmless, many are pathogenic and can cause 
diseases in humans. E. coli is an indicator of fecal contamination in 
food, marine and freshwater environments (Noble, Blackwood, 
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Abstract
The aim of this study was to determine the serogroups, antimicrobial resistance and 
genetic diversity of Escherichia coli isolates from samples of bivalve mollusks col‐
lected along Santa Catarina coast, Brazil, and from the Chesapeake Bay, Maryland, 
USA. One hundred forty‐one E. coli isolates were characterized for serogroups with 
181 specific O antisera and antimicrobial susceptibility using the disk diffusion 
method. The genetic diversity was assessed using pulsed‐field gel electrophoresis 
(PFGE). The results showed that among the isolates, 19.9% were classified as multi‐
drug resistant (MDR) and resistance was most frequently observed to cephalothin, 
nitrofurantoin, and ampicillin. The predominant serogroups were O6, O8, and O38. 
Some serogroups were recognized as pathogenic E. coli. PFGE dendrograms indi‐
cated extensive genetic diversity among the isolates. Although characteristics of the 
E. coli isolates were highly variable, it is important to note that E. coli belonging to 
pathogenic serogroups and MDR isolates are present in mollusks of both study areas. 
This is the first report on the phenotypic and genotypic characterization of E. coli 
from mollusks from Santa Catarina and the Chesapeake Bay that should encourage 
studies focusing on comparison of isolates across countries.
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Griffith, McGee, & Weisberg, 2010; Zhang, Wu, Zhang, Lai, & Zhu, 
2016) and has also been suggested as a possible indicator to as‐
sess the antimicrobial resistance status in environmental settings 
(Berendonk et al., 2015).

The presence of pathogenic strains of E. coli in seafood is a pub‐
lic health concern and may lead to serious health risks to consum‐
ers (Costa, 2013). Consequently, authorities in various countries, 
such as Brazil (Brazil, 2012), the United States (FDA, 2015), and 
the European Union (EU, 2004), have established regulatory limits 
and monitoring programs using E. coli counts, fecal coliform levels 
of bivalves, or fecal coliform levels of bivalve growing areas. Shiga 
toxin‐producing E. coli (STEC), especially E. coli O157:H7, has been 
widely implicated in outbreaks of foodborne illnesses (CDC, 2018). 
However, new evidence suggests that non‐O157 isolates belonging 
to the serogroups O26, O45, O91, O103, O104, O111, O113, O121, 
O128, O145, and O146 also cause significant human illnesses (Frank 
et al., 2011; Mellmann et al., 2009; Shao, Li, Jia, Lu, & Wang, 2003; 
Stritt et al., 2013; USDA, 2012).

Escherichia coli has been detected in bivalves from different 
parts of the world, and some pathogenic serotypes have been iso‐
lated (Balière, Rincé, Thevenot, & Gourmelon, 2015; Bennani et al., 
2011; Gourmelon et al., 2006; Guyon et al., 2000) which enforces 
the importance of the study of E. coli isolates from mollusks. E. coli 
has been isolated from bivalve mollusks in different studies in Santa 
Catarina coast in Brazil (Pereira, Nunes, Nuernberg, Schulz, & Vieira 
Batista, 2006; Ramos et al., 2012) and in other states in Brazil 
(Forcelini, Kolm, & Absher, 2013; Ribeiro et al., 2016). In the United 
States, Montazeri et al. (2015) reported E. coli isolated from oysters. 
However, no study was conducted to characterize E. coli recovered 
from mollusks by genotypic and phenotypic methods in the United 
States and in Brazil.

Serotyping is an important tool for the differentiation of E. coli 
strains, but it does not comprehensively characterize a strain. In 
recent years, various genotyping methods such as pulsed‐field gel 
electrophoresis (PFGE) have been used to differentiate E. coli and 
determine the genetic relationships of strain. PFGE is considered as 
the gold standard method because of its high level of discrimination 
and it has also been reported that this technique could be the most 
discriminatory genotypic method to provide a reproducible DNA fin‐
gerprinting (Zhang et al., 2016).

Antimicrobial resistance (AMR) is another tool for characteriza‐
tion of bacterial isolates. With the wide use of antimicrobials in hu‐
mans and in the environment, AMR E. coli have been reported from 
different sources and countries (Dou et al., 2016; Kao et al., 2016; 
Rabbia et al., 2016; Zhang et al., 2016). The presence of resistant 
organisms in the environment is an emerging concern around the 
world (Watkinson, Micalizzi, Graham, Bates, & Costanzo, 2007), and 
since AMR bacteria can accumulate in bivalve mollusks (Barkovskii, 
Green, & Hurley, 2010), it has been suggested that bivalves may be 
useful in assessing environmental contamination by AMR bacteria 
(Berendonk et al., 2015; Rees et al., 2015).

Until now, little information is available on the genotypic and phe‐
notypic characteristics of E. coli isolated from samples of mollusks in 

Santa Catarina, Brazil, and the Chesapeake Bay, Maryland, USA, and 
no data have been published regarding the genetic relatedness be‐
tween E. coli isolates from Brazil and the United States. Considering 
that both Santa Catarina and the Chesapeake Bay are known for mol‐
lusk production (NOAA, 2012; Santos, Marchiori, & Della Giustina, 
2017), research is important to improve the knowledge about the 
E. coli strains in samples from those harvesting areas. Since bivalves 
can accumulate micro‐organisms, including E. coli, present in sur‐
rounding waters by their filter‐feeding activities and may present a 
risk to public health, studies on the characterization of those strains 
should be addressed. The aim of this study was to determine the 
serogroups, antimicrobial resistance and genetic diversity of E. coli 
isolates recovered from mussels and oysters collected in two distant 
global regions.

2  | MATERIAL AND METHODS

2.1 | Collection of samples (mussels and oysters)

In Santa Catarina, South Brazil coast, a total of 100 samples were 
collected from 10 different localities (São Francisco do Sul, Balneário 
Barra do Sul, Penha, Balneário Camboriu, Bombinhas; Porto Belo, 
Gov. Celso Ramos, Florianópolis, São José and Palhoça) from January 
to July of 2015 in an interval of three weeks. They were comprised 
of 40 samples of oysters (Crassostrea gigas and Crassostrea rhiz‐
ophorae) and 60 samples of mussels (Perna perna). Each sample was 
comprised of 12 mollusks. In the Chesapeake Bay, Maryland, USA, a 
total of 18 samples of oysters (Crassostrea virginica) were taken from 
five localities (Oxford, Manokin, Chester, Broad Creek, and Tangier 
Sound) during October and November of 2015. Sampling frequency 
was every 3 weeks, and each sample was comprised of 12 mollusks. 
Mussel samples were collected only from Santa Catarina coast be‐
cause mussels represent 82% of total bivalve mollusk production 
while oysters represent 15% (Santos et al., 2017).

The samples in Brazil were collected by hand, and in the United 
States, an oyster dredge was used. Immediately after harvesting, 
oyster samples were bagged and placed in insulated chests. Bubble 
wraps were placed between the oyster bags and ice bags to prevent 
direct contact with ice and water. The shipping temperature was 
monitored by data loggers (ACR Systems, Inc., Data Logger Store, 
Contoocook, NH, USA) to ensure that it was maintained between 2 
and 10°C. All microbiological analyses were initiated within 4 hr of 
sample collection.

2.2 | Microbiological analysis

All 118 samples were examined quantitatively for E. coli by a five 
tube most probable number (MPN) method using minerals modified 
glutamate broth (MMGB) (Oxoid Ltd, Basingstoke, Hampshire, UK) 
and the chromogenic medium Tryptone Bile 5‐bromo‐4‐chloro‐3‐
indolyl‐β‐d‐glucuronide agar (TBX) (Oxoid), in accordance with ISO 
16649‐3 method (ISO, 2015). The results were given as the number 
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of E. coli in MPN/100 g. The lowest detectable concentration of 
E. coli when applying this method was 20 MPN/100 g.

2.3 | Antimicrobial susceptibility testing

The susceptibility to antimicrobials was tested by the disk diffusion 
method according to the guidelines published by the Clinical and 
Laboratory Standards Institute (CLSI, 2012) on Mueller‐Hinton agar 
(Oxoid). Bacterial suspension (pure culture) was adjusted to a 0.5 
McFarland standard and tested against the following antimicrobials: 
amikacin (AN, 30 μg), amoxicillin/clavulanic acid (AMC, 20/10 μg), 
ampicillin (AM, 10 μg), cefepime (FEP, 30 μg), cefoxitin (FOX, 30 μg), 
ceftriaxone (CRO, 30 μg), cephalothin (KF, 30 μg), chloramphenicol 
(C, 30 μg), ciprofloxacin (CIP, 5 μg), gentamicin (GM, 10 μg), nalidixic 
acid (NA, 30 μg), nitrofurantoin (FM, 300 μg), norfloxacin (NOR, 
10 μg), tetracycline (TE, 30 μg), and trimethoprim/sulfamethoxa‐
zole (SXT, 1.25/23.75 μg). Antimicrobial disks were obtained from 
Becton, Dickinson and Company (Sparks, MD, USA) and Oxoid. E. coli 
ATCC 25922 and Pseudomonas aeruginosa ATCC 27853 (American 
Type Culture Collection, Manassas, VA, USA), strains were used as 
controls in each assay (Pagadala et al., 2012).

Escherichia coli isolates were classified as susceptible, inter‐
mediate resistant, or resistant according to the CLSI criteria for 
Enterobacteriaceae (CLSI, 2014). A strain was considered multi‐drug 
resistant (MDR) when demonstrating resistance to three or more an‐
timicrobial classes (Schwarz et al., 2010).

Escherichia coli isolates were tested for AMR index with the intent 
to find a correlation with pollution sources since this method was 
shown to be useful in differentiating human from nonhuman pollu‐
tion sources in previous studies (Watkinson et al., 2007; Webster et 
al., 2004). The AMR indices were calculated as follows: isolate AMR 
index = no. of antimicrobials to which the isolate was resistant/total 
no. of antimicrobials tested (Parveen et al., 1997).

2.4 | Serogrouping

All E. coli isolates were referred to E. coli Reference Center located 
at Pennsylvania State University, Pennsylvania, USA, for serogroup‐
ing. The isolates were serogrouped for “O” antigen according to the 
methodology described by Orskov, Orskov, Jann, and Jann (1977). 
The method used slide agglutination with O antigen‐specific anti‐
sera, employing O1‐O187 antisera (with the exceptions of O31, 
O47, O67, O72, O94, O122) with a total of 181 antisera. Serogroups 
associated with the five categories of gastrointestinal pathogenic 
E. coli, which include enteropathogenic E. coli (EPEC), enterotoxi‐
genic E. coli (ETEC), enteroinvasive E. coli (EIEC), enteroaggregative 
E. coli (EAEC), and enterohemorrhagic E. coli (EHEC) were considered 
as pathogenic serogroups.

2.5 | Molecular typing

Genetic diversity of the isolates was assessed using PFGE accord‐
ing to a standard protocol developed by the United States Centers 

for Disease Control and Prevention (CDC) for E. coli. Briefly, agarose 
plugs were prepared with E. coli cell suspension, lysed with pro‐
teinase K and digested using XbaI enzyme. DNA fragments were 
separated on 1.5% agarose gel by electrophoresis on a CHEF DR‐
III system (Bio‐Rad Laboratories, USA). The gel was stained with 
ethidium bromide (40 mg/ml) and then de‐stained with deionized 
water and visualized with ultraviolet light. A molecular size standard 
(Salmonella enterica serotype Braenderup H9812) was used.

The results were evaluated using Bionumerics software 
(AppliedMaths, Austin, TX, USA). PFGE patterns were established 
based on the number and arrangement of fragments and computa‐
tionally based on the levels of relatedness using the Dice similar‐
ity coefficient and unweighted pair group method using arithmetic 
averages (UPGMA) with 1.5% optimization and 1.5% tolerance and 
Pearson correlation coefficient (0.5%). A phylogenetic dendrogram 
was constructed based on PFGE fingerprint profiles. Isolates shar‐
ing at least 80% similarity were considered genetically related, and 
those sharing 100% similarity were classified as clones (Balière, 
Rincé, Blanco, et al., 2015; Kao et al., 2016; Rabbia et al., 2016).

2.6 | Statistical analysis

The distribution of pathogenic serogroups between the sample 
sites was compared using the chi‐square test. A two proportion 
test was conducted to evaluate the incidence of MDR isolates 
and pathogenic serogroups between isolates from Brazil and the 
United States. The E. coli counts and the incidence of pathogenic 
serogroups were compared with the Mann–Whitney U test and lo‐
gistic regression. Logistic regression analysis was also applied to 
evaluate relationships between pathogenic serogroups and MDR 
profiles; pathogenic serogroups and sites; pathogenic serogroups 
and E. coli counts and MDR profiles. These analyses were applied 
separately to Brazil and US isolates. A p value <0.05 was considered 
statistically significant. The statistical analysis was performed using 
Minitab Software, version 16.2.4.0 (Minitab Inc., State College, PA, 
USA).

3  | RESULTS

3.1 | Prevalence and concentration of E. coli

All samples (100%) collected from Brazil (BR) and eleven (61%) 
of US samples were positive for E. coli, the counts varied widely, 
with concentrations ranging from 20 to 18,000 MPN/100 g among 
samples from Brazil and among samples from the United States, 
the concentrations ranged from <20 to 130 MPN/100 g. Forty‐
nine percent of the samples from Brazil presented a concentra‐
tion less than 230 MPN/100 g, 43% contained between 230 and 
4,600 E. coli MPN/100 g and eight percent presented concentra‐
tion higher than 4,600 MPN/100 g. In 54% of the oyster samples 
from the United States that were positive for E. coli, the bacterial 
counts were 20 MPN/100 g. No E. coli was found in samples from 
Manokin site.
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A total of 141 E. coli isolates were recovered from samples col‐
lected in Brazil (n = 100) and in the United States (n = 41) for ge‐
notypic and phenotypic characterization. One typical blue colony 
of β‐glucuronidase‐positive E. coli was selected from each positive 
sample in Brazil (60 isolates from mussels and 40 isolates from oys‐
ters). Three to five colonies were selected from each positive sample 
in the United States due to small sample size.

3.2 | Antimicrobial susceptibility testing

Escherichia coli isolates were tested for susceptibility to 15 antimi‐
crobial agents of veterinary and human health significance. Of the 
total number of isolates, 83% (n = 117) were resistant to at least 
one antimicrobial agent and 19.9% (n = 28) were classified as MDR. 
Most of the E. coli isolates, from the United States and Brazil, were 
susceptible to cefepime (99.3%), norfloxacin (97.2%), chlorampheni‐
col (95.7%) and trimethoprim/sulfamethoxazole (91.5%). Resistance 
was most frequently observed in cephalothin (78.0%), nitrofurantoin 
(21.3%) and ampicillin (19.9%) and intermediate resistance in ampi‐
cillin (50.4%), nitrofurantoin (46.8%), and amoxicillin/clavulanic acid 
(44.0%) (Table 1).

Thirty‐three antimicrobial resistance profiles were observed 
among E. coli isolates recovered from mollusks from Brazil and the 
United States. The most predominant resistance profiles were KF; 
KF‐FM; KF‐AM, with 53 (37.6%), 12 (8.5%), and 7 (5.0%) isolates 
in each, respectively, and five antimicrobial profiles were shared 
among E. coli isolates from Brazil and the United States: KF‐FM‐NA; 
KF‐GM‐FM; KF‐AM; KF‐FM; KF (Table 2).

The lowest AMR index observed was 0, and the highest was 0.47. 
The most frequent AMR index was 0.07 (44%) and 0.13 (17%) among 
Brazil isolates and 0.13 (34.2%) and 0.07 (26.8%) among US isolates.

Among isolates from Brazil, most of them were susceptible to 
cefepime (99%), norfloxacin (96%), cefoxitin (96%), and chloramphen‐
icol (94%); on the other hand, cephalothin (73%), ampicillin (19%), 
tetracycline (16%), and nitrofurantoin (12%) were the antimicrobi‐
als with the higher percentages of resistant strains. Seventy‐eight 
percent of the isolates were resistant to at least one antimicrobial 
agent, and 17% exhibited MDR. In total, there were 26 antimicrobial 
resistance profiles observed among Brazilian isolates.

Regarding the isolates harvested in the United States, all of them 
were susceptible to chloramphenicol, cefepime, norfloxacin, and tet‐
racycline and 90.2% were resistant to cephalothin, 43.9% were re‐
sistant to nitrofurantoin, 31.7% to cefoxitin, and 22% were resistant 
to ampicillin. Ninety‐five percent of the isolates were resistant to 
at least one antimicrobial agent, and 26.8% were classified as MDR 
(Table 1). There were a total of 12 antimicrobial resistance profiles 
observed among US isolates (Table 2).

3.3 | Serogrouping

A total of 141 E. coli isolates were serogrouped, and 81% were type‐
able. The typed isolates displayed 49 different serogroups that are 
shown in Table 3. Forty‐four and 11 different serogroups were found 
between E. coli isolates from Brazil and the United States, respec‐
tively. Six serogroups (O6, O9, O25, O54, O88, and O113) were 
shared by isolates from Brazil and the United States. Some E. coli 

TA B L E  1   Percentages of antimicrobial resistance and intermediate resistance determined by the disk diffusion method in Escherichia coli 
isolates from mollusks samples from Brazil and the United States

Antimicrobial

Brazil (n = 100) United States (n = 41) Total (n = 141)

Resistant Intermediate Resistant Intermediate Resistant Intermediate

KF 73.0 26.0 90.2 9.8 78.0 21.3

FM 12.0 46.0 43.9 48.8 21.3 46.8

AM 19.0 49.0 22.0 53.7 19.9 50.4

TE 16.0 2.0 0 0 11.3 1.4

FOX 0 4.0 31.7 12.2 9.2 6.4

SXT 9.0 2.0 0 2.4 6.4 2.1

NA 6.0 24.0 4.9 22.0 5.7 23.4

AMC 0 40.0 19.5 53.7 5.7 44.0

CRO 5.0 25.0 2.4 17.1 4.3 22.7

AN 2.0 17.0 0 43.9 1.4 24.8

GM 1.0 6.0 2.4 24.4 1.4 11.3

CIP 1.0 11.0 0 24.4 0.7 14.9

C 1.0 5.0 0 0 0.7 3.5

FEP 1.0 0 0 0 0.7 0

NOR 1.0 3.0 0 0 0.7 2.1

Note. AM: ampicillin; AMC: amoxicillin/clavulanic acid; AN: amikacin; C: chloramphenicol; CIP: ciprofloxacin; CRO: ceftriaxone; FEP: cefepime; FM: ni‐
trofurantoin; FOX: cefoxitin; GM: gentamicin; KF: cephalothin; NA: nalidixic acid; NOR: norfloxacin; SXT: trimethoprim/sulfamethoxazole; TE: 
tetracycline.
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isolates possess O‐serogroups (O5, O6, O7, O8, O15, O25, O45, 
O86, O88, O91, O112, O113, O126, O128, O146, O159) that have 
been recognized as pathogenic E. coli.

The most common serotype among US isolates was O38 (26.8%), 
followed by O9 (9.8%), O113 (9.8%), and O20 (7.3%). Other serotypes 
included O6, O25, O54, O93 with 4.9% of frequency and O7, O64, 
and O88 with 2.4% of the isolates (Table 3). Among E. coli isolates 

from Brazil, the predominant serogroups were O8 (17%), O6 (7%), 
O17, O21, O73, O77, and O106 (4%) (Table 3).

Ten isolates (seven from Brazil and three from the United States) 
were classified as M (reacted with antisera of several serogroups and 
could not be determined). In addition, 17 isolates (12 from Brazil and 
five from the United States), did not react with any known O groups, 
being classified as N.

Resistance profile

Number (%) of isolates in samples from:

Brazil (n = 100)
United States 
(n = 41) Total (n = 141)

KF‐AM‐SXT‐TE‐NOR‐NA‐Ca 1 (1.0) 0 1 (0.7)

KF‐AM‐SXT‐TE‐CRO‐FMa 1 (1.0) 0 1 (0.7)

KF‐AM‐SXT‐TE‐CROa 1 (1.0) 0 1 (0.7)

KF‐AM‐SXT‐TE‐FMa 1 (1.0) 0 1 (0.7)

KF‐AM‐FM‐FOX‐AMCa 0 2 (4.9) 2 (1.4)

KF‐AM‐FM‐TE‐NAa 1 (1.0) 0 1 (0.7)

KF‐AM‐FM‐TEa 2 (2.0) 0 2 (1.4)

KF‐AM‐FOX‐AMCa 0 4 (9.8) 4 (2.8)

KF‐AM‐FOX‐CRO 0 1 (2.4) 1 (0.7)

KF‐SXT‐AM‐TEa 1 (1.0) 0 1 (0.7)

KF‐SXT‐TE‐CROa 1 (1.0) 0 1 (0.7)

KF‐FM‐FOX‐AMCa 0 2 (4.9) 2 (1.4)

KF‐FM‐NAa 1 (1.0) 2 (4.9) 3 (2.1)

KF‐AM‐TEa 2 (2.0) 0 2 (1.4)

KF‐AM‐FOX 0 1 (2.4) 1 (0.7)

KF‐AM‐ANa 1 (1.0) 0 1 (0.7)

KF‐GM‐FMa 1 (1.0) 1 (2.4) 2 (1.4)

KF‐CRO‐AM 1 (1.0) 0 1 (0.7)

CRO‐TE‐NAa 1 (1.0) 0 1 (0.7)

SXT‐TE‐AMa 1 (1.0) 0 1 (0.7)

SXT‐TE‐KFa 1 (1.0) 0 1 (0.7)

KF‐AM 6 (6.0) 1 (2.4) 7 (5.0)

KF‐FM 2 (2.0) 10 (24.4) 12 (8.5)

KF‐CIP 1 (1.0) 0 1 (0.7)

KF‐AN 1 (1.0) 0 1 (0.7)

KF‐FOX 0 2 (4.9) 2 (1.4)

KF‐NA 2 (2.0) 0 2 (1.4)

KF‐TE 2 (2.0) 0 2 (1.4)

KF‐SXT 1 (1.0) 0 1 (0.7)

FM‐FOX 0 1 (2.4) 1 (0.7)

FM‐FEP 1 (1.0) 0 1 (0.7)

FM 2 (2.0) 0 2 (1.4)

KF 42 (42.0) 11 (26.8) 53 (37.6)

Note. AM: ampicillin; AMC: amoxicillin/clavulanic acid; AN: amikacin; C: chloramphenicol; CIP: cipro‐
floxacin; CRO: ceftriaxone; FEP: cefepime; FM: nitrofurantoin; FOX: cefoxitin; GM: gentamicin; KF: 
cephalothin; NA: nalidixic acid; NOR: norfloxacin; SXT: trimethoprim/sulfamethoxazole; TE: 
tetracycline.
aMDR profiles. 

TA B L E  2   Antimicrobial resistance 
profiles determined by the disk diffusion 
method of Escherichia coli isolates from 
mollusks samples from Brazil and US 
samples
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3.4 | Molecular typing

Three dendrograms were constructed and evaluated: one containing 
the isolates from Brazil and the United States together (Figure 1); 
one dendrogram with the isolates from Brazil (not shown); and a 

third dendrogram including the isolates from the United States (not 
shown). A total of 134 PFGE banding patterns were generated from 
141 E. coli recovered from oysters and mussels, indicating exten‐
sive genetic diversity among the isolates from Brazil and the United 
States. However, at an 80% similarity level, 37 clusters were identi‐
fied and, in six clusters Brazil and US isolates grouped together with 
between two and four isolates in each. With 100% similarity, six 
clusters were identified and the US and Brazil isolates are clearly 
separated (Figure 1).

Among isolates from Brazil, a total of 98 PFGE banding pat‐
terns were generated from 100 E. coli isolates, indicating exten‐
sive genetic diversity among these isolates too. Considering 80% 
similarity, 65 subgroups were identified with 24 clusters with 
between one and four isolates in each. Nevertheless, at a 100% 
similarity level, two clusters were identified with two isolates con‐
sidered clones in each.

Regarding the dendrogram constructed with E. coli isolates from 
the United States, a total of 36 patterns were generated from 41 
E. coli isolates. With 80% similarity, PFGE patterns grouped into 14 
clusters, and at a 100% similarity, four clusters were clearly differen‐
tiated with between two and three isolates in each. These clusters 
showed concordance with the serogroups, isolation site, and antimi‐
crobial profile, with few exceptions.

4  | DISCUSSION

Since E. coli is a well‐known indicator of recent fecal contamination, 
and it was demonstrated that oysters can bioaccumulate fecal coli‐
forms to a concentration four times greater than surrounding water 
(Burkhardt & Calci, 2000), isolation and characterization of E. coli 
from bivalve mollusks are essential. Moreover, some serogroups of 
E. coli can be highly pathogenic to humans (Ramos et al., 2012) and 
the development of antibacterial resistance is an important public 
health issue (Aitken, Dilworth, Heil, & Nailor, 2016). The search for 
antimicrobial‐resistant bacteria, their phylogenetic lineages and se‐
rogrouping is relevant and necessary. This is the first reported study 
on the compared characterization of E. coli isolates from mollusks 
from Brazil and the United States. Samples were positive for E. coli in 
both locations, but only 8% of samples in Brazil exceeded the legisla‐
tion limit of 4,600 MPN/100 g (Brazil, 2012). The E. coli level in 33% 
of samples in the United States was 20 MPN/100 g. In the United 
States, the fecal coliform counts in the harvesting area’s water shall 
not exceed 40 MPN/100 ml. Since it has been reported that the level 
of fecal coliforms/E. coli is higher in oysters than surrounding water 
samples (Parveen et al., 1997), we may suggest that the counts in 
water samples were in accordance with the legislation limit.

TA B L E  3   O‐serogroups of Escherichia coli isolates from mollusks 
samples from Brazil and US samples

O‐Serogroups

Number (%) of E. coli isolates

Brazil (n = 100) USA (n = 41)

6 7 (7) 2 (4.9)

9 2 (2) 4 (9.8)

25 1 (1) 2 (4.9)

54 1 (1) 2 (4.9)

88 2 (2) 1 (2.4)

113 1 (1) 4 (9.8)

8 17 (17) 0

20 0 3 (7.3)

21 4 (4) 0

38 0 11 (26.8)

37 2 (2) 0

45 2 (2) 0

85 2 (2) 0

86 2 (2) 0

91 2 (2) 0

93 0 2 (4.9)

126 2 (2) 0

139 2 (2) 0

159 2 (2) 0

175 3 (3) 0

180 2 (2) 0

(107, 177)a 1 (1) 0

(17, 73, 77, 106)a 4 (4) 0

(5, 11, 12, 15, 23, 33, 40, 
59, 75, 82, 96, 105, 112, 
128, 146, 148, 150, 163, 
166, 176)b

20 (20) 0

(7, 64)c 0 2 (4.9)

M 7 (7) 3 (7.3)

N 12 (12) 5 (12.2)

Note. M: reacted with antisera of several serogroups; N: did not react 
with any known O groups.
aSerogroups that were identified in the same isolate. bSerogroups that 
contained only one isolate (Brazil). cSerogroups that contained only one 
isolate (USA). 

F I G U R E  1   Dendrogram of PFGE patterns of Escherichia coli isolated from mollusks harvested in Brazil and the United States. AM: 
ampicillin; AMC: amoxicillin/clavulanic acid; AN: amikacin; C: chloramphenicol; CIP: ciprofloxacin; CRO: ceftriaxone; FEP: cefepime; FM: 
nitrofurantoin; FOX: cefoxitin; GM: gentamicin; KF: cephalotin; NA: nalidixic acid; NOR: norfloxacin; SXT: trimethoprim/sulfamethoxazole; 
TE:	tetracycline;	(−):	not	resistant;	M:	reacted	with	antisera	of	several	serogroups;	N:	did	not	react	with	any	known	O	groups;	C1	to	C37:	
identification of the clusters considering 80% similarity
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US 27
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O-group Profile
BR/38 12 KF-SXT-AM-
BR/54 8 KF-CRO-AM

BR/27 M KF
BR/28 M KF
BR/32 N -
BR/31 21 FM
BR/33 176 -
BR/30 139 KF
BR/25 8 KF
BR/99 N KF
BR/105 N KF-FM
BR/106 139 KF
BR/26 126 KF
BR/23 8 -
BR/74 21 KF
US/14 7 KF-FM
BR/87 166 KF
BR/24 85 KF
US/2 M KF
US/1 M -
US/3 M KF
BR/36 148 KF
BR/61 45 KF-AM-TE
US/39 25 KF
US/20 25 KF
US/30 9 KF
US/29 9 KF-FM
US/28 9 KF-GM-FM
BR/73 N KF-AM
BR/16 N KF
BR/88 113 -
BR/96 86 KF
BR/97 45 KF
BR/34 23 KF
BR/107 37 KF
BR/35 8 KF-TE
BR/4 17, 73, 77, 106 -
BR/44 175 -
US/26 N KF-FM
US/25 N KF
US/27 N KF-FM-NA
US/12 64 KF-FM
BR/68 128 KF
BR/52 159 KF-GM-FM

C1

C2

C3

C4

C5

C6

C7

C8

C9

C10

C11

TE

BR/66 5 KF

Identification

58.1

9590858075706560 10
0
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Identification O-group Antimicrobial Profile
US/35 88 -
BR/89 M KF
BR/46 37 -
BR/93 8 KF
BR/109 8 KF
US/17 9 KF-FM
BR/59 8 KF-AM
US/32 38 KF-AM-FM-FOX-AMC
BR/48 M KF-AM-SXT-TE-FM
BR/14 M -
BR/40 8 KF
BR/12 159 KF
BR/9 N -
BR/22 8 -
BR/42 N -
BR/62 9 KF-AM
BR/76 8 KF
BR/79 33 KF
BR/2 17, 73, 77, 106 KF-AN
BR/3 17, 73, 77, 106 -
US/23 20 KF
US/24 20 KF-FM
US/22 20 KF
BR/65 163 KF
US21 N FM-FOX
US/34 54 KF-FM
BR/75 75 KF
BR/58 146 CRO-TE-NA
BR/50 17, 73, 77, 106 KF-AM-SXT-TE-CRO
US/15 113 KF-FM-NA
US/13 113 KF-FM
BR/13 91 KF
BR/83 82 -
BR/90 6 KF
BR/91 6 KF
BR/101 6 KF
US/8 38 KF-FM-FOX-AMC
US/7 N KF-FM-FOX-AMC
US/31 38 KF-AM-FOX-AMC
US/33 38 KF-AM-FOX-AMC
US/10 6 KF 
US/9 6 -

US/6 38 KF-AM-FOX-CRO
US/5 38 KF-FOX
US/4 38 KF-FOX
US/18 38 KF-AM-FM-FOX-AMC
US/41 38 KF-AM-FOX-AMC
US/37 38 KF-AM-FOX-AMC
US/36 38 KF-AM-FOX

C12

C13

C14

C15

C16

C17

C18

C19

C20

C21

C22

C23

C24

C25

56.8

9590858075706560 10
0

F I G U R E  1
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-C
Identification O-group Profile
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F I G U R E  1
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Of the 15 tested antimicrobials, E. coli were most resistant to 
cephalothin, nitrofurantoin, and ampicillin (Table 1). These results 
are consistent with previous findings (Dou et al., 2016; Parveen et 
al., 1997; Rees et al., 2015; Ryu, Lee, et al., 2012). Authors have re‐
ported that E. coli isolates are generally resistant to antimicrobials 
which have been in use the longest time in human and veterinary 
medicine, like nitrofurantoin, ampicillin, and tetracycline (Dou et al., 
2016). Our study revealed that a high percentage (31.7%) of E. coli 
isolates from the United States were resistant to cefoxitin while 
none of the Brazilian isolates were resistant. On the other hand, 16% 
of isolates from Brazil were resistant to tetracycline while no US iso‐
late presented resistance to that antimicrobial (Table 1). This might 
be due to geographical variation and different practices of antimi‐
crobial use in the two countries.

Based on the AMR indices in the United States, more an‐
timicrobial resistance was observed in samples from Oxford 
site (mean AMR = 0.18), followed by Tangier Sound (mean AMR 
index = 0.15), Chester (mean AMR index = 0.15), and Broad Creek 
(mean AMR index = 0.12). The AMR indices showed that there 
was more antimicrobial resistance in the samples collected in 
November, autumn in the United States (mean AMR index = 0.17), 
and in February, summer in Brazil (mean AMR index = 0.13). The 
sites with the more resistant bacteria could be influenced by urban 
sewage discharges in Brazil and by runoff from the agricultural 
lands in the United States. The different seasons in the two coun‐
tries that cause influence on the water temperatures (Parveen et 
al., 2017; Ramos et al., 2012; Raszl, Froelich, Vieira, Blackwood, 
& Noble, 2016) and also the difference between the sample sizes 
may explain that observation. Differentiation between human and 
agricultural sources of E. coli strains has been limited; however, 
the use of AMR index has demonstrated potential for differenti‐
ating E. coli sources (Parveen et al., 1997; Watkinson et al., 2007; 
Webster et al., 2004).

Of the total number of isolates, 19.9% (n = 28) were MDR strains 
which is lower than the results observed by Van, Chin, Chapman, 
Tran, and Coloe (2008) in Vietnam, where 35% of the E. coli isolates 
from shellfish were MDR. Different handling of antimicrobials in 
this region could explain the different resistance levels. We found 
that the percentage of MDR isolates among E. coli recovered from 
samples in the United States (26.8%; n = 11) was higher than isolates 
from Brazil (17%; n = 17). Nevertheless, no statistical significance 
was found about the incidence of MDR isolates in Brazil and US sam‐
ples. Vignaroli et al. (2012) suggested that coastal marine sediment 
may be a suitable environment for the survival of pathogenic and 
MDR E. coli strains which could explain the incidence of MDR strains 
in both study areas. Sample size unevenness, considering that up to 
five isolates from the same sample were studied in US samples, sea‐
sonal and geographical variation may have affected the prevalence 
of MDR strains. The observations from this study do not explain the 
link between antimicrobial usage and an increase in antimicrobial re‐
sistance among E. coli isolates, but studies suggested a relationship 
between the usage of specific antimicrobials and increases in antimi‐
crobial‐resistant bacteria (Ryu, Park, et al., 2012). A study conducted 

by Rhodes et al., (2000) provided direct evidence that related tet‐
racycline resistance‐encoding plasmids have disseminated between 
different Aeromonas species and E. coli and between human and 
aquaculture environments in distinct locations in England. Results 
obtained by Furushita et al. (2003) suggest that resistance genes 
from fish farm bacteria have the same origins as those from clinical 
strains in a study conducted in Japan.

Is important to note that carbapenem‐resistant and extended‐
spectrum β‐lactamase (ESBL)‐producing E. coli has become wide‐
spread in different reservoirs and represent an emerging public 
health threat (Nirupamaa et al., 2018; Pulss, Semmler, Prenger‐
Berninghoff, Bauerfeind, & Ewers, 2017; Randall et al., 2017). Some 
studies have also indicated that the transfer of ESBL‐producing 
bacteria and/or ESBL‐encoding genes to humans could happen via 
the food chain (Ewers, Bethe, Semmler, Guenther, & Wieler, 2012). 
Studies on carbapenem‐resistant and ESBL in E. coli isolates from 
mollusks and other food matrices should be addressed since they 
were not included in this work but they play an important role in the 
studies with AMR.

Diverse serogroups were found in the E. coli isolates in this 
study. Most of the isolates belonged to common serogroups O6, 
O8, O9, and O38 (Table 3), however, some E. coli isolates possess 
O‐serogroups (O5, O6, O7, O8, O15, O25, O45, O86, O88, O91, 
O112, O113, O126, O128, O146, O159) that have been recognized 
as pathogenic and some serogroups have been reported in previ‐
ous studies. The serotypes O6, O7, and O8 were detected in the 
present study and were the most frequent serogroups found in a 
study conducted by Zhang et al. (2016) with ETEC isolates in retail 
ready‐to‐eat foods in China. These serogroups have been detected 
in clinical ETEC strains from different countries and were reported 
to be associated with human ETEC infections (Ansaruzzaman et al., 
2007; Konishi et al., 2011; Rodas et al., 2011).

The serogroup O15 that was identified in one E. coli isolate re‐
covered from an oyster sample in Brazil was found by Balière, Rincé, 
Thevenot, et al. (2015) in EPEC E. coli isolate from a mussel sample 
collected from a shellfish‐harvesting site in France and by Regua‐
Mangia, Gomes, Vieira, Irino, and Teixeira (2009) in Brazil. The se‐
rogroups O5 and O146 recovered from mussel samples in Brazil and 
the serogroups O113 and O88, found among the E. coli isolates from 
both Brazil and the United States (Table 3), were identified among 
EPEC isolates recovered from shellfish samples collected in shell‐
fish‐harvesting sites in France (Balière, Rincé, Blanco, et al., 2015). 
The serogroups O86 (n = 2); O126 (n = 2) and O128 (n = 1) were de‐
tected among E. coli isolates from Brazil (Table 3). Those serogroups 
are among the 12 O‐serogroups that have been recognized as EPEC 
(Meng, LeJeune, Zhao, & Doyle, 2013). The serogroup O86 was 
found among EAEC strains isolated from children in Rio de Janeiro, 
Brazil (Regua‐Mangia et al., 2009).

It has been reported that contamination of the environment 
with E. coli strains, such as STEC and EPEC, may occur through the 
spreading of livestock manure, animal waste on pastures, via waste‐
waters from slaughterhouses or from treatment plant effluents and 
by wildlife (Muniesa, Jofre, García‐Aljaro, & Blanch, 2006; Singh 
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et al., 2015). Some serogroups that can cause significant illness 
(Mellmann et al., 2009; USDA, 2012), the O45 (n = 2), O91 (n = 2), 
and O113 (n = 1) were detected in E. coli isolates recovered from 
samples from Brazil; also, the serogroup O113 (n = 4) was identified 
in E. coli isolates from the United States.

Based on statistical analysis, the presence of pathogenic sero‐
groups was not associated with a specific site of collection, country 
of study, or incidence of MDR strains. However, in Brazil, the patho‐
genic serogroups were most frequently observed in mussel samples 
rather than in oysters (p < 0.05). In the United States, at a signifi‐
cance level of 5%, E. coli counts were higher in oyster samples where 
pathogenic serogroups were identified. It cannot be confirmed sta‐
tistically in samples from Brazil.

The genetic relatedness of the 141 E. coli isolates was analyzed 
by PFGE, and the dendrograms revealed a high degree of genetic di‐
versity (Figure 1). Regarding the six clusters with isolates from Brazil 
and the United States considered genetically related with 80% 
similarity (Figure 1), the isolates belonged to different serogroups 
and no similarity in antimicrobial resistance profile was found, ex‐
cept in isolates that were resistant to cephalothin. Even with only 
six clusters, a genetic relatedness among Brazil and US isolates was 
noticed by PFGE. Some previous studies have shown that the global 
growth of economic activity, tourism, and human migration is lead‐
ing to more cases of the movement of both diseases and its vectors. 
Additionally, with the massive increase of world travel, especially by 
air, opportunities for the spread of pathogenic bacteria, including 
Salmonella, Campylobacter, Shigella, Vibrio cholerae, and E. coli have 
been greatly facilitated (Koornhof, Keddy, & McGee, 2001; Tatem, 
Rogers, & Hay, 2006). The spread of micro‐organisms across coun‐
tries was also documented too (Ruiz et al.., 2000). Those observa‐
tions, and also the food trade between Brazil and the United States 
(Azevedo, Chaddad, & Farina, 2004), may be considered hypotheses 
for the presence of genetically related E. coli strains in Brazil and the 
United States as it has been previously demonstrated for V. chol‐
erae, Shigella species, and enterohemorrhagic E. coli using PFGE 
(Koornhof et al., 2001).

In this study, many tested isolates showed a tendency to clus‐
ter based on their date of collection, serogroup, and antimicrobial 
resistance profile but collected from distant sites which could be 
observed in six different clusters (data not shown). For US isolates, 
four clusters were identified at 100% similarity index, we observed 
that in each cluster the E. coli isolates were recovered from the same 
sample and belonged to the same serogroup with the same antimi‐
crobial susceptibility profile (data not shown).

The genetic diversity was expected in Santa Catarina where 
mollusks were collected from 10 different sites within 7 months. 
In the United States, genetic variability was clearly observed too, 
even though the collection of samples was over a shorter period 
of time than Brazil. This was also observed in a previous study 
(Balière, Rincé, Blanco, et al., 2015) with mollusks with fewer col‐
lection sites than the present study and also with E. coli isolates 
from other food samples (Zhang et al., 2016). It has been observed 
that the genetic variability among E. coli strains may be due to 

adaptive mutations that occur, for example, under stress condi‐
tions and that leads these strains to selective advantage (Foster, 
2005). Furthermore, insertions and deletions in specific regions 
of the genome enhance the genetic variability and it could be re‐
flected in the PFGE dendrogram (Kaas, Friis, Ussery, & Aarestrup, 
2012). These findings could substantiate the genetic variability 
found in the present study and also the diversity of antimicrobial 
patterns and serogroups found.

This study contributed to the knowledge of genotypic and phe‐
notypic characteristics of E. coli from mollusks samples. Some se‐
rogroups found in the present study are among the serogroups that 
could cause significant human illnesses; however, even the pres‐
ence of non‐pathogenic E. coli in mollusks should alert the public 
health since this bacterium is recognized as an indicator of fecal 
contamination. The antimicrobial resistance profiles of E. coli iso‐
lates from mollusks are a cause of concern, especially considering 
the MDR strains. Surveillance of environmental samples must be 
encouraged to comprehensively assess antimicrobial resistance in 
environmental bacteria. An extensive genetic diversity among the 
isolates from Brazil and the United States was observed; however, 
on the other hand, some isolates related were found. Those results 
encourage surveillance of environmental samples from different 
countries and perspective studies of genetic relatedness of the 
isolates.

ACKNOWLEDG MENTS

This study was supported by the Brazilian National Council 
of Technological and Scientific Development‐CNPq through 
the Science without Border Program and the United States 
Department of Agriculture Capacity Building Grants (CBG) award 
#2014‐38821‐22430. The authors wish to acknowledge Dr Arquette 
Karra Grant and Dr Sarah Elmahdi for their assistance with the 
 dendrograms and Dr Valerie Harwood for reviewing the paper.

CONFLIC T OF INTERE S T

No conflict of interest declared.

AUTHORS CONTRIBUTION

MM and SP contributed to the conception and design of the study; 
CRWV contributed to the conception of the study; MM performed 
the experiments; JEM, SAO, and CB contributed to the experiments; 
MM wrote and organized the manuscript; AK conducted the statis‐
tical analyses; JEM contributed significantly to the revision of the 
manuscript; SP contributed significantly to the revision of the manu‐
script and was responsible for the integrity of the work; SP, ESP, and 
MM approved the final version of the paper.

E THIC S S TATEMENT

Not required.



12 of 14  |     Miotto et al.

DATA ACCE SSIBILIT Y

The authors declare that all data are included in the main 
manuscript.

ORCID

Marília Miotto  http://orcid.org/0000‐0002‐8972‐7104 

R E FE R E N C E S

Aitken, S. L., Dilworth, T. J., Heil, E. L., & Nailor, M. D. (2016). Agricultural 
applications for antimicrobials. A danger to human health: An official 
position statement of the Society of Infectious Diseases Pharmacists. 
Pharmacotherapy, 36, 422–432. https://doi.org/10.1002/phar.1737

Ansaruzzaman, M., Bhuiyan, N. A., Begum, Y. A., Kühn, I., Nair, G. B., 
Sack, D. A., … Qadri, F. (2007). Characterization of enterotoxigenic 
Escherichia coli from diarrhoeal patients in Bangladesh using phe‐
notyping and genetic profiling. Journal of Medical Microbiology, 56, 
217–222. https://doi.org/10.1099/jmm.0.46473‐0

Azevedo, P. F., Chaddad, F. R., & Farina, E. M. M. Q. (2004). The Food 
Industry in Brazil and the United States: The effects of the FTAA on trade 
and investment (pp. 80). In INTAL, Buenos Aires (Ed.). Retrieved from 
https://publications.iadb.org/handle/11319/2648

Balière, C., Rincé, A., Blanco, J., Dahbi, G., Harel, J., Vogeleer, P., … 
Gourmelon, M. (2015). Prevalence and Characterization of Shiga 
toxin‐producing and enteropathogenic Escherichia coli in shellfish‐
harvesting areas and their watersheds. Frontiers in Microbiology, 6, 
1–15. https://doi.org/10.3389/fmicb.2015.01356

Balière, C., Rincé, A., Thevenot, D., & Gourmelon, M. (2015). Successful 
detection of pathogenic Shiga‐toxin‐producing Escherichia coli 
in shellfish, environmental waters and sediment using the ISO/
TS‐13136 method. Letters in Applied Microbiology, 60, 315–320. 
https://doi.org/10.1111/lam.12386

Barkovskii, A. L., Green, C., & Hurley, D. (2010). The occurrence, spa‐
tial and temporal distribution, and environmental routes of tetra‐
cycline resistance and integrase genes in Crassostrea virginica beds. 
Marine Pollution Bulletin, 60, 2215–2224. https://doi.org/10.1016/j.
marpolbul.2010.08.016

Bennani, M., Badri, S., Baibai, T., Oubrim, N., Hassar, M., Cohen, N., 
& Amarouch, H. (2011). First detection of Shiga toxin‐producing 
Escherichia coli in shellfish and coastal environments of Morocco. 
Applied Biochemistry and Biotechnology, 165, 290–299. https://doi.
org/10.1007/s12010‐011‐9251‐x

Berendonk, T. U., Manaia, C. M., Merlin, C., Fatta‐Kassinos, D., Cytryn, E., 
Walsh, F., … Martinez, J. L. (2015). Tackling antibiotic resistance: The 
environmental framework. Nature Reviews Microbiology, 13, 310–317. 
https://doi.org/10.1038/nrmicro3439

Brands, D. A., Inman, A. E., Gerba, C. P., Maré, J. C., Billington, S. J., Saif, 
L. A., … Joens, L. A. (2005). Prevalence of Salmonella spp. in oysters in 
the United States. Applied and Environmental Microbiology, 71, 893–
897. https://doi.org/10.1128/AEM.71.2.893‐897.2005

Brazil (2012). Ministry of Agriculture, Livestock and Supply. Normative in‐
struction no. 07, May 2012. Establishes the National Program for sani‐
tary control of bivalve molluscs, establishes the procedures for its execu‐
tion and provides other measures. Brasília, Brazil.

Burkhardt, W., & Calci, K. R. (2000). Selective accumulation may ac‐
count for shellfish‐associated viral illness. Applied and Environmental 
Microbiology, 66, 1375–1378. https://doi.org/10.1128/AEM.66. 
4.1375‐1378.2000

CDC (2018). Centers for Disease Control and Prevention. Reports of se‐
lected E. coli outbreak investigations. Retrieved from https://www.cdc.
gov/ecoli/outbreaks.html

CLSI (2012). Performance standards for antimicrobial disk susceptibility 
tests. CLSI document M02–A11. Wayne, PA: Clinical Laboratory 
Standards Institute.

CLSI (2014). Performance standards for antimicrobial susceptibility test‐
ing. CLSI document M100–S24. Wayne, PA: Clinical Laboratory 
Standards Institute.

Costa, R. A. (2013). Escherichia coli in seafood: A brief overview. Advances 
in Bioscience and Biotechnology, 4, 450–454. https://doi.org/10.4236/
abb.2013.43A060

Dou, X., Gong, J., Han, X., Xu, M., Shen, H., Zhang, D., … Zou, J. (2016). 
Characterization of avian pathogenic Escherichia coli isolated in 
eastern China. Gene, 576, 244–248. https://doi.org/10.1016/j.
gene.2015.10.012

EU (2004) European Union. Regulation (EC) No 854/2004 of the 
European parliament and of the council of 29 April 2004 laying down 
specific rules for the organisation of official controls on products of 
animal origin intended for human consumption. Official Journal of the 
European Union.

Ewers, C., Bethe, A., Semmler, T., Guenther, S., & Wieler, L. H. (2012). 
Extended‐spectrum β‐lactamase‐producing and AmpC‐produc‐
ing Escherichia coli from livestock and companion animals, and 
their putative impact on public health: A global perspective. 
Clinical Microbiology and Infection, 18(7), 646–655. https://doi.
org/10.1111/j.1469‐0691.2012.03850.x

FDA (2015). National Shellfish Sanitation Program guide for the con‐
trol of molluscan shellfish. Silver Spring, MD: US Food and Drug 
Administration.

Forcelini, H.‐C.‐D.‐L., Kolm, H. E., & Absher, T. M. (2013). Escherichia 
coli in the surface waters and in oysters of two cultiva‐
tions of Guaratuba Bay – Paraná – Brazil. Brazilian Archives of 
Biology and Technology, 56, 319–326. https://doi.org/10.1590/
S1516‐89132013000200018

Foster, P. L. (2005). Stress responses and genetic variation in bacteria. Mutation 
Research/Fundamental and Molecular Mechanisms of Mutagenesis, 569, 
3–11. https://doi.org/10.1016/j.mrfmmm.2004.07.017

Frank, C., Werber, D., Cramer, J. P., Askar, M., Faber, M., an der Heiden, 
M., …Krause, G. (2011). Epidemic profile of Shiga‐toxin‐produc‐
ing Escherichia coli O104:H4 outbreak in Germany. New England 
Journal of Medicine, 365, 1771–1780. https://doi.org/10.1056/
NEJMoa1106483

Furushita, M., Shiba, T., Maeda, T., Yahata, M., Kaneoka, A., Takahashi, 
Y., … Ohta, M. (2003). Similarity of tetracycline resistance genes iso‐
lated from fish farm bacteria to those from clinical isolates. Applied 
and Environmental Microbiology, 69(9), 5336–5342. https://doi.
org/10.1128/AEM.69.9.5336‐5342.2003

Gourmelon, M., Montet, M. P., Lozach, S., Le Mennec, C., Pommepuy, M., 
Beutin, L., & Vernozy‐Rozand, C. (2006). First isolation of Shiga toxin 
1d producing Escherichia coli variant strains in shellfish from coastal 
areas in France. Journal of Applied Microbiology, 100, 85–97. https://
doi.org/10.1111/j.1365‐2672.2005.02753.x

Guyon, R., Dorey, F., Collobert, J. F., Foret, J., Goubert, C., Mariau, V., 
& Al, E. (2000). Detection of Shiga toxin‐producing Escherichia coli 
O157 in shellfish (Crassostrea gigas). Sciences Des Alimentes, 20, 457–
465. https://doi.org/10.3166/sda.20.457‐466

ISO (2015). 16649‐3:2015 Microbiology of the food chain – Horizontal 
method for the enumeration of beta‐glucuronidase‐positive Escherichia 
coli – Part 3: Detection and most probable number technique using 5‐
bromo‐4‐chloro‐3‐indolyl‐ß‐D‐glucuronide. Geneva, Switzerland: 
International Organization for Standardization.

Kaas, R. S., Friis, C., Ussery, D. W., & Aarestrup, F. M. (2012). Estimating 
variation within the genes and inferring the phylogeny of 186 se‐
quenced diverse Escherichia coli genomes. BMC Genomics, 13, 577. 
https://doi.org/10.1186/1471‐2164‐13‐577

Kanayama, A., Yahata, Y., Arima, Y., Takahashi, T., Saitoh, T., Kanou, K., 
… Oishi, K. (2015). Enterohemorrhagic Escherichia coli outbreaks 

http://orcid.org/0000-0002-8972-7104
http://orcid.org/0000-0002-8972-7104
https://doi.org/10.1002/phar.1737
https://doi.org/10.1099/jmm.0.46473-0
https://publications.iadb.org/handle/11319/2648
https://doi.org/10.3389/fmicb.2015.01356
https://doi.org/10.1111/lam.12386
https://doi.org/10.1016/j.marpolbul.2010.08.016
https://doi.org/10.1016/j.marpolbul.2010.08.016
https://doi.org/10.1007/s12010-011-9251-x
https://doi.org/10.1007/s12010-011-9251-x
https://doi.org/10.1038/nrmicro3439
https://doi.org/10.1128/AEM.71.2.893-897.2005
https://doi.org/10.1128/AEM.66.4.1375-1378.2000
https://doi.org/10.1128/AEM.66.4.1375-1378.2000
https://www.cdc.gov/ecoli/outbreaks.html
https://www.cdc.gov/ecoli/outbreaks.html
https://doi.org/10.4236/abb.2013.43A060
https://doi.org/10.4236/abb.2013.43A060
https://doi.org/10.1016/j.gene.2015.10.012
https://doi.org/10.1016/j.gene.2015.10.012
https://doi.org/10.1111/j.1469-0691.2012.03850.x
https://doi.org/10.1111/j.1469-0691.2012.03850.x
https://doi.org/10.1590/S1516-89132013000200018
https://doi.org/10.1590/S1516-89132013000200018
https://doi.org/10.1016/j.mrfmmm.2004.07.017
https://doi.org/10.1056/NEJMoa1106483
https://doi.org/10.1056/NEJMoa1106483
https://doi.org/10.1128/AEM.69.9.5336-5342.2003
https://doi.org/10.1128/AEM.69.9.5336-5342.2003
https://doi.org/10.1111/j.1365-2672.2005.02753.x
https://doi.org/10.1111/j.1365-2672.2005.02753.x
https://doi.org/10.3166/sda.20.457-466
https://doi.org/10.1186/1471-2164-13-577


     |  13 of 14Miotto et al.

related to childcare facilities in Japan, 2010–2013. BMC Infectious 
Diseases, 15, 539. https://doi.org/10.1186/s12879‐015‐1259‐3

Kao, C. Y., Udval, U., Huang, Y. T., Wu, H. M., Huang, A. H., Bolormaa, E., 
… Wu, J. J. (2016). Molecular characterization of extended‐spectrum 
β‐lactamase‐producing Escherichia coli and Klebsiella spp. isolates in 
Mongolia. Journal of Microbiology, Immunology and Infection, 49, 692–
700. https://doi.org/10.1016/j.jmii.2015.05.009

Konishi, N., Obata, H., Monma, C., Nakama, A., Kai, A., & Tsuji, T. (2011). 
Bacteriological and epidemiological characteristics of enterotoxi‐
genic Escherichia coli isolated in Tokyo, Japan, between 1966 and 
2009. Journal of Clinical Microbiology, 49, 3348–3351. https://doi.
org/10.1128/JCM.02576‐10

Koornhof, H. J., Keddy, K., & McGee, L. (2001). Clonal expansion of 
bacterial pathogens across the world. Journal of Travel Medicine, 8, 
29–40. https://doi.org/10.2310/7060.2001.1227

Lee, C. Y., Panicker, G., & Bej, A. K. (2003). Detection of pathogenic bac‐
teria in shellfish using multiplex PCR followed by CovaLinkTM NH 
microwell plate sandwich hybridization. Journal of Microbiol Methods, 
53, 199–209. https://doi.org/10.1016/S0167‐7012(03)00032‐0

Mellmann, A., Fruth, A., Friedrich, A. W., Wieler, L. H., Harmsen, D., 
Werber, D., … Karch, H. (2009). Phylogeny and disease association 
of Shiga toxin producing Escherichia coli O91. Emerging Infectious 
Diseases, 15, 1474–1477. https://doi.org/10.3201/eid1509.090161

Meng, J., LeJeune, J. F., Zhao, T., & Doyle, M. P. (2013). Enterohemorrhagic 
Escherichia coli. In M. P. Doyle, & R. L. Buchanan (Eds.), Food microbi‐
ology: Fundamentals and frontiers (4th ed., pp. 287–309). Washington, 
D.C.: ASM Press.

Montazeri, N., Maite, M., Liu, D., Cormier, J., Landry, M., Shackleford, 
J., … Janes, M. E. (2015). Surveillance of enteric viruses and micro‐
bial indicators in the eastern oysters (Crassostrea virginica) and har‐
vest waters along Louisiana Gulf Coast. Journal of Food Science, 80, 
M1075–M1082. https://doi.org/10.1111/1750‐3841.12871

Muniesa, M., Jofre, J., García‐Aljaro, C., & Blanch, A. R. (2006). Occurrence 
of Escherichia coli O157:H7 and other enterohemorrhagic Escherichia 
coli in the environment. Environmental Science and Technology, 40, 
7141–7149. https://doi.org/10.1021/es060927k

Nirupamaa, K. R., Vinodh Kumara, O. R., Pruthvishreea, B. S., Sinhaa, 
D. K., Senthil Murugana, M., Krishnaswamyb, N., & Singh, B. R. 
(2018). Molecular characterisation of blaOXA‐48 carbapene‐
mase‐, extended‐spectrum b‐lactamase‐ and Shiga toxin‐producing 
Escherichia coli isolated from farm piglets in India. Journal of Global 
Antimicrobial Resistance, 13, 201–205. https://doi.org/10.1016/j.
jgar.2018.01.007

NOAA (2012). Status of the eastern oyster, Crassostrea virginica. National 
Marine Fisheries Service. National Oceanic and Atmospheric 
Administration. Retrieved from https://www.st.nmfs.noaa.gov/

Noble, R. T., Blackwood, A. D., Griffith, J. F., McGee, C. D., & Weisberg, 
S. B. (2010). Comparison of rapid quantitative PCR‐Based and con‐
ventional culture‐based methods for enumeration of Enterococcus 
spp. and Escherichia coli in recreational waters. Applied and 
Environmental Microbiology, 76, 7437–7443. https://doi.org/10.1128/
AEM.00651‐10

Oliveira, J., Cunha, A., Castilho, F., Romalde, J. L., & Pereira, M. J. 
(2011). Microbial contamination and purification of bivalve shell‐
fish: Crucial aspects in monitoring and future perspectives – A 
mini‐review. Food Control, 22, 805–816. https://doi.org/10.1016/j.
foodcont.2010.11.032

Orskov, I., Orskov, F., Jann, B., & Jann, K. (1977). Serology, chemistry, 
and genetics of O and K antigens of Escherichia coli. Bacteriological 
Reviews, 41, 667–710.

Pagadala, S., Parveen, S., Rippen, T., Luchansky, J. B., Call, J. E., Tamplin, 
M. L., & Porto‐Fett, A. C. S. (2012). Prevalence, characterization and 
sources of Listeria monocytogenes in blue crab (Callinectus sapidus) 
meat and blue crab processing plants. Food Microbiology, 31, 263–
270. https://doi.org/10.1016/j.fm.2012.03.015

Parveen, S., Jahncke, M., Elmahdi, S., Crocker, H., Bowers, J., White, 
C., … Brohawn, K. (2017). High salinity relaying to reduce Vibrio 
parahaemolyticus and Vibrio vulnificus in Chesapeake Bay Oysters 
(Crassostrea virginica). Journal of Food Science, 82, 484–491. https://
doi.org/10.1111/1750‐3841.13584

Parveen, S., Murphree, R. L., Edmiston, L., Kaspar, C. W., Portier, K. 
M., & Tamplin, M. L. (1997). Association of multiple‐antibiotic‐re‐
sistance profiles with point and nonpoint sources of Escherichia 
coli in Apalachicola bay. Applied and Environmental Microbiology, 63, 
2607–2612.

Pereira, C., Moreirinha, C., Teles, L., Rocha, R. J. M., Calado, R., Romalde, 
J. L., … Almeida, A. (2017). Application of phage therapy during bi‐
valve depuration improves Escherichia coli decontamination. Food 
Microbiology, 61, 102–112. https://doi.org/10.1016/j.fm.2016.09.003

Pereira, M. A., Nunes, M. M., Nuernberg, L., Schulz, D., & Vieira Batista, 
C. R. (2006). Microbiological quality of oysters (Crassostrea gigas) 
produced and commercialized in the coastal region of Florianópolis 
– Brazil. Brazilian Journal of Microbiology, 37, 159–163. https://doi.
org/10.1590/S1517‐83822006000200012

Pulss, S., Semmler, T., Prenger‐Berninghoff, H., Bauerfeind, R., & Ewers, 
C. (2017). First report of an Escherichia coli strain from swine carrying 
an OXA‐181 carbapenemase and the colistin resistance determinant 
MCR‐1. International Journal of Antimicrobial Agents, 50, 232–236. 
https://doi.org/10.1016/j.ijantimicag.2017.03.014

Rabbia, V., Bello‐Toledo, H., Jiménez, S., Quezada, M., Domínguez, M., 
Vergara, L., … González‐Rocha, G. (2016). Antibiotic resistance in 
Escherichia coli strains isolated from Antarctic bird feces, water from 
inside a wastewater treatment plant, and seawater samples collected 
in the Antarctic Treaty area. Polar Science, 10, 123–131. https://doi.
org/10.1016/j.polar.2016.04.002

Ramos, R. J., Miotto, L. A., Miotto, M., Silveira Junior, N., Cirolini, A., 
da Silva, H. S., … Vieira, C. R. W. (2014). Occurrence of potentially 
pathogenic Vibrio in oysters (Crassostrea gigas) and waters from bi‐
valve mollusk cultivations in the South Bay of Santa Catarina. Revista 
Da Sociedade Brasileira De Medicina Tropical, 47, 327–333. https://doi.
org/10.1590/0037‐8682‐0069‐2014

Ramos, R. J., Pereira, M. A., Miotto, L. A., Faria, R. D. A., Junior, N. S., 
& Vieira, C. R. W. (2012). Occurrence of Vibrio spp., positive co‐
agulase staphylococci and enteric bacteria in oysters (Crassostrea 
gigas) harvested in the south bay of Santa Catarina island, Brazil. 
Food Science and Technology, 32, 478–484. https://doi.org/10.1590/
S0101‐20612012005000061

Randall, L. P., Lodge, M. P., Elviss, N. C., Lemma, F. L., Hopkins, K. L., Teale, 
C. J., & Woodford, N. (2017). Evaluation of meat, fruit and vegetables 
from retail stores in five United Kingdom regions as sources of ex‐
tended‐spectrum beta‐lactamase (ESBL)‐producing and carbapenem‐
resistant Escherichia coli. International Journal of Food Microbiology, 
241, 283–290. https://doi.org/10.1016/j.ijfoodmicro.2016.10.036

Raszl, S. M., Froelich, B. A., Vieira, C. R. W., Blackwood, A. D., & Noble, 
R. T. (2016). Vibrio parahaemolyticus and Vibrio vulnificus in South 
America: Water, seafood and human infections. Journal of Applied 
Microbiology, 121, 1201–1222. https://doi.org/10.1111/jam.13246

Rees, E. E., Davidson, J., Fairbrother, J. M., St Hilaire, S., Saab, M., & 
McClure, J. T. (2015). Occurrence and antimicrobial resistance 
of Escherichia coli in oysters and mussels from Atlantic Canada. 
Foodborne Pathogens and Disease, 12, 164–169. https://doi.
org/10.1089/fpd.2014.1840

Regua‐Mangia, A. H., Gomes, T. A. T., Vieira, M. A. M., Irino, K., & Teixeira, 
L. M. (2009). Molecular typing and virulence of enteroaggregative 
Escherichia coli strains isolated from children with and without diar‐
rhoea in Rio de Janeiro city, Brazil. Journal of Medical Microbiology, 58, 
414–422. https://doi.org/10.1099/jmm.0.006502‐0

Rhodes, G., Huys, G., Swings, J., McGann, P., Hiney, M., Smith, P., & Pickup, 
R. W. (2000). Distribution of oxytetracycline resistance plasmids 
between aeromonads in hospital and aquaculture environments: 

https://doi.org/10.1186/s12879-015-1259-3
https://doi.org/10.1016/j.jmii.2015.05.009
https://doi.org/10.1128/JCM.02576-10
https://doi.org/10.1128/JCM.02576-10
https://doi.org/10.2310/7060.2001.1227
https://doi.org/10.1016/S0167-7012(03)00032-0
https://doi.org/10.3201/eid1509.090161
https://doi.org/10.1111/1750-3841.12871
https://doi.org/10.1021/es060927k
https://doi.org/10.1016/j.jgar.2018.01.007
https://doi.org/10.1016/j.jgar.2018.01.007
https://www.st.nmfs.noaa.gov/
https://doi.org/10.1128/AEM.00651-10
https://doi.org/10.1128/AEM.00651-10
https://doi.org/10.1016/j.foodcont.2010.11.032
https://doi.org/10.1016/j.foodcont.2010.11.032
https://doi.org/10.1016/j.fm.2012.03.015
https://doi.org/10.1111/1750-3841.13584
https://doi.org/10.1111/1750-3841.13584
https://doi.org/10.1016/j.fm.2016.09.003
https://doi.org/10.1590/S1517-83822006000200012
https://doi.org/10.1590/S1517-83822006000200012
https://doi.org/10.1016/j.ijantimicag.2017.03.014
https://doi.org/10.1016/j.polar.2016.04.002
https://doi.org/10.1016/j.polar.2016.04.002
https://doi.org/10.1590/0037-8682-0069-2014
https://doi.org/10.1590/0037-8682-0069-2014
https://doi.org/10.1590/S0101-20612012005000061
https://doi.org/10.1590/S0101-20612012005000061
https://doi.org/10.1016/j.ijfoodmicro.2016.10.036
https://doi.org/10.1111/jam.13246
https://doi.org/10.1089/fpd.2014.1840
https://doi.org/10.1089/fpd.2014.1840
https://doi.org/10.1099/jmm.0.006502-0


14 of 14  |     Miotto et al.

Implication of TN1721 in dissemination of the tetracycline resistance 
determinant tet A. Applied and Environmental Microbiology, 66(9), 
3883–3890. https://doi.org/10.1128/AEM.66.9.3883‐3890.2000

Ribeiro, E. B., Bastos, L. S., Galeno, L. S., Mendes, R. S., Garino, F., 
Carvalho‐Neta, R. N. F., & Costa, F. N. (2016). Integrated assess‐
ment of biomarker responses and microbiological analysis of oysters 
from São Luís Island, Brazil. Marine Pollution Bulletin, 113, 182–186. 
https://doi.org/10.1016/j.marpolbul.2016.09.013

Rodas, C., Mamani, R., Blanco, J., Blanco, J. E., Wiklund, G., Svennerholm, 
A. M., … Iniguez, V. (2011). Enterotoxins, colonization factors, sero‐
types and antimicrobial resistance of enterotoxigenic Escherichia coli 
(ETEC) strains isolated from hospitalized children with diarrhea in 
Bolivia. Brazilian Journal of Infectious Diseases, 15, 132–137. https://
doi.org/10.1016/S1413‐8670(11)70158‐1

Ruiz, G. M., Rawlings, T. K., Dobbs, F. C., Drake, L. A., Mullady, T., Huq, 
A., & Colwell, R. R. (2000). Global spread of microorganisms by ships. 
Nature, 408, 49–50. https://doi.org/10.1038/35040695

Ryu, S.‐H., Lee, J.‐H., Park, S.‐H., Song, M.‐O., Park, S.‐H., Jung, H.‐W., … 
Lee, Y.‐K. (2012). Antimicrobial resistance profiles among Escherichia 
coli strains isolated from commercial and cooked foods. International 
Journal of Food Microbiology, 159, 263–266. https://doi.org/10.1016/j.
ijfoodmicro.2012.09.001

Ryu, S.‐H., Park, S.‐G., Choi, S.‐M., Hwang, Y.‐O., Ham, H.‐J., Kim, S.‐U., 
… Chae, Y.‐Z. (2012). Antimicrobial resistance and resistance genes 
in Escherichia coli strains isolated from commercial fish and seafood. 
International Journal of Food Microbiology, 152, 14–18. https://doi.
org/10.1016/j.ijfoodmicro.2011.10.003

Santos, A. A., Marchiori, N. C., & Della Giustina, E. G. (2017). Empresa de 
Pesquisa Agropecuária e Extensão Rural de Santa Catarina. Síntese 
Informativa da Maricultura 2016. Forianopolis, Brazil. Retrieved 
from https://www.epagri.sc.gov.br/wp‐content/uploads/2013/08/
Sintese‐informativa‐da‐maricultura‐2016.pdf

Schwarz, S., Silley, P., Simjee, S., Woodford, N., Van Duijkeren, E., Johnson, 
A. P., & Gaastra, W. (2010). Editorial: Assessing the antimicrobial sus‐
ceptibility of bacteria obtained from animals. Veterinary Microbiology, 
65, 601–604. https://doi.org/10.1016/j.vetmic.2009.12.013

Shao, J., Li, M., Jia, Q., Lu, Y., & Wang, P. G. (2003). Sequence of Escherichia 
coli O128 antigen biosynthesis cluster and functional identifica‐
tion of an alpha‐1,2‐fucosyltransferase. FEBS Letters, 553, 99–103. 
https://doi.org/10.1016/S0014‐5793(03)00980‐3

Singh, P., Sha, Q., Lacher, D. W., Del Valle, J., Mosci, R. E., Moore, J. A., 
… Manning, S. D. (2015). Characterization of enteropathogenic and 
Shiga toxin‐producing Escherichia coli in cattle and deer in a shared 
agroecosystem. Frontiers in Cellular and Infection Microbiology, 5, 29. 
https://doi.org/10.3389/fcimb.2015.00029

Stritt, A., Tschumi, S., Kottanattu, L., Bucher, B. S., Steinmann, M., von 
Steiger, N., … Simonetti, G. D. (2013). Neonatal hemolytic uremic 
syndrome after mother‐to‐child transmission of a low‐pathogenic 
stx2b harboring Shiga toxin‐producing Escherichia coli. Clinical 
Infectious Diseases, 56, 114–116. https://doi.org/10.1093/cid/cis851

Tatem, A. J., Rogers, D. J., & Hay, S. I. (2006). Global transport networks 
and infectious disease spread. Advances in Parasitology, 62, 293–343. 
https://doi.org/10.1016/S0065‐308X(05)62009‐X

USDA (2012). Risk profile for pathogenic non‐O157 Shiga toxin‐produc‐
ing Escherichia coli (non‐O157STEC). Washington, D.C.: USDA Food 
Safety and Inspection Service. U.S. Department of Agriculture.

Van, T. T. H., Chin, J., Chapman, T., Tran, L. T., & Coloe, P. J. (2008). Safety 
of raw meat and shellfish in Vietnam: An analysis of Escherichia coli 
isolations for antibiotic resistance and virulence genes. International 
Journal of Food Microbiology, 124, 217–223. https://doi.org/10.1016/j.
ijfoodmicro.2008.03.029

Vignaroli, C., Luna, G. M., Rinaldi, C., Di Cesare, A., Danovaro, R., & 
Biavasco, F. (2012). New sequence types and multidrug resistance 
among pathogenic Escherichia coli isolates from coastal marine sed‐
iments. Applied and Environmental Microbiology, 78, 3916–3922. 
https://doi.org/10.1128/AEM.07820‐11

Watkinson, A. J., Micalizzi, G. B., Graham, G. M., Bates, J. B., & Costanzo, 
S. D. (2007). Antibiotic‐resistant Escherichia coli in wastewaters, sur‐
face waters, and oysters from an urban riverine system. Applied and 
Environmental Microbiology, 73, 5667–5670. https://doi.org/10.1128/
AEM.00763‐07

Webster, L. F., Thompson, B. C., Fulton, M. H., Chestnut, D. E., Van Dolah, 
R. F., Leight, A. K., & Scott, G. I. (2004). Identification of sources of 
Escherichia coli in South Carolina estuaries using antibiotic resistance 
analysis. Journal of Experimental Marine Biology and Ecology, 298, 179–
195. https://doi.org/10.1016/S0022‐0981(03)00358‐7

Zhang, S., Wu, Q., Zhang, J., Lai, Z., & Zhu, X. (2016). Prevalence, genetic 
diversity, and antibiotic resistance of enterotoxigenic Escherichia 
coli in retail ready‐to‐eat foods in China. Food Control, 68, 236–243. 
https://doi.org/10.1016/j.foodcont.2016.03.051

How to cite this article: Miotto M, Ossai SA, Meredith JE, et al. 
Genotypic and phenotypic characterization of Escherichia coli 
isolated from mollusks in Brazil and the United States. 
MicrobiologyOpen. 2019;8:e738. https://doi.org/10.1002/
mbo3.738

https://doi.org/10.1128/AEM.66.9.3883-3890.2000
https://doi.org/10.1016/j.marpolbul.2016.09.013
https://doi.org/10.1016/S1413-8670(11)70158-1
https://doi.org/10.1016/S1413-8670(11)70158-1
https://doi.org/10.1038/35040695
https://doi.org/10.1016/j.ijfoodmicro.2012.09.001
https://doi.org/10.1016/j.ijfoodmicro.2012.09.001
https://doi.org/10.1016/j.ijfoodmicro.2011.10.003
https://doi.org/10.1016/j.ijfoodmicro.2011.10.003
https://www.epagri.sc.gov.br/wp-content/uploads/2013/08/Sintese-informativa-da-maricultura-2016.pdf
https://www.epagri.sc.gov.br/wp-content/uploads/2013/08/Sintese-informativa-da-maricultura-2016.pdf
https://doi.org/10.1016/j.vetmic.2009.12.013
https://doi.org/10.1016/S0014-5793(03)00980-3
https://doi.org/10.3389/fcimb.2015.00029
https://doi.org/10.1093/cid/cis851
https://doi.org/10.1016/S0065-308X(05)62009-X
https://doi.org/10.1016/j.ijfoodmicro.2008.03.029
https://doi.org/10.1016/j.ijfoodmicro.2008.03.029
https://doi.org/10.1128/AEM.07820-11
https://doi.org/10.1128/AEM.00763-07
https://doi.org/10.1128/AEM.00763-07
https://doi.org/10.1016/S0022-0981(03)00358-7
https://doi.org/10.1016/j.foodcont.2016.03.051
https://doi.org/10.1002/mbo3.738
https://doi.org/10.1002/mbo3.738

