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ABSTRACT 

EPIDEMIOLOGY OF ANTIBIOTIC RESISTANT SHIGA TOXIN-PRODUCING 

ESCHERICHIA COLI (STEC) AND NON-TYPHOIDAL SALMONELLA (NTS) IN 

MICHIGAN  

 

By 

Sanjana Mukherjee 

 The enteric pathogens, Shiga toxin-producing E. coli (STEC) and non-typhoidal 

Salmonella (NTS), are leading causes of foodborne infections in the US, resulting in 265,000 and 

1.2 million illnesses every year, respectively. The emergence of antibiotic resistance in these 

pathogens has been documented and is of great concern due to negative patient health outcomes 

and the possibility of transfer of resistance genes to other clinically relevant pathogens. However, 

there is a scarcity in information about frequencies of antibiotic resistant and factors associated 

with resistant STEC and NTS infections in Michigan. It is necessary to have a complete 

understanding about the of emerging antibiotic resistance and factors driving the rise of resistance 

in STEC and NTS to help develop effective control strategies. In this dissertation, 980 STEC 

isolates collected from patients in Michigan between 2001 and 2014 were examined for resistance 

to clinically relevant antibiotics. The examination of STEC strains for resistance, revealed high 

frequencies of resistance to ampicillin and trimethoprim-sulfamethoxazole, with significant 

increases in antibiotic resistance rates observed over this 14-year period. Multivariate logistic 

regression analysis identified non-O157 serotypes to be independently associated with antibiotic 

resistance. The recent increase in incidence of non-O157 serotypes observed in the US, coupled 

with the high frequencies of antibiotic resistance observed in this study, suggest the emergence of 

antibiotic resistant non-O157s as important human pathogens. Additionally, antibiotic resistant 

STEC isolates from patients in recent years (2010-2014) were more likely to cause hospitalizations 



 

than pansusceptible STEC isolates, suggesting that resistant STEC infections may result in adverse 

patient outcomes. Using whole genome sequencing, we also identified chromosomal mutations 

and 33 horizontally acquired genes present in the genomes of non-O157 STEC, likely conferring 

resistance. Importantly, by creating a co-occurrence network of these genes, we identified the co-

occurrence of certain resistance genes, which are possibly present on the same mobile genetic 

element, thus resulting in multi-drug resistance. In addition to examining resistance in STEC, a 

total of 198 clinical NTS isolates collected between 2011 and 2014 were also examined for 

antibiotic resistance in this dissertation. Resistance to tetracycline, trimethoprim-sulfamethoxazole 

and ampicillin were commonly observed. Concerningly, high frequencies of multidrug resistant 

NTS were also observed with significant increases in their prevalence observed between 2011 and 

2014. These high multidrug resistant rates have important implications on patient care as the 

efficacy of multiple antibiotics is reduced. Antibiotic resistant NTS isolates were also found to 

result in significantly longer mean hospital stays compared to pansusceptible NTS. Serovar 

specific differences in frequencies of antibiotic resistance were observed; S. Enteritidis were 

observed to have lower resistance frequencies than other serovars. Lastly, to better understand the 

role that cattle reservoirs play in harbouring antibiotic resistant STEC strains, we examined 121 

STEC isolates collected in 2012 from six cattle farms in Michigan for antibiotic resistance. While 

high resistance frequencies to tetracycline and trimethoprim-sulfamethoxazole were observed in 

certain herds, no resistance to ampicillin was observed, unlike what was observed in STEC isolates 

collected from patients. While different populations of resistant STEC may be circulating in the 

clinical and agricultural environments, continuous monitoring of resistance in the cattle reservoir 

is warranted to determine if animal reservoirs can serve as potential sources of resistant infections 

in humans. 
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CHAPTER 1 

Literature Review: Epidemiology of Antibiotic Resistant Shiga Toxin-Producing Escherichia 

coli (STEC) and Non-Typhoidal Salmonella (NTS) 
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INTRODUCTION: THE BURDEN OF ENTERIC PATHOGENS 

Diarrheal diseases are a global public health concern resulting in significant morbidity and 

mortality. The World Health Organization (WHO) estimates that diarrheal diseases are one of the 

leading causes of deaths worldwide, and in 2004, resulted in 2.2 million deaths (1). They are 

particularly problematic in low income countries, accounting for 6.9% of total deaths (1). In 

addition, diarrheal diseases are responsible for more than 1.5 million deaths in children less than 

five years of age (1). In 2010 alone, foodborne hazards contributed to approximately 600 million 

cases of food illnesses globally, of which 550 million have been attributed to infectious agents (2). 

While Norovirus and Campylobacter spp. were the leading cause of enteric illnesses among all 

infectious agents, non-typhoidal Salmonella (NTS) spp. and Shiga toxin-producing E. coli (STEC) 

resulted in approximately 78 million and 1 million cases, respectively (2). In addition, food 

illnesses caused by infectious agents can have a long-term effect on human health resulting in more 

than 17 million Disability Adjusted Life Years (DALYs); NTS resulted in 4 million DALYs, while 

STEC contributed to 13,000 DALYs (2). Although the burden of foodborne illnesses in North 

America is low compared to the rest of the world, diarrheal diseases have been estimated to cause 

67% of the total health burden, with NTS and Campylobacter infections predominating (2). Food 

illnesses are costly, with substantial losses in the food industry and public health sector as well as 

in individual households. In the United States alone, the annual cost of illness by foodborne 

pathogens has been estimated to be $14 billion (3). NTS infections were estimated to cost the most 

when compared to all other foodborne pathogens with an annual cost of illness of $3.3 billion, 

while STEC infections result in $278 million in losses per year (3, 4). The FoodNet surveillance 

network was established by the Centers for Disease Control and Prevention (CDC), the United 

States Department of Agriculture (USDA), the Food and Drug Administration (FDA) and 10 state 
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health departments in 1995 (5). This active surveillance system collects samples from California, 

Colorado, Connecticut, Georgia, Maryland, Minnesota, New Mexico, New York, Oregon and 

Tennessee, and thus, monitors the incidence of foodborne illnesses and collect case information 

associated with these illnesses in the US. 

Shiga toxin-producing Escherichia coli (STEC) 

Shiga toxin-producing Escherichia coli (STEC) is a gram-negative pathogen and major 

cause of foodborne infections worldwide. The most well-known member of this group of 

pathogenic E. coli is E. coli O157:H7, which was first identified as a pathogen in 1982 when an 

outbreak occurred in the states of Oregon and Michigan (6). Indeed, more than 472 serotypes have 

been identified (7), which vary based on the antigenic structure of the O antigen comprising the 

polysaccharide component of the cell wall lipopolysaccharide (LPS), and the flagellar H antigen. 

In the US, infections caused by serogroup O157 have been more commonly reported than all other 

serogroups (non-O157 serogroups) (8); however, infections caused by the O26, O103, O111, 

O121, O45 and O145 serogroups are increasing (9-11). According to the FoodNet surveillance 

system in the US, the overall incidence of O157 and non-O157 STEC infections, in 2015, was 0.95 

and 1.65 per 100,000, respectively (12).  

Pathogenesis and clinical presentation in humans 

STEC have a very low infectious dose, i.e. <100 cells, that makes it a very potent pathogen 

(13, 14). In humans, symptoms of STEC infections usually presents 3-8 days after ingestion and 

results in watery diarrhea, abdominal pain, nausea and vomiting. In severe cases, STEC results in 

hemorrhagic colitis characterized by bloody diarrhea. Hemolytic uremic syndrome (HUS) is 

another severe complication resulting in thrombotic microangiopathy, thrombocytopenia and acute 
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kidney damage (15). Approximately 90% of HUS cases in children are attributed to STEC 

infections (15, 16). Although the O157 serotypes of STEC are frequently responsible for causing 

HUS (17-19), HUS cases caused by non-O157 serotypes have also been reported (18, 20).  

STEC are characterized by their ability to produce the Shiga toxin (Stx), a cytotoxin that 

resembles the Shigella dysenteriae Type I toxin (21-23). Shiga toxins, the primary virulence 

factors of STEC, are AB5 toxins with one enzymatically active subunit (A subunit) and five 

identical binding subunits (B subunit) (24). This B subunit binds to the glycosphingolipid receptor, 

globotriaosylceramide (Gb3), present on host renal cells (25, 26), triggering the inhibition of host 

protein synthesis via inactivation of the 60S eukaryotic ribosomal subunit (27). After binding to 

the Gb3 receptor via the B subunits, the toxin is endocytosed and trafficked retrograde through the 

Golgi apparatus to the endoplasmic reticulum. During this trafficking, the A subunit is 

proteolytically cleaved into the A1 and A2 fragments; the A1 fragment, which has N-glycosidase 

activity, is responsible for the depurination of the 28S rRNA resulting in inhibition of protein 

synthesis and thus, cell death (28-30). Consequently, the cell death of renal endothelial cells results 

in thrombotic microangiopathy, or thrombosis of renal capillaries, causing hemolysis of red blood 

cells and decreased glomerular perfusion leading to HUS (31, 32). 

In 1977 Konowalchuk et al. reported the production of a cytotoxin by some E. coli strains 

which was cytotoxic towards Vero cells (28, 33). Subsequently in 1983, O’Brien et al. reported 

the production of Shiga like toxins by Enterohemorrhagic E. coli (EHEC) exhibiting cytotoxicity 

towards Vero cells (34). Due to the cytopathic effect of Shiga toxins on Vero cells, STEC are also 

referred to as Verotoxin producing E. coli (VTEC) (35). There are two different types of the STEC 

Shiga toxins, Stx1 and Stx2, which are genetically related but antigenically distinct (28, 36). While 

the Stx1 is >99% homologous to the Shigella dysenteriae toxin, Stx2 shares only 50-60% amino 
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acid homology with Stx1 (37-39). Shiga toxins may cross the human intestinal epithelium via Gb-

3 independent transcytosis, translocation by neutrophil transmigration, Gb-3 dependent movement 

by Paneth cells and transcytosis by M cells (40, 41). However, Stx1 and Stx2 may cross the 

intestinal epithelium differently as significantly lower levels of Stx2 were observed to move across 

polarized intestinal epithelial cells than Stx1 (42). The stx genes are carried by Stx-encoding 

bacteriophages (43, 44) present in the late gene region of lysogenic lambdoid phages (45). The 

shiga toxin genes are expressed when the lytic cycle of the phage are activated (46-48) which is 

usually a result activation of the bacterial SOS response (49). The circulation of Stx-encoding 

bacteriophages in the environment has been observed; the presence of free stx phages has been 

reported in sewage, waste water, river water and in cattle feces (50-52). The dissemination of stx 

bacteriophages in the environment is concerning as it could result in the evolution of novel 

pathogens. Indeed, the E. coli O104:H4 strain acquired a prophage encoding the Shiga toxin 2a 

variant and was responsible for a large outbreak in Germany in 2011 (53, 54). 

In addition to the Shiga toxin, the locus of enterocyte effacement (LEE) pathogenicity 

island plays an important role in the pathogenesis of STEC infection. The 35.5-kb LEE 

pathogenicity island encodes for the intimin protein (eae gene) and the translocated intimin 

receptor (Tir) which are crucial for the development of attaching and effacing (A/E) lesions on 

intestinal mucosa (14, 55-57). In addition, the LEE pathogenicity island also encodes a type III 

secretion system which is responsible for secreting proteins into the host cell cytoplasm (14). Other 

virulence factors include plasmid-encoded enterohemolysin (ehx) (58) and an autoagglutinating 

adhesin (Saa) (59). Additionally, STEC must also survive the acidic pH in the stomach which it 

does so with the help of acid-induced oxidative system, an acid-induced arginine-dependent 

system, and a glutamate-dependent system (60-63). Bacterial attachment to the enterocytes via 
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proteins produced by the organism is the first step in causing infections. The binding of the intimin 

protein to the Tir receptor, which is inserted into the host cell membrane, results in the formation 

of ‘pedestals’ thus resulting in histological changes and accumulation of actin in the enterocytes. 

The intestinal colonization and subsequent Shiga toxin production results in the disease (64).  

Reservoirs of STEC and its transmission to humans 

 STEC have been frequently isolated from many animals such as cattle, sheep, pigs and 

goats (65-67); however, cattle are considered a primary reservoir worldwide (67-71). A study of 

STEC in dairy farms in Wisconsin and Washington, for example, observed that 8% of adult cows 

and 19% of the calves and heifers were positive for shedding STEC (72). Additionally, 

Cernicchiaro et al. reported the isolation of STEC in beef cow-calf farms in Ontario, with 45% of 

total farms testing positive for E. coli O157:H7 (73). A recent study in Michigan, looking at six 

dairy herds and five beef herds, reported a higher prevalence of STEC in beef cattle (21%) than in 

dairy cattle (13%) (74).  

Fecal shedding of STEC by cattle is an important source of transmission of STEC in the 

environment, and some cattle are referred to as ‘super shedders’ if they excrete more than 103 - 

104 colony forming units (CFU) of STEC per gram of feces (75). Thus, studies have attempted to 

identify factors associated with STEC shedding in cattle to guide the development of new 

strategies that can reduce the transmission of STEC (74, 76). Cattle are asymptomatic carriers of 

STEC, which have been isolated from the rectum, rumen and colon (14, 77-79). Grauke et al. also 

identified the lower gastrointestinal tract of ruminants to be the predominant site of E. coli 

O157:H7 proliferation (80). The lack of Gb3 receptors in the gastrointestinal tract of cattle 
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provides insights into why cattle are asymptomatic carriers of STEC (81). However, STEC have 

been implicated as causative agents of diarrhea and dysentry in calves (82). 

Transmission of STEC to humans occurs via multiple infection routes, which include 

contact with animal reservoirs, consumption of contaminated food and water, and by person-

person contact, or secondary transmission. Animal contact is an important source of domestically 

acquired STEC infections in humans, causing an estimated 6% of STEC O157 and 8% of non-

O157 infections (83). Indeed, a recent study in the Netherlands and other European countries 

identified animals to be important sources of human STEC infections; 48.6% of total human cases 

were attributed to cattle alone (84). Petting zoos have also been identified as sources of STEC 

infections (85) and have been implicated in multiple outbreaks (86, 87). Consumption of 

contaminated beef products (88, 89), especially undercooked beef, is an important source of human 

STEC infections. The CDC, for instance, has linked consumption of contaminated beef products 

to several multistate STEC outbreaks in the US, which include the 2016 and 2014 E. coli O157:H7 

outbreaks resulting in high hospitalization rates and product recalls (90). Other contaminated food 

products such as raw milk (91-93), fresh produce (94, 95) and fermented sausages and salami (96, 

97), have also contributed to STEC infections in humans. Water contaminated with STEC is also 

an important source of infection and transmission vehicle (98, 99). Fruits and vegetables can be 

contaminated by STEC via irrigation water that carries STEC from contaminated feces found in 

agricultural settings (100, 101). Strachan et al. predicted that contact with the environment, which 

includes contact with animals, their feces and contaminated water, caused 54% of STEC outbreaks 

in Scotland (102). Person-person contact of STEC infections also plays a critical role in the spread 

of STEC infections in the community (103), which is likely due to the low infectious dose.  
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Risk factors of STEC infections 

 The most frequently reported risk factor of STEC infection is the consumption of 

contaminated beef (104-107). Since cattle is an important reservoir of STEC, these pathogens have 

been commonly isolated from ground beef (108-110) and many outbreaks in the US have been 

attributed to contaminated beef (111). Another important risk factor is direct or indirect contact 

with animals. Indeed, a matched case-control study looking at risk factors of STEC O157 

infections in the US identified farm visits as an important risk factor; while living on a farm or 

farm visits were risk factors for persons below and above six years of age, contact with cows was 

identified to be a risk factor for persons more than six years of age (106). These findings are 

consistent with several prior studies that identified contact with animals, living on a farm or visiting 

farms to be important risk factors for STEC infections (85, 105, 112, 113). Differences in risk 

factors of STEC infections by age groups has also been reported (106, 114). For example, Werber 

et al. reported contact with a ruminant, playing in a sandbox and consumption of raw milk as risk 

factors for children under 3 years of age, while consumption of raw fermented spreadable sausages 

was a risk factor for individuals over 10 years (114). Friesema et al. identified contact with farm 

animals as a risk factor for non-O157 infections for cases under 10 years of age while consumption 

of beef was a risk factor for persons who were 10 years old and above in Netherlands (115).  

When stratified by serotype, different risk factors for infection have also been observed, 

with international travel reported as a risk factor for non-O157 infections compared to O157 

infections (116). This is in accordance with studies that have observed higher prevalence of non-

O157 serotypes in geographical regions other than North America; indeed, in Europe, non-O157 

serotypes are responsible for 80% diarrhea associated STEC cases (117). Another study identified 

consumption of hamburgers and occupational exposure to red meat associated with O157 



9 

 

infections while patients with non-O157 infections were more likely to have consumed sliced 

chicken and had occupational exposure to animals (112).  

Non-Typhoidal Salmonella (NTS) 

First discovered by Daniel E. Salmon and Theobald Smith in the 1800s, Salmonella are 

Gram-negative bacteria contributing to 1.2 million illnesses every year in the US (118). In 2015 

alone, the incidence of Salmonella infections was estimated to be 15.74 per 100,000 population in 

the US (12).  

The genus Salmonella is divided into two species: S. enterica and S. bongori, with 

approximately 2500 serotypes (119). S. enterica is divided further into six subspecies (120): 

enterica (I),  salamae (II), arizonae (IIIa), diarizonae (IIIb), houtenae (IV), and indica (VI) (Figure 

1) and subspecies I (enterica) accounts for most of the clinical cases including the typhoidal and 

non-typhoidal serovars (119). The serovars Typhi, Sendai and Paratyphi belong to the typhoidal 

Salmonella group and are responsible for causing enteric fever, which is widely prevalent in the 

developing world (121).  The remaining serovars are referred to as non-typhoidal Salmonella and 

are prevalent worldwide (121). The predominant NTS in the US include Typhimurium, Enteritidis, 

Newport and Heidelberg and in 2005 caused roughly 20.9%, 20.0%, 9.9% and 5.7% of infections, 

respectively (122, 123),. Globally, the serovars Enteritidis and Typhimurium are the most common 

causes of infection, contributing to 43.5% and 17.1% of the total number of Salmonella infections 

(122). In North America, Australia and New Zealand, Typhimurium was the most widely reported 

serovar, while in serovars Hadar and Agona were prevalent in European countries (122). The 

varying distributions and global epidemiology of Salmonella serovars highlights the need for 

continuous surveillance of these infections.  
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Pathogenesis and clinical presentation in humans 

To cause disease in humans, food pathogens like Salmonella must utilize specific proteins 

that first allow it to overcome hostile environments such as the acidic stomach (124, 125), the 

anaerobic gastrointestinal tract (126) and the immune response mounted by the host (127). For 

instance, acid shock proteins (ASPs) such as RpoS and PhoP/PhoQ, the synthesis and/or uptake of 

compatible solutes during osmotic stress and the Fnr regulatory circuit for anaerobic metabolism 

are crucial for Salmonella pathogenesis (126). In addition, Salmonella pathogenicity islands (SPI), 

which are mobile genetic elements encoding various virulence factors, also play an important role 

in the pathogenesis of Salmonella. Overall 23 SPIs have been described so far, however, SPI-1 to 

SPI-5 are common in S. enterica serovars, each having an important function (127). SPI-1 and 

SPI-2 both encode a Type III Secretion System (T3SS), which are necessary for invasion of the 

intestinal epithelium, formation of a Salmonella-containing vacuole, and survival within 

macrophages (127). By contrast, SPI-4 encodes a Type I secretion system that helps the pathogen 

adhere to epithelial cells (127).  

Once in the intestines, Salmonella crosses the epithelial cell barrier either by invading the 

cells using effector proteins secreted by the SPI-1 T3SS (127). The SPI-1 T3SS encodes effector 

proteins such as SipA, SipC, SopB and SopE2 which result in actin cytoskeleton remodelling 

resulting in membrane ruffling of host cells and thus internalization into host cells (128). In 

addition, Salmonella can also cross the epithelial cell barrier via passive transport using dendritic 

cells; the migration of Salmonella infected dendritic cells to mesenteric lymph nodes facilitates the 

spread of Salmonella to different organs (129). The membranous epithelial (M) cells are an 

important target site for invasion by Salmonella, which can get translocated across the intestinal 

epithelium and into the underlying follicles and mesenteric lymph nodes (127, 130).  After crossing 
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the intestinal epithelial barrier, the bacteria are engulfed by macrophages forming a Salmonella-

containing vacuole (SCV) (131). At this stage, effector proteins such as SigD/SopB, SipA, SipC, 

encoded by SPI-2, are secreted into the cytosol of macrophages to help prevent the fusion of the 

SCV with the lysosome (127). After macrophages containing bacteria undergo apoptosis, 

Salmonella can re-invade epithelial cells or be engulfed by other phagocytic cells (127).  

In humans, Salmonella infection can result in fever, gastroenteritis, bacteremia with or 

without additional complications and can lead to a chronic carrier state. While the typhoidal 

serovars of Salmonella are responsible for enteric fever, NTS cause gastroenteritis and invasive 

NTS infections (119). The ingestion of more than 105 Salmonella cells (132) is required to cause 

the disease, however studies have reported doses less than 103 cells of Salmonella responsible for 

causing outbreaks (133). Although many serovars are responsible for causing gastroenteritis, S. 

Typhimurium and S. Enteritidis are the leading causes of gastroenteritis in the US (119). 

Approximately 6-72 hours after ingesting the organism (134), patients may experience fever, 

diarrhea, and abdominal cramping (135). While gastroenteritis is usually a self-limiting condition 

and resolves quickly upon treatment with fluids and electrolyte therapy, about 5-8% of 

gastroenteritis cases will develop into bacteremia, or the presence of bacteria in the bloodstream 

(119, 135). This invasive extra-intestinal infection is often associated with immunocompromised 

patients and can result in complications such as hepatomegaly (enlargement of the liver) and 

splenomegaly (enlargement of the spleen) (121). Invasive NTS infections are more likely to be 

caused by serovars Typhimurium, Dublin, and Choleraesuis than other serovars (119, 121), though 

there is considerable variation in the geographic distribution of invasive infections with the highest 

number of invasive NTS infections occurring in Africa followed by Europe (136). Chronic carriage 
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is not common for the NTS serovars as only 0.1% of NTS isolates have been detected in stools for 

periods of more than a year (119, 121).  

Reservoirs of NTS and its transmission to humans 

Different serovars of Salmonella are associated with different host populations; these 

serovars may be host adapted or have a ubiquitous host range. Serovars such as Typhi and 

Paratyphi are exclusively adapted to humans, while others such as Gallinarum and Abortusovis 

are adapted to poultry and sheep, respectively (132). These serovars are host-restricted since they 

are exclusively associated with one host species (137). Furthermore, serovars such as 

Typhimurium and Enteritidis have a broad host range and the ability to adapt to multiple unrelated 

host species including humans, poultry and wild rodents (132). Numerous studies have 

documented the presence of NTS Salmonella in poultry products, farms and processing 

environments (138-140). For example, Singh et al. reported S. Typhimurium to be the predominant 

serovar in chicken eggs in North India (141), while a study in Malaysia documented a high 

prevalence of various Salmonella serovars from multiple sources including chicken carcasses, 

defeathering machines and transport cages. The serovars Albany, Corvallis and Brancaster were 

predominated among the isolates identified in Malaysia (142). Additionally, wild birds are natural 

reservoirs of NTS; S. Enteritidis was isolated from wild waterfowls in Ukraine (143). Cattle (123, 

144, 145) and pigs (146-148) have also been reported to be important reservoirs for serovars such 

as Typhimurium, Enteritidis and Derby.  

NTS infections are mostly transmitted to humans via contact with specific animals or via 

the consumption of contaminated food and water. Since animals play an important role in the 

infection cycle of Salmonella by serving as reservoirs, it is likely that contact between colonized 
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animals and humans is a major source of human NTS infections (149). Indeed, Fone et al. 

identified associations between diseases in farming families and contact with animal infections 

such as cattle and sheep; the authors identified nine of the 23 human infections with S. 

Typhimurium phage definitive type DT104 to have had contact with animals or individuals 

working closely with animals (150). Similarly, Hendriksen et al. isolated S. Typhimurium strains 

from a pig, calf, and child that were phenotypically and genotypically identical, thus alluding to 

transmission via animal contact (151). Contact with domestic animals have also been suggested to 

be an important source of NTS infections in humans (152).  

Although animal contact is an important source of NTS infections, consumption of 

contaminated food products is also a major source of NTS infections. Indeed, the CDC has reported 

many outbreaks of Salmonella associated with food products such as raw turkey products, raw 

sprouts, chicken salad and frozen shredded coconut (153). In recent years, an increase in 

Salmonella outbreaks due to contaminated fruits and vegetables has been observed in the US (154). 

Produce may be contaminated by Salmonella either due to cultivation practices and at the 

processing stages (155) or due to the use of Salmonella contaminated manure and irrigation water 

(101). In addition, Salmonella has also been isolated from water, thus making waterborne 

transmission an important route for human infections (156). Interestingly, Gast et al. also 

documented airborne transmission of Salmonella between groups of chicks (157), which has 

concerning implications on human health. The identification of shared genotypes and 

antimicrobial susceptibility phenotypes among NTS isolates recovered from both the environment 

and humans provides support for the environment as an important source of NTS infections in 

humans (158).  
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Risk factors of NTS infections 

 Although NTS belong to the same genus, there is considerable variability amongst serovars 

in terms of characteristics such as host adaptability and virulence. To better manage diseases 

caused by different serovars, many studies have identified serovar-specific risk factors. Since 

animals serve as reservoirs of NTS infections, animal contact has been reported to be an important 

risk factor for NTS infections (159-162). While looking at Salmonella infections in New York and 

Washington, Cummings et al. identified farm animal contact to be significantly associated with 

salmonellosis; specifically, contact with cattle five days prior to infection was a risk factor (163). 

In addition, a study looking at NTS infections in Michigan identified contact with reptiles and cats 

to be significantly associated with infections in children (164). Mughini-Gras et al. identified 

serovar-specific risk factors of salmonellosis in Netherlands as consumption of raw/undercooked 

meat and prior antibiotic use were risk factors for pig-associated salmonellosis and consuming 

raw/undercooked eggs was a risk factor for poultry-associated salmonellosis (160). Similarly, 

Doorduyn et al. identified serovar-specific risk factors for Typhimurium and Enteritidis infections, 

with the use of proton pump inhibitors and consumption of raw eggs or products containing raw 

eggs to be associated with Enteritidis infections. Use of antibiotics, playing in a sandbox, 

occupational exposure to raw meat, and consumption of undercooked meat, however, were 

associated with Typhimurium infections (165). Consumption of peanut butter or products 

containing peanut butter (166) as well as consumption of sprouts (167) have been linked to NTS 

infections. Considering the importance of invasive NTS infections, several studies have also 

identified risk factors for invasive NTS to help in disease management. Thamlikitkul et al., for 

instance, identified acquired immunodeficiency syndrome (AIDS) and corticosteroid use as risk 

factors of NTS bacteraemia in Thailand (168). HIV infection, malnutrition, malaria, young age, 
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anaemia and residence in a rural setting have also been reported as risk factors for invasive NTS 

infections in Africa (169).  

ANTIBIOTIC THERAPY FOR TREATMENT OF ENTERIC INFECTIONS 

Although most enteric infections are self-limiting and require fluids and electrolyte 

therapy, antimicrobial agents play an important role in treatment of enteric infections. Antibiotics 

such as macrolides, fluoroquinolones, trimethoprim-sulfamethoxazole and third generation 

cephalosporins have been employed against important enteric pathogens such as Campylobacter, 

Shigella, non-typhoidal Salmonella and non-Shiga toxin-producing E. coli (170).  

Antibiotics are not recommended for treatment of STEC infections as their role in the 

development of severe disease outcomes is debatable (171-173). The treatment of STEC infections 

with antibiotics has been shown to result in increased toxin production, thus increasing the risk of 

development of haemolytic uremic syndrome (HUS) (174, 175). The treatment of E. coli O157:H7 

infected mice with fluoroquinolone antibiotics, for instance, detected high levels of toxin in feces 

and was also associated with higher frequencies of death compared to mice treated with fosfomycin 

(174). Fluoroquinolones and other antibiotics that inhibit DNA replication trigger the SOS 

response in bacteria, thus inducing the Stx prophage and ultimately toxin production (174, 176, 

177), though this response varies depending on the type of antibiotic used. Antibiotics that target 

the cell wall, transcription, or translation were not shown to induce toxin production, indicating 

that specific antibiotics may not be contraindicated for patients infected with STEC infections as 

significantly lower levels of toxin were produced than antibiotics targeting DNA synthesis (178). 

In addition, an age-matched case-case comparison study in Minnesota found no association 

between antibiotic treatment and development of HUS (179), which is specifically linked to toxin 
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production. Despite the CDC recommendation to avoid antibiotics for the treatment of STEC, 

some studies have documented the use of antimicrobial and antimotility agents for STEC O157 

infections (180). Nelson et al. reported that 62% of 474 patients, living in the FoodNet surveillance 

sites in the US, infected with STEC O157 were treated with an antimicrobial agent from 1996-

1997 and in 1999; fluoroquinolones, trimethoprim-sulfamethoxazole and β-lactam antibiotics were 

observed to be commonly prescribed to patients with STEC O157 (180).  

For the treatment of salmonellosis, antimicrobials such as fluoroquinolones, third 

generation cephalosporins, penicillins, macrolides and trimethoprim- sulfamethoxazole are 

commonly prescribed, particularly in the immuno-compromised, the young and the elderly (181, 

182). Although fluoroquinolones are effective drugs against NTS, the FDA does not recommend 

use in children due to studies observing arthropathy, or joint disorders, in juvenile laboratory 

animals (181, 183-186). Thus, alternative antibiotics such azithromycin and trimethoprim-

sulfamethoxazole are administered to children for treatment of NTS (170). Numerous studies have 

been conducted that have conflicting views on the benefits of antimicrobial therapy for treating 

NTS infections. When compared to a placebo group, treatment with ciprofloxacin significantly 

reduced the duration of diarrhea and other symptoms in patients (181). Furthermore, antimicrobial 

therapy with ciprofloxacin has also been shown to be effective in controlling Salmonella outbreaks 

(187). However, other studies have documented no real benefit of antimicrobial therapy for 

treating Salmonella infections (188, 189). Although Sirinavin et al. found that antibiotic therapy 

resulted in more negative cultures, they did not find any significant differences in duration of 

illness and diarrhea between placebo and antibiotic therapy (190). Thus, antimicrobial therapy for 

treatment of salmonellosis is not routinely recommended to all patients and is only administered 
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to patients with risk factors such as HIV infection, those undergoing therapeutic 

immunosuppression, the young, elderly, and those at risk for extra intestinal infections (181).  

ANTIBIOTIC RESISTANCE IN ENTERIC PATHOGENS 

The CDC estimates that approximately two million resistant infections occur annually in 

the US, resulting in 23,000 deaths (191). Resistant infections contribute to twice as much of the 

morbidity and mortality as well as the cost of hospitalizations (192, 193). Unfortunately, by 2050, 

10 million deaths due to antimicrobial resistant infections is projected to occur annually, which 

may drive antimicrobial resistance to be the leading cause of death worldwide (194). It is therefore 

imperative to identify novel drugs capable of treating resistant infections and continue efforts for 

the judicious use of antibiotics in order to optimize drug effectiveness.  

To detect and monitor resistant infections, antimicrobial susceptibility testing has been 

standardized using the guidelines established by the Clinical Laboratory Standards Institute (CLSI) 

and the European Committee on Antimicrobial Susceptibility Testing (EUCAST). CLSI defines 

“resistant” Enterobacteriaceae as strains with a minimal inhibitory concentration (MIC) of 

ampicillin as >32 µg/mL, while the MIC of ciprofloxacin is >1 µg/mL for Salmonella and >4 

µg/mL for all other Enterobacteriaceae. The MIC for trimethoprim-sulfamethoxazole is defined 

as >4/76 µg/mL, >16 µg/mL for tetracycline, and >4 µg/mL for third generation cephalosporins 

such as ceftriaxone (195).  

The emergence and spread of antimicrobial resistance is intricately linked to human, animal 

and environmental factors. Indeed, resistant infections can spread in the community via direct or 

indirect contact with people harbouring resistant infections, contact with animals that serve as 

reservoirs of resistant bacteria, and the consumption of food products contaminated with resistant 
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organisms (Figure 2). The surveillance of antibiotic resistant infections is crucial to detect and 

control the worldwide spread of antibiotic resistant bacteria. In the US, the National Antimicrobial 

Resistance Monitoring System (NARMS) provides data on the trends and frequencies of antibiotic 

resistant infections in important food pathogens. NARMS was established in 1996 as a 

collaborative effort between the state and local public health departments in the US, the CDC, the 

FDA and the USDA. The NARMS surveillance system tracks antibiotic resistance frequencies and 

trends in Salmonella, Campylobacter, Shigella, E. coli O157, and Vibrio species isolated from 

patients, food sources and food animals (196). The 2011 NARMS Executive Report (197) 

highlights important changes in the trends of antibiotic resistance in NTS, E. coli and 

Campylobacter. Importantly, frequencies of resistant NTS in 2011 were lower than the average of 

the years 2003-2007. Additionally, frequencies of ciprofloxacin resistant NTS isolated from 

humans were less than 0.5%. Multidrug resistant NTS from humans were also found to have 

decreased in 2011 (9.1%) when compared to the average frequencies from 2003-2007 (12.1%); 

serovars I 4, [5],12: i:- and Heidelberg were found to have high frequencies of multidrug resistance. 

In addition, high frequencies of resistance to ceftriaxone in E. coli isolates from food sources was 

documented in this report. While the 2011 NARMS Executive Report does not report antibiotic 

resistance frequencies from E. coli such as STEC, isolated from humans, the NARMS Now 

interactive tool (198) contains antibiotic resistant data for enteric pathogens isolated from humans.  

In Europe, the European Centre for Disease Prevention and Control manages the European 

Antimicrobial Resistance Surveillance Network (EARS-Net), which collects antimicrobial 

resistance data for select pathogens from 30 participating countries and analyses spatial & temporal 

trends in antimicrobial resistance (199). In 2016, EARS-Net reported 58.6% E. coli isolates to be 

resistant to at least one antibiotic; no data was available for NTS since it is not included in this 
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surveillance system (200).  In 2015, the WHO launched the Global Antimicrobial Resistance 

Surveillance System (GLASS) to promote global surveillance and strengthen research on 

antimicrobial resistance using genotypic, phenotypic, epidemiological data, clinical data and 

population-based data (201).  As mentioned in the GLASS Early Implementation Report, 

surveillance of antimicrobial resistance and assessing factors associated with resistance is crucial 

to develop policies and interventions to manage the spread of antibiotic resistant infections 

worldwide (202).  

Numerous studies have documented antimicrobial resistance in both STEC and NTS 

worldwide. In 1994, Kim et al. found 7.4% of STEC O157:H7 isolates from Washington to be 

resistant to tetracycline, streptomycin and sulfisoxazole. Since these antibiotics are not widely used 

in human medicine, it was suggested that antibiotic resistance in these isolates was unlikely to 

have originated in humans (203). However, recent studies have shown an increase in resistance 

among STEC O157 isolates to clinically important antibiotics such as ampicillin, trimethoprim-

sulfamethoxazole and third generation cephalosporins (204-209), suggesting the widespread and 

empirical use of antibiotics for treatment of enteric infections (210, 211), including STEC, may be 

contributing to the emergence of antibiotic resistance in STEC. Schroeder et al. noted high 

frequencies of resistance to antibiotics important in human and veterinary medicine in swine-

derived STEC O157 isolates compared to human isolates (205), while Meng et al. documented 

high frequencies of antibiotic resistance to clinically and agriculturally relevant antibiotics from 

cattle-derived STEC isolates (34%) (206). Considering the widespread use of antibiotics in 

agricultural settings, these studies suggest that animals play an important reservoir for 

antimicrobial drug resistant STEC infections. Non-O157 STEC isolates recovered from both 

humans and animals have also been found to be resistant to antibiotics such as ampicillin, 
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tetracycline and trimethoprim-sulfamethoxazole commonly used in human and veterinary 

medicine (212, 213). Interestingly, studies have found higher frequencies of antibiotic resistance 

in non-O157 serotypes of STEC compared to STEC O157 (214, 215). The reason behind this 

difference in resistance frequencies between STEC serotypes is unclear. Both O157 and non-O157 

serotypes have been reported to be prevalent and able to persist in the environment (216, 217) and 

are likely to take up antibiotic resistance genes present in the environment (218, 219). Genomic 

plasticity in different NTS serovars has been offered as a potential explanation for differences in 

antibiotic resistance frequencies observed between NTS serovars (220); further studies need to be 

conducted to test this hypothesis for STEC isolates.  

With 100,000 drug resistant NTS infections occurring every year in the US and resulting 

in $365,000,000 in medical costs, the CDC considers drug-resistant NTS infections to be a serious 

global threat requiring prompt attention (221). Medalla et al., for instance, calculated the incidence 

of ampicillin resistant infections to be 1.07/100,000 person-years, 0.51/100,000 person-years for 

ceftriaxone and ampicillin resistant infections, and 0.35/100,000 person-years for ciprofloxacin 

resistant infections in the US (222). A study in Spain also documented high frequencies of 

resistance in Salmonella Typhimurium isolates to ampicillin (76%), sulphonamides (78.7%) and 

tetracyclines (80.4%) (223), while a significant increase in trimethoprim-sulfamethoxazole and 

nalidixic acid resistance was detected in NTS isolates over a 15-year period in Thailand (224). 

Antibiotic resistance to third generation cephalosporins has also been reported worldwide (225, 

226), which is concerning considering its importance in treatment of NTS infections in children 

and the elderly. Antibiotic resistant NTS have been isolated from food animals such as poultry 

(227), swine, and cattle (228, 229), highlighting the importance of food and the farm environment 

as a source of resistant infections for humans.  Importantly, the emergence of multidrug resistant 
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Salmonella has been documented and attributed to the extensive use of antibiotics in clinical and 

agricultural settings (230, 231). A Danish study looking at NTS isolates from pigs observed 

ampicillin-streptomycin-sulphonamide-tetracycline resistance as the predominant multidrug 

resistance profile (230). The MDR pattern ampicillin, chloramphenicol, streptomycin, 

sulfisoxazole and tetracycline (ACSSuT) is widely prevalent in S. Typhimurium DT104 and has 

also been associated with resistance to β-lactam drugs such as ceftriazone and amoxicillin-

clavulanic acid (197). The emergence of multidrug resistance in NTS isolates is alarming as it 

limits the repertoire of antibiotics that can be used for antimicrobial therapy. Antibiotic resistant 

NTS have been found to be associated with severe disease outcomes. One such study in western 

Kenya found multidrug resistant NTS infections to be significantly associated with bacteremia 

compared to diarrhea (232). MDR NTS have been reported to be associated with more serious 

outcomes such as increased bloodstream infections, more hospitalizations and higher mortality 

compared to antibiotic sensitive strains (233). In addition, a study in the US, observed that NTS 

isolates resistant >1 antibiotic were significantly more likely to cause bloodstream infections 

compared to isolates that were susceptible (234). In addition, hospitalization due to bloodstream 

infections was also identified to be significantly associated with antibiotic resistant NTS (234). 

Furthermore, a study looking at NTS isolates from Oregon also identified hospitalization more 

likely in patients with resistant infections than those with susceptible infections, and the authors 

also identified that patients with resistant NTS infections were more likely to have travelled to 

eastern or Southeast Asia (235) 
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RISK FACTORS ASSOCIATED WITH ANTIBIOTIC RESISTANT STEC AND NTS 

INFECTIONS 

Many epidemiological studies looking at risk factors of antibiotic resistant infections have 

been conducted worldwide. Although antibiotic resistant enteric pathogens are a global health 

problem requiring prompt attention, there is a dearth in studies that identify risk factors of 

antibiotic resistant enteric infections. 

Previous antibiotic exposure has been found to be an important risk factor of antibiotic 

resistant infections in many independent studies (236-242). For example, Hillier et al. studied risk 

factors of E. coli causing urinary tract infections (UTI) and observed that ampicillin resistant and 

trimethoprim resistant E. coli infections were associated with prior use of amoxicillin and 

trimethoprim for ≥7 days in the past month (237). In addition, a study in the US identified the 

relative risk of infection with an extended spectrum β lactamase (ESBL), third generation 

cephalosporin, or trimethoprim-sulfamethoxazole resistant E. coli or K. pneumoniae isolate to be 

higher in patients with antibiotic use up to a month prior to the infection compared to those with 

no antibiotic use (236). In another study of community cases of Gram negative UTIs in Scotland, 

Steinke et al. determined that prior trimethoprim use was more common in cases positive for 

trimethoprim-resistant bacteria (241). A previous study has identified prior antibiotic use to be a 

risk factor for antibiotic resistant NTS infections; patients with antibiotic resistant NTS infections 

were 5 times more likely to have taken the respective antibiotic a month prior to illness (243). 

Seidman et al., however, did not find prior medication use to be a risk factor for antibiotic 

resistance in faecal E. coli isolated from children in rural India (244). Similar observations were 

noted by Fosnani et al. as they did not observe any association between antimicrobial use and 

trimethoprim-resistant faecal E. coli in children and their household members (245). Thus, 
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additional studies are warranted to determine whether prior antibiotic use is a risk factor for 

antimicrobial resistant STEC and NTS infections.  

Several studies have identified demographic characteristics to be associated with antibiotic 

resistant infections. One study, for instance, identified significantly higher frequencies of 

methicillin resistant Staphylococcus aureus (MRSA) infections in African American patients than 

in white or Hispanic patients (246), while resistance frequencies in Pseudomonas aeruginosa 

differed by age group and the antimicrobial agent. Specifically, resistance frequencies were 

significantly higher in patients between 18 and 39 years of age relative to patients > 70 years of 

age (247). For UTI causing E. coli, a prospective study in Spain identified patients over 50 years 

of age to have significantly higher frequencies of nalidixic acid and fluoroquinolone resistant E. 

coli infections than patients aged <50 years of age (248). The same study identified males to have 

significantly higher frequencies of fluoroquinolone resistant infections than females (248). Not 

many studies have identified risk factors of antibiotic resistant enteric infections, especially 

resistant STEC infections, thus it is unknown whether demographic variables are linked to these 

resistant infections. However, age has been reported to be associated with antibiotic resistance in 

NTS with significantly higher frequencies of resistance to multiple antibiotics in children < 5 years 

of age (249).  

Other epidemiological factors have also been shown to be associated with antibiotic 

resistant infections. For example, Shorr et al. found resistant pneumococcal infections to be 

independently associated with recent hospitalization, residence in a nursing home, long-term 

hemodialysis and ICU admission (250). In addition, a prospective study in France identified prior 

use of a urinary catheter in the last one year to be a significant risk factor for antibiotic resistant E. 

coli infections (242). As mentioned earlier, only a few studies have been conducted to identify risk 
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factors of antibiotic resistant enteric infections. For example, Cha et al. identified foreign travel to 

be associated with fluoroquinolone resistant Campylobacter jejuni infections (251). 

Fluoroquinolone resistant Campylobacter infections were also found to be associated with the 

consumption of poultry products prepared at commercial establishments (252). For antibiotic 

resistant NTS infections, geographical variables have also been found to be associated with 

resistant NTS infections; Odoch et al. reported significant differences in frequencies of antibiotic 

resistance in NTS from hens in various districts in Uganda (159). Additional studies have noted 

the geographical variation in antibiotic resistance. For example, Sahoo et al. identified higher odds 

of antibiotic resistance in E. coli from fecal samples, cow dung and drinking water samples from 

non-coastal areas in India when compared to coastal areas, which they attributed to social and 

environmental variables (253). Geographical variability in antibiotic resistance can be explained 

by many factors such as antibiotic usage in different countries (254), public health factors such as 

antibiotic usage policies (255, 256) and by the spread and distribution of antibiotic resistant 

pathogens in different geographic regions (257). Due to the differences in such factors in 

geographic regions, risk factors of resistant infections may vary, thus highlighting the importance 

of continued surveillance of risk factors of antibiotic resistant infections.  

While few studies have looked at risk factors for antibiotic resistant NTS infections, a 

review of the literature revealed no reports on risk factors associated with antibiotic resistant STEC 

infections. Considering the emergence of antibiotic resistance in STEC and the importance of 

antibiotic resistant NTS infections, it is imperative that risk factors of these antibiotic resistant 

infections are identified for the development of novel intervention strategies.  
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THE MOLECULAR EPIDEMIOLOGY OF ANTIBIOTIC RESISTANT INFECTIONS 

Molecular epidemiology has been applied by many scientists to study the occurrence of 

antibiotic resistant genes (ARGs), and to understand the dynamics and transmission of antibiotic 

resistant infections in important bacterial pathogens (258-261). Due to the increasing threat of 

antibiotic resistant infections, scientists have utilized molecular epidemiological tools to study the 

global spread of antibiotic resistance in an effort to enhance the management of resistant infections 

(262-264).   

Differences in antibiotic resistance frequencies by bacterial serotypes and serovars has 

been reported. For example, NTS serovars were found to be associated with antibiotic resistance, 

with many studies observing significantly lower frequencies of resistance in Enteritidis serovars 

compared to other serovars (223, 235, 265). In addition, Perron et al. observed associations 

between antimicrobial drugs and serovar in S. enterica isolates from swine, with resistance to 

ampicillin, chloramphenicol, tetracycline and trimethoprim-sulfamethoxazole significantly 

associated with Typhimurium, while resistance to cefoxitin, cefalotin and ceftiotur was found to 

be associated with Heidelberg serovars (266). Similarly, differences in antibiotic resistance 

frequencies have also been observed in STEC, with the O157 STEC serotypes having lower levels 

of resistance than the non-O157 serotypes (214, 215). While the reasons for these differences in 

resistance frequencies is unclear, differing resistance mechanisms and understanding the molecular 

epidemiology of resistant infections may provide answers to these questions.  

The acquisition and dissemination of horizontally transmitted ARGs are of concern as they 

can spread to other clinically relevant pathogens and commensal organisms. Numerous studies 

have been performed in both STEC and NTS to determine the prevalence and diversity of ARGs. 
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Earlier studies in the 1980s have not observed STEC isolates to be resistant to many antibiotics; 

Ratnam et al. reported 97% of STEC O157:H7 isolates from Canada and US to be susceptible to 

commonly used antibiotics, while Bopp et al. did not observe any E. coli O157:H7 strain to be 

resistant to any of the 12 antibiotics tested (267, 268). However, ARGs have likely played an 

important role in the emergence and spread of resistance in STEC (269). Since, antibiotics are not 

prescribed for the treatment of STEC infections, it is also important to note that the lack of 

surveillance for antibiotic resistance in STEC may have resulted in underestimating resistance 

frequencies. In 2011, a large outbreak of STEC O104:H4 causing many HUS cases occurred in 

Germany (270); further genomic analysis of this strain determined the presence of a plasmid 

encoding a CTX-M-15 β-lactamase conferring resistance to penicillins and cephalosporins (271). 

The CTX-M extended spectrum β-lactamase (ESBL) has also been reported in many other 

serotypes of STEC (272, 273). In addition, multi-drug resistant STEC isolates carrying multiple 

antibiotic resistance genes have also been reported. For example, while looking at STEC isolates 

from humans, animals and food products, Zhao et al. observed the presence of integrons containing 

aadA and dfrXII conferring resistance to streptomycin-spectinomycin and trimethoprim 

respectively (274). Multi-drug resistant clinical STEC O118 strains from Europe carrying at least 

one of the following genes: aphA1-Ia, catA1, tet(A), and blaTEM-1, sulI, aadA1a, or dfrA1 

conferring resistance to kanamycin, chloramphenicol, tetracycline, ampicillin, sulphonamide, 

streptomycin and trimethoprim respectively, has also been reported (275). For Salmonella, one 

study of isolates from humans, poultry and seafood to possess different ARG profiles, with few 

strains containing more than 10 resistance genes conferring resistance to different antibiotics (276). 

Another study of S. Typhimurium DT104 isolates from Denmark were found to carry two separate 

integrons encoding different resistance genes such as sul1, ant (3’’)-Ia and β-lactamase gene 
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encoding resistance to sulphonamides, streptomycin & spectinomycin and penicillins, respectively 

(277). In addition to horizontally transmitted genetic elements, mutations in chromosomal genes 

such as glpT and gyrA conferring antibiotic resistance to fosfomycin and fluoroquinolones have 

also been reported in both STEC and NTS (278-280).   

Molecular typing is an important tool to study the evolution and phylogenetic relationship 

among bacteria. These tools have a variety of applications such as in surveillance of infectious 

diseases, in outbreak investigations and identifying sources of transmission of infections. 

Additionally, many studies have documented the use of molecular typing and genomic analysis in 

tracking the spread of antibiotic resistance and identifying genetic determinants of resistant 

infections (251, 278, 281-284). Tools used commonly for genetic characterization of bacteria 

include Pulsed Field Gel Electrophoresis (PFGE), Multi Locus Sequence Typing (MLST), and 

Single Nucleotide Polymorphisms (SNP) typing. PFGE is the ‘gold standard’ method for 

genotypic characterization of pathogens such as E. coli, Campylobacter and Salmonella (285); 

however, it has several disadvantages such as the subjective analysis of banding patterns and being 

extremely labour intensive. This makes MLST a more attractive alternative which uses the 

sequences of seven or more house-keeping genes to characterize bacteria and separate them into 

sequence types (STs) (286). MLST has been used to determine the genetic diversity of non-O157 

STEC isolates and NTS. Several such studies revealed the presence of many different STs of cattle 

non-O157 STEC isolates (287) and the occurrence of certain non-O157 STs in both humans and 

animals (288). Salmonella subtyping using MLST has been used to study the genetic diversity of 

bovine and human isolates in Michigan (289), shedding light on the temporal changes in the 

distribution and circulation of Salmonella subtypes in the environment. However, since MLST 

was unable to determine the genetic diversity for STEC O157 isolates (290), a SNP typing tool 
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was developed by Manning et al. which detected variation in up to 96 SNP loci for E. coli O157 

and revealed the association of clades with disease severity (291).  

Due to the importance of determining the prevalence of antibiotic resistant phylogenetic 

lineages to help in disease management strategies, many studies have been published exploring 

the association between phylogenetic lineages of different genera of bacteria and antibiotic 

resistance. Using a combination of the genetic markers chuA, yjaA and DNA fragment TspE4.C2, 

E. coli strains have been assigned to four phylogenetic groups: A, B1, B2 and D (292, 293). While 

this phylogenetic classification system has been employed to characterize E. coli strains, track 

their spread and identify factors associated with them (294-296), studies have also looked at the 

relationship between phylogenetic lineages of E. coli and resistance to different antibiotics. For 

example, Moreno et al. determined that clinical isolates of uropathogenic E. coli from Spain 

belonging to phylogenetic group A were significantly associated with quinolone and 

fluoroquinolone resistance, while those belonging to phylogenetic group D were associated with 

resistance to trimethoprim-sulfamethoxazole (297). Moreover, on examining E. coli from human 

clinical samples in Iowa, Johnson et al. noted that isolates belonging to phylogenetic groups A and 

D were significantly associated with fluoroquinolone resistance (298). Similarly, other studies 

looking at the associations between antibiotic resistance and phylogenetic groups of E. coli from 

different sources have been conducted (299, 300). While looking at the phylogenetic background, 

virulence gene profiles and antibiotic resistance of non-H7 enteropathogenic E. coli O157, Ferdous 

et al. observed that E. coli O157 strain Santai, which belongs to phylogenetic group D, was 

resistant to multiple drugs (301). In addition, E. coli sequence type (ST)-131, which belongs to 

phylogenetic group B2, has been observed to be associated with resistance to fluoroquinolones, 

aminoglycosides and trimethoprim-sulfamethoxazole (302, 303). Among diarrheagenic E. coli 
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(DEC) strains from Peru, which included enteropathogenic E. coli (EPEC), enterotoxigenic E. coli 

(ETEC), enteroaggregative E. coli (EAEC), and diffusely adherent E. coli (DAEC), Mosquito et 

al. reported significant differences in frequencies of resistance to trimethoprim-sulfamethoxazole, 

tetracycline, chloramphenicol, nalidixic acid and multidrug resistance among different 

phylogenetic groups. Specifically, higher frequencies of resistance observed in phylogenetic 

groups B2 and D (304). Although no association between phylogenetic lineages and genetic 

determinants of resistance in atypical enteropathogenic E. coli (aEPEC) strains from South Asia 

and sub-Saharan Africa was observed, the authors did find an association between geographical 

location and genetic determinants; for example, dfrA1 genes were most common in Asia and 

dfrA14 and dhfr7 were more common in Kenya, while the tet(A) gene was prevalent in West and 

East Africa compared to Asia (305) .  

While studies have been conducted looking at factors, such as virulence genes and severe 

disease outcomes, associated with phylogenetic lineages in STEC (291, 306), not many studies 

have looked at associations between antibiotic resistance and phylogenetic lineages in STEC. 

Using phage typing to classify STEC O157:H7 isolates, Mora et al., for instance, observed certain 

STEC O157:H7 phage types (PT) to be linked with higher frequencies of antibiotic resistance; 

54% of PT2 isolates and 75% of PT23 isolates were resistant to antibiotics tested in the study 

(215). Similarly, few studies have looked at the association between antibiotic resistant infections 

and phylogenetic lineages of NTS. For example, a novel typing tool, based on two virulence genes, 

fimH and sseL, and clustered regularly interspersed short palindromic repeats (CRISPRs) known 

as CRISPR-MVLST (multi-virulence-locus sequence typing) (307), was used to type S. 

Typhimurum isolates into STs; S. Typhiumirum isolates were classified into 22 STs and some 

sequence types were found to be associated with resistance to antibiotics (308). In addition, 
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Alcaine et al. reported distinct evolutionary lineages of S. enterica to be more likely to possess the 

plasmid bla-CMY-2 conferring resistance to ceftriaxone and ceftiofur. Interestingly, only one of the 

two S. enterica serovar Agona MLST lineages comprised all ceftiofur resistant isolates containing 

the blaCMY-2 plasmid (309). Other studies have also reported the spread of S. enterica genotypes 

conferring resistance to important antibiotics (310, 311). For instance, Izumiya et al. reported that 

39.8% of the total 221 multidrug resistant S. Typhimurium serovars, with multiple resistant 

patterns, belonged to definitive phage type DT104 (310). Vatopoulos et al. observed 91.3% of a 

total of 23 ampicillin resistant S. enteritidis strains in Greece belonging to phage type 6a (311).  

Studies identifying links between phylogenetic lineage and antibiotic resistance have also 

been reported in other pathogens. Indeed, a recent study on antibiotic resistant phylogenetic 

lineages of C. jejuni found that, when compared to other phylogenetic lineages, strains belonging 

to multilocus sequence type (ST)-464 were significantly associated with ciprofloxacin and 

nalidixic acid resistance, while ST-982 strains were more likely to be resistant to tetracycline 

(251). In addition, a study looking at Mycobacterium tuberculosis isolates from the US identified 

the East Asian lineage more likely to be resistant to fluoroquinolones when compared to other 

lineages (312). Another study looking at association between M. tuberculosis lineages and 

antibiotic resistance in Switzerland found the East Asian Lineage 2 (which includes Beijing 

lineage) to be significantly associated with resistance to any drug (257). 

ANTIMICROBIAL USE IN ANIMALS AND IMPLICATIONS ON HUMAN HEALTH 

In food animals, antibiotics are used routinely for therapeutic purposes, disease 

prophylaxis, disease prevention, for growth promotion and feed efficiency (313, 314).  The FDA 

estimates that in 2016, approximately 13.98 million kilograms (kgs) of antimicrobials were sold 
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and distributed in the US for use in food producing animals (315). There are currently 19 

antimicrobial classes that are approved for use in food producing animals out of which six are also 

widely used in non-food producing animals (315). Importantly, approximately 8 million kgs of the 

total 13.98 million kgs of antimicrobials sold in the US are commonly used in human medicine; 

3.5 million kgs of these medically important antimicrobials were used in cattle alone (315). Among 

the medically important antibiotics, 70% of the total sales were for tetracycline and 10% were for 

penicillin (315). High antimicrobial use in animals has also been documented in other countries. 

The Canadian Antimicrobial Resistance Surveillance System (CARSS), for instance, reported use 

of 1 million kilograms of medically important antimicrobials in food producing and non-food 

producing animals in 2016 (316). Additionally, in 2010, the global use of antimicrobials in food 

animal production was estimated to be 63,151 tons (57 million kgs) with China, US, Brazil, India 

and Germany documented as the largest consumers of antimicrobials in food production. 

Alarmingly, the use of antimicrobials has been projected to increase to 105,596 tons (95 million 

kgs) by the year 2030 (317).   

 This high rate of antimicrobial use is an important contributor to the emergence and spread 

of antimicrobial resistance in different environments (221). It has been shown that antibiotic 

residues can remain in the environment and contribute to the persistence of antibiotic resistant 

bacterial populations (318). In addition, agricultural antibiotic use was identified to be instrumental 

in the emergence of antibiotic resistance in commensal bacteria (319). The use of antibiotics has 

also been shown to have a profound effect on the microbiome and mobilome of animals; the 

diversity and abundance of antimicrobial genes increased in the microbiome of swine given 

antibiotics when compared to swine not given antibiotics in their diet (320). 
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Numerous studies have been conducted to further understand the consequences of 

antimicrobial use in food animals. One of the earliest studies observing a correlation between 

antibiotic use in animals and the emergence of antibiotic resistance was conducted in 1951; 

streptomycin resistant coliforms were isolated from the guts of turkeys fed streptomycin as a 

growth promoting antimicrobial (321). Similarly, Chantziaras et al. identified high correlations 

between the use of sulphonamides, fluoroquinolones and penicillins and resistance to 

corresponding antibiotics in E. coli in seven European countries; Belgium had the highest 

veterinary use of antibiotics and was also reported to have the highest levels of resistance (322). 

Banning antibiotics such as virginiamycin in food animals was shown to reduce the frequencies of 

antimicrobial resistance to erythromycin and virginiamycin in Enterococcus in Denmark (323). 

Use of subtherapeutic levels of antibiotics in farm animals has also been suggested to contribute 

to the persistence of antibiotic resistant bacteria in soil. Ghosh et al., for instance, observed 

significantly higher frequencies of chlortetracycline resistance among soil bacteria in a farm where 

manure from antibiotic-treated animals was allowed to accumulate (324). Interestingly, Endtz et 

al. noted that the introduction of the fluoroquinolone, enrofloxacin, for use in poultry coincided 

with the emergence of fluoroquinolone resistant C. jejuni infections in Netherlands (325).  

An important consequence of antimicrobial use in animals is the spread of resistant 

infections to humans. Indeed, numerous studies have observed the association between antibiotic 

use in food animals and antibiotic resistant bacteria in humans. Fein et al. reported identical 

antibiogram patterns of E. coli isolated from people and animals living on the same farm (326). 

Additionally, vancomycin resistant isolates from clinical and non-human sources were found to 

share ribotype patterns, suggesting that there may be transmission of resistant infections between 

animals and humans (327). Reynaga et al. observed similar spa types and antibiograms in 
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methicillin resistant Staphylococcus aureus (MRSA) in pigs and farmers and also suggested the 

transmission of antibiotic resistant strains between animals and humans, though the direction of 

transmission was not examined (328). Additionally, the spread of antibiotic resistant bacteria to 

humans via contaminated food products is of great concern (329-332). Comparing between organic 

and conventionally-raised chickens in Maryland, for example, Cui et al. observed higher 

frequencies of resistance in S. enterica serovar Typhimurium isolates from the conventional 

chickens; most isolates from organic chickens were susceptible to the 17 antibiotics tested (333).  

 Since animals are an important reservoir of STEC and antibiotics are widely used in 

agricultural settings, it is likely that animals serve as an important reservoir of antibiotic resistant 

STEC. One study of STEC O157 and non-O157 STEC isolated from domestic animals in rural 

communities in North-western Mexico, for instance, documented resistance to ampicillin, 

cephalothin, chloramphenicol and kanamycin (334). STEC isolates from a variety of different 

sources including dairy cow feces, bovine feedlot cows and bovine dairy have also been found to 

be resistant to multiple antibiotics including those commonly used to treat clinical infections such 

as ampicillin, aztreonam, cefaclor, cephalothin and nalidixic acid (335). Adamu et al. observed 

differences in antibiotic resistance frequencies in STEC isolates from cattle and camels in Nigeria, 

with isolates from cattle showing higher resistance frequencies to ampicillin and gentamycin while 

isolates from camels had higher frequencies of resistance to tetracycline than cattle (336), 

suggesting that many animals may serve as reservoirs of antibiotic resistant STEC infections.  
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CURRENT CHALLENGES AND GAPS IN KNOWLEDGE 

STEC and NTS are serious public health challenges that contribute to a significant number 

of food illnesses every year. In addition, the emergence and spread of antibiotic resistance in these 

pathogens is concerning due to its implications on human health.  

Although the FoodNet surveillance system tracks the incidence of foodborne infections in 

the US, only 15% of the US population is under this surveillance system. Michigan is not part of 

the FoodNet surveillance system, thus, the incidence of food infections and epidemiological 

information associated with these cases is not available for Michigan. In addition, there is a dearth 

in studies looking at frequencies of antibiotic resistance to important antimicrobials and 

epidemiological factors associated with antibiotic resistant infections in Michigan. While NARMS 

does monitor frequencies of antibiotic resistance in important pathogens in the US, it does not test 

non-O157 STEC isolates for antibiotic resistance. Considering the increasing importance of non-

O157 as a pathogen, it is crucial to monitor resistance frequencies in these serotypes as well. Over 

the years, different risk factors have been identified for antibiotic resistant NTS infections, while 

no studies have been conducted that have attempted to identify risk factors of antibiotic resistant 

STEC infections and make comparisons between resistance frequencies from cattle- and human-

derived strains.  

A thorough review of the literature has uncovered geographic variability in risk factors 

associated with resistant infections, which may be influenced by human behaviour (337-339), 

environmental factors (340), pathogen factors (257, 340-342) or other variables (343). Indeed, high 

frequencies of antibiotic resistance were observed in European countries with high outpatient 

antibiotic use (254). In Michigan, 918-1016 antibiotic prescriptions per 1000 population was 
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reported in 2015 (344), and this high antibiotic use is likely to be a driving force behind the 

emergence of antibiotic resistance. The diversity of studies examining antibiotic resistance, 

differences in study design and sample sizes may also affect results and interpretation of data. 

Consequently, determining frequencies of antibiotic resistance in isolates from humans and 

animals, and elucidating factors associated with resistance is crucial in the develop regulatory 

policies to combat the emergence and spread of resistance worldwide (345, 346). Given the lack 

of data and knowledge about resistance in foodborne pathogens recovered from Michigan, it is 

important to quantify resistance frequencies and identify risk factors associated with resistant 

infections in order to make comparisons to data generated nationally and elsewhere in the world.  

 It is critical to study the dissemination of resistant clones and genes responsible for drug 

resistance because of the constant evolution of foodborne pathogens and ease of acquisition of 

antibiotic resistance genes (ARGs).  While studies have looked at the occurrence of antibiotic 

resistance genes (ARGs) in wastewaters, rivers and in other sources in Michigan (347-349), the 

diversity and abundance of ARGs in important food pathogens is severely lacking. Although 

studies in other pathogens have noted correlations between antibiotic resistant mutations and strain 

diversity (257), there is limited information about associations between phylogenetic lineages of 

NTS and STEC and resistance. Furthermore, identifying which ARGs and mutations are 

responsible for resistance will also aid in rapid drug resistance detection techniques. 

 To address these knowledge gaps, this study was undertaken with the following objectives: 

1. Determine the frequency and epidemiological factors associated with clinical antibiotic resistant 

Shiga toxin-producing Escherichia coli (STEC) infections in Michigan, 2010-2014. 
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 Hypotheses: The frequencies of antibiotic resistance observed in STEC O157 in Michigan 

are comparable to what is reported for the US by NARMS, and specific geographical, temporal, 

and molecular factors are associated with resistant STEC. Furthermore, antibiotic resistant STEC 

are more likely to be associated with negative patient outcomes.  

2. Identify trends of antibiotic resistance in Shiga toxin-producing Escherichia coli (STEC) 

infections in Michigan (2001-2014) and factors associated with antibiotic resistant infections. 

 Hypotheses: Similar trends in antibiotic resistance frequencies in STEC O157 from 

Michigan and those tested by NARMS will be observed. Additionally, variations in frequencies by 

serotypes are likely to be observed. 

3. Characterize the genetic determinants of antibiotic resistance in non-O157 serotypes of Shiga 

toxin-producing Escherichia coli (STEC) and association with phylogenetic lineages. 

 Hypotheses: Specific genes are important for resistance to antibiotics and multidrug 

resistance is likely to occur due to the presence of co-occurring ARGs. Additionally, resistant non-

O157 isolates are likely to belong to unique phylogenetic lineages. 

4. Determine antimicrobial resistance profiles of Shiga toxin-producing Escherichia coli (STEC) 

recovered from cattle in Michigan. 

 Hypotheses: Due to the use and persistence of clinically and veterinary relevant antibiotics 

in agriculture, antimicrobial resistant STEC are highly abundant in cattle and further, that specific 

herd and farm management practices will be associated with resistant STEC in specific herds.  

5. Determine the frequency and epidemiological factors associated with clinical antibiotic resistant 

non-typhoidal Salmonella (NTS) in Michigan, 2011-2014. 
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Hypotheses: The frequencies of antibiotic resistance observed in NTS in Michigan are 

comparable to what is reported by NARMS for the US. Furthermore, specific geographical, 

temporal, molecular factors and clinical factors are likely to be associated with resistant NTS.   

Overall, this study will enhance our understanding on the molecular epidemiology of 

antibiotic resistant STEC and NTS infections in Michigan, which is critical for the development 

of targeted intervention and case management strategies for combatting drug resistant infections. 
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Figure 1.1. Classification of the genus Salmonella. Adapted from (119, 120)  
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Figure 1.2. Sources of antibiotic resistant organisms. Spread of resistant bacteria may occur 

via person-person transmission, consumption of contaminated food and water, direct contact 

with farm animals. Information compiled from CDC: Antibiotic Resistance (191) 
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ABSTRACT 

STEC is a serious health burden in the US, resulting in approximately 265,000 food infections 

every year. Although the Centers for Disease Control and Prevention (CDC) does not recommend 

the use of antimicrobial agents for the treatment of STEC infections, antibiotic resistance has 

emerged in both STEC O157 and non-O157 serotypes worldwide. Since STEC are widespread in 

the environment, the possibility of lateral transfer of resistance genes to other clinically relevant 

bacteria adds to the threat of antibiotic resistance. Here, we characterized 358 STEC isolates 

collected from patients in Michigan as part of the Enterics Research Investigational Network 

(ERIN) surveillance system between 2010 and 2014. Since antibiotic resistance in STEC has not 

been widely researched, we sought to determine the frequencies of antibiotic resistance to 

clinically relevant antibiotics and identify factors associated with resistant infections. Although 

antibiotic resistance was more common in non-O157 strains, high frequencies of antibiotic 

resistance were observed in both O157 (5.5%) and non-O157 (11.1%) STEC strains. Antibiotic 

resistance was also independently associated with hospitalizations (Odds Ratio (OR): 2.4; 95% 

Confidence Interval (CI): 1.00, 5.82) indicating that resistance could contribute to more severe 

disease outcomes. These findings highlight the need for continuous surveillance of antibiotic 

resistance and the identification of targeted intervention strategies to reduce the burden of 

antibiotic resistant STEC in Michigan. 
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INTRODUCTION 

Shiga toxin-producing Escherichia coli (STEC), a leading cause of foodborne illness in the 

USA, contributes to 265,000 cases, 3600 hospitalizations and 30 deaths annually (1). In the US, 

most infections are caused by O157 strains, however, increases in non-O157 STEC have been 

documented (2). Indeed, until the year 2000, non-O157 serotypes were not nationally notifiable 

(3) and the increase in incidence of non-O157 infections may be attributed to changes in laboratory 

surveillance and detection. Of the non-O157 isolates, six non-O157 serotypes (O26, O103, O111, 

O121, O45 and O145) referred to as the ‘big six’ are particularly problematic in the US, accounting 

for 71% of all non-O157 infections in the US (3). The incidence of non-O157 STEC cases 

increased from 0.12 to 0.95 per 100,000 between 2000 and 2010, while the incidence of O157 

STEC cases decreased from decreased from 2.17 to 0.95 per 100,000 during the same time period 

(4). Furthermore, in 2014 alone, 690 non-O157 cases (1.43 per 100,000) and 445 O157 cases (0.92 

per 100,000) were reported in the US; O157 serotypes were found to result in more hospitalizations 

and deaths when compared to non-O157 serotypes (5).  

Animals such as cattle, pigs and sheep serve as reservoirs of STEC (6-8); cattle are 

considered to be an important reservoir with STEC frequently isolated from cattle and beef 

products (8-11). Since animals are reservoirs of STEC, animal contact is a major source of STEC 

infections in humans. Indeed, occupational and recreational contact with animals has been 

identified as a major risk factor of STEC infections in humans (12-14). Other sources of infection 

include consumption of contaminated food and water (11, 15-17).  

Pathogenic STEC are characterized by the presence of stx genes which encode the Shiga 

toxin, a primary virulence factor. Shiga toxins are classified as Stx1 or Stx2 which are antigenically 

unrelated and can be further classified into subtypes and variants (18, 19). Importantly, the 



78 

 

presence of stx2 has been observed to be significantly associated with increased risk of severe 

disease outcomes such as hemolytic uremic syndrome (HUS) (3, 20). In addition, pathogenic 

STEC may also contain the locus of enterocyte effacement (LEE) pathogenicity island carrying 

the eae gene, encoding the intimin protein, which is essential for the formation of the attaching 

and effacing (A/E) lesions on intestinal mucosa (21-24).  

STEC infections are usually self-limiting resulting in watery diarrhea, nausea, abdominal 

pain and vomiting. However, STEC infections can progress to severe infections resulting in 

hemorrhagic colitis and hemolytic uremic syndrome (HUS) (25). While antibiotics are not 

recommended for the treatment of STEC infections due to the risk of development of HUS (26, 

27), antibiotics have been found to be prescribed to patients with STEC infections (28). Indeed, 

antibiotic resistance among STEC has been reported (29-31), though the frequency is likely 

underestimated because susceptibility testing is not routine and not all laboratory-confirmed cases 

yield isolates for testing.  

The FoodNet active surveillance system tracks the incidence of important food pathogens 

in the US while the National Antimicrobial Resistance Monitoring System (NARMS) monitors 

trends in antibiotic resistance. Since Michigan is not one of the ten states included in the FoodNet 

surveillance system, information on the incidence and factors associated with STEC infections in 

Michigan is lacking. Also, while NARMS conducts antimicrobial susceptibility testing for O157 

isolates, it does not do so for the non-O157 serotypes. Given the importance of resistance in other 

E. coli pathotypes, we sought to determine the prevalence of resistant STEC O157 and non-O157 

infections and assess the impact of resistance on disease. 
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MATERIALS AND METHODS 

Study population and STEC isolates  

 A total of 358 laboratory confirmed STEC cases reported to the Michigan Department of 

Health and Human Services (MDHHS) between January 1, 2010 and December 31, 2014. A subset 

of these isolates was collected as part of the Enterics Research Investigational Network (ERIN) 

surveillance system, which was set up in collaboration with the MDHHS and four hospitals: 

Sparrow Health System, Detroit Medical Center, Spectrum Health Systems and University of 

Michigan Medical Center in Michigan. All protocols used in this study were approved by the 

Institutional Review Boards at Michigan State University (MSU; Lansing, MI, USA; IRB #10-

736SM) and the MDHHS (842-PHALAB). The serotypes O157, O45, O103, O111 and O26 were 

studied because they are the most frequent cause of gastrointestinal disease in the USA. Isolates 

were grown at 37oC in Luria-Bertani (BD Diagnostics) media under aerobic conditions for 18-20h 

and were stored in Luria-Bertani broth with 10% glycerol at -80°C until further testing. Molecular 

serotypes were confirmed using PCR and each strain was examined for the presence of eae and 

stx (32). 

Antimicrobial susceptibility testing 

All strains were examined for resistance to three clinically important antibiotics: ampicillin 

(10 µg), trimethoprim-sulfamethoxazole/SXT (25 µg) and ciprofloxacin (5 µg) using the Kirby- 

Bauer disc diffusion test on Mueller Hinton agar plates (33); the minimum inhibitory concentration 

(MIC) was determined using ETest® bioMérieux. After an incubation period of 18-20 hours at 

37oC, the zone of clearance around each Oxoid™ antibiotic disc was measured in millimeters. 

Strains were classified as resistant or susceptible as recommended by the Clinical Laboratory 
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Standards Institute (CLSI) (34) and the laboratory reference strain, E. coli ATCC 25922, was used 

as the quality control organism. If isolates were resistant to all three antibiotics, they were defined 

as being multidrug resistant. Only one strain was selected for antibiotic susceptibility testing per 

outbreak to avoid overestimating antibiotic resistance frequencies.   

Epidemiological data  

Epidemiological data and demographic data were collected from the Michigan Disease 

Surveillance System (MDSS) and managed using Microsoft Excel and Access. Season was 

classified as winter (December, January, and February), spring (March, April, and May), summer 

(June, July, and August) and fall (September, October, and November) based on when the case 

was reported; for those cases with a missing date, the date of isolation of the pathogen was used. 

Based on the classification scheme by the National Center for Health Statistics (NCHS) ten 

Michigan counties were classified as urban while the rest were classified as rural (35). Counties 

were also classified as high (prescribing rates 30% higher than the state average) or low antibiotic 

users based on the report by the Center for Healthcare Research and Transformation (CHRT) (36). 

The stratification by age group used in this study was based on reports that incidence of STEC 

cases were lowest among adults between 18-59 years of age (4) and age groups used by CDC to 

describe antibiotic use in the United States (37).  

Data analysis 

All statistical analyses were carried out using SAS version 9.4 (SAS Institute, Cary, NC, 

USA) and Epi Info™ 7. Chi-square test and Fisher’s exact test were used to determine significant 

associations between dependent and independent variables; a p value < 0.05 was considered 

significant. Variables found to have strong associations with antibiotic resistance in the univariate 
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analysis (p value < 0.20) were included in the multivariate analysis. Multivariate analysis, which 

included potentially confounding factors such as age and sex, was carried out using forward 

logistic regression to build a model containing significant variables (p value < 0.05) independently 

associated with antibiotic resistance. The Mantel-Haenszel χ2 test was used for analyzing trends, 

with a p value < 0.05 considered to be significant. 

RESULTS 

Description of STEC cases in Michigan 

 Between January 2010 and December 2014, a subset of 358 STEC isolates were recovered 

from patients in Michigan. The characteristics of these cases are described in Table 2.1. Among 

the 358 isolates examined, 41.4% (n=146) were serotyped as O157 while 58.6% (n=207) were 

non-O157 isolates; the serotype was unknown for 5 isolates. Among the 207 non-O157 isolates, 

24.1% (n=50) were O45, 36.2% (n=75) were O103, 14.0% (n=29) were O111 and 25.6% (n=53) 

were O26. On examining the stx gene profiles of all isolates, most STEC isolates carried the stx1 

gene (n=205, 57.3%), while 20.9% (n=75) carried stx2 gene and 21.5% (n=77) carried both stx1 

and stx2 genes. The stx gene profile was missing for one isolate. Of the 358 cases, 48.3% (n=173) 

were male while 51.7% (n=185) were female. The highest frequency of STEC cases was observed 

in adults between the ages of 19 and 52 years (n=141, 39.4%). Abdominal pain (n=279, 83.0%) 

and diarrhea (n=271, 80.6%) were the most commonly reported symptoms. While 30.9% (n=106) 

cases were hospitalized, only six (1.8%) cases developed HUS.  

Antimicrobial susceptibility profiles and trends in antimicrobial resistance  

STEC isolates from 2010-2014 were also found to be resistant to antibiotics; 32 (8.9%) 

were resistant to at least one antibiotic, 27 (7.5%) were resistant to ampicillin, 15 (4.2%) were 



82 

 

resistant to trimethoprim-sulfamethoxazole and only one (0.3%) were resistant to ciprofloxacin. 

When stratified by serotypes, one isolate with an unknown serotype was found to be resistant to 

both ampicillin and trimethoprim-sulfamethoxazole. Of the 353 isolates for which serotypes were 

known, 31 (8.8%) strains (23 non-O157, 8 O157) were resistant to antimicrobial drugs (Table 2.2); 

resistance to ampicillin (7.4%) was most common, followed by trimethoprim-sulfamethoxazole 

(4.0%) and ciprofloxacin (0.3%). One strain was resistant to all drugs (Table 2.3), and all resistant 

strains had high minimum inhibitory concentrations (MICs) (ampicillin, >64 μg/mL; 

ciprofloxacin, >32 μg/mL; SXT, in 1:19 ratio, >32/608 μg/mL).  Notably, resistance was twice as 

common for non-O157 (11.1%) than for O157 (5.5%) strains (Table 2.4). The O111 serotypes (n 

= 7) had significantly higher resistance frequencies (24.1%) than other non-O157 serogroups (p = 

0.03).  

Although no significant difference was observed by stx profile (Table 2.4), strains 

possessing stx1 only were more commonly resistant than strains with stx2 alone (Fisher exact test 

p value = 0.27). All 23 (100%) resistant non-O157 STEC and 1 (12.5%) resistant O157 strain had 

stx1 only. Strains positive for eae were less likely to be resistant (n = 27; 8.4%) than eae-negative 

strains (n = 4; 23.5%) (Table 2.4); this nonsignificant difference (Fisher exact test p value = 0.07) 

could be due to small sample sizes. Variation was also observed by serotype as all eight (100%) 

of the resistant O157 strains had eae similar to 18 of the 22 (81.8%) resistant non-O157 strains.  

Fluctuating frequencies in resistance were observed between 2010-2014 with a marked 

increase among STEC O157 strains recovered in 2012, although not significant (Figure 2.1). 

Importantly, resistance to ampicillin and trimethoprim-sulfamethoxazole was higher for the STEC 

O157 strains recovered in Michigan relative to the national rates reported by the National 

Antimicrobial Resistance Monitoring System (NARMS) (38), although this difference was not 
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significant (Figure 2.2). Interestingly, an increase in frequencies of resistance to ampicillin and 

trimethoprim-sulfamethoxazole in STEC O157 isolates from 2011 to 2012 was observed, however, 

this difference was not significant (Figure 2.3).  

Epidemiological associations with antibiotic resistant STEC infections 

To determine whether antibiotic resistant infections are associated with severe disease 

outcomes, a multivariate analysis was conducted using logistic regression with hospitalization as 

the dependent variable. Variables with significant (p≤0.05) and strong associations (p≤0.20) from 

the univariate analysis were included as independent variables. Forward selection identified 

resistance (OR:2.4; 95% CI:1.00, 5.82) to be associated with hospitalization (Table 2.5), 

suggesting that resistant infections may cause more severe clinical outcomes. Patients ≥18 years, 

women, and those presenting with bloody diarrhea were also more likely to be hospitalized, while 

non-O157 infection was protective (OR: 0.4; 95% CI: 0.21, 0.61).  

We also observed higher frequencies of resistance in counties with high antibiotic 

prescription rates compared to those with lower rates, although this difference was not significant 

(Table 2.4). Higher frequencies of antibiotic resistance were also observed in winter and spring 

compared to summer and fall, although this difference was not significant (Table 2.4).  

DISCUSSION 

Overall, we detected a high frequency of resistance among non-O157 STEC (11.1%) in this 

population, which is similar to findings from other studies although fewer antibiotics were tested 

herein (30, 31, 39, 40). We also observed higher frequencies of resistance in clinical non-O157 

serotypes compared to O157 serotypes, which has also been reported previously (30). Mora et al. 

reported higher frequencies of resistance in non-O157 STEC (47%) than in O157 STEC (23%) 
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isolates from humans (30). Interestingly, higher frequencies of resistance were noted in bovine 

O157 STEC (53%) than the non-O157 serovars (38%) in the same study (30). In contrast, Sasaki 

et al. reported higher frequencies of antibiotic resistance in STEC O26 serotypes (54.5%) than in 

STEC O157 serotypes (13.3%) in isolates from beef cattle in Japan, although, the small sample 

size of STEC O26 isolates may be influencing resistance frequencies (41). These studies suggest 

that antibiotic resistance frequencies among STEC O157 and non-O157 isolates may differ by the 

source of the isolates.  Interestingly, ciprofloxacin resistance was low despite its routine use for 

treatment of enteric infections and may be because multiple mutations are required in E. coli to 

achieve clinical resistance (42). Relative to other E. coli pathotypes such as extraintestinal E. coli, 

however, resistance frequencies in STEC were low, which may be attributable to differences in 

the source of these distinct infections (29). Furthermore, higher O157 resistance frequencies of 

resistance in Michigan versus the nation also indicate that selection pressures vary by location and 

source. Although no difference was observed in resistance frequencies for counties with high 

versus low antibiotic prescription rates (36), we have not investigated selection pressures from 

antibiotic use in the farm environment that may impact resistance emergence in Michigan. 

Approximately 12x106 kg of antibiotics including 5x106kg of tetracycline, 6.9x105kg of penicillin 

and 5x105kg of sulfa drugs, are administered to food animals annually in the USA; ~61% of these 

antibiotics are medically relevant and useful (43). The higher resistance frequencies observed in 

winter and spring (12.2%) versus summer and fall (7.4%) could also be attributed to variation in 

prescription rates by season (44). In this study, antibiotic resistant STEC infections were also found 

to be associated with hospitalizations, a marker of more severe disease outcomes. While our study 

is the first to observe an association between antibiotic resistant STEC and hospitalization, prior 

studies have documented a link between resistance and severe disease. For example, Varma et al. 
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observed antibiotic resistant non-typhoidal Salmonella infections to be associated with 

bloodstream infections and hospitalizations (45), while a significant increase in mortality was 

associated with methicillin resistant Staphylococcus aureus (MRSA) than when patients were 

infected with methicillin susceptible S. aureus (MSSA) (46).  

Since Michigan is not included in FoodNet and resistance in STEC has not been widely 

researched, data about the prevalence and impact of resistance is lacking. This study detected a 

high frequency of STEC resistance to antibiotics commonly used in human and veterinary 

medicine, particularly for non-O157 serotypes, which have increased in frequency (2). Monitoring 

resistance in STEC is essential because of the risk of transmitting resistant strains from food 

animals to humans and the high likelihood of horizontal transfer of resistance genes from STEC 

to other pathogens. Moreover, the high level of resistance to antibiotics important in human and 

veterinary medicine among non-O157 STEC strains is concerning because of its importance as a 

leading cause of foodborne infections. Because of the negative health outcomes associated with 

resistance, routine monitoring can also potentially uncover new treatment approaches and guide 

the development of strategies for controlling the emergence and spread of resistance in STEC and 

other E. coli pathotypes. 
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Table 2.1. Descriptive study of Shiga toxin-producing E. coli (STEC) cases in Michigan 

(2010-2014) 

Characteristic No. of cases‡ Percentage (%) of cases 

Demographic data   

Sex 

     Male 

     Female 

 

173 

185 

 

48.3% 

51.7% 

Age group (years) 

    < 2 

    3 – 10 

    11 – 18 

    19 – 52 

    >53 

 

31 

57 

66 

141 

63 

 

8.7% 

15.9% 

18.4% 

39.4% 

17.6% 

Race 

     Caucasian 

     African American 

     Other or Mixed Race 

 

291 

16 

13 

 

90.9% 

5.0% 

4.1% 

Ethnicity 

     Hispanic or Latino 

     Not Hispanic or Latino 

 

13 

259 

 

4.8% 

95.2% 

Residence (counties in Michigan) 

     Wayne 

     Kent 

     Oakland 

     Ingham 

     Ottawa 

     Macomb 

     Kalamazoo 

     Washtenaw 

     Others 

 

27 

31 

33 

6 

13 

24 

5 

17 

202 

 

7.5% 

8.7% 

9.2% 

1.7% 

3.6% 

6.7% 

1.4% 

4.7% 

56.4% 

Pathogen data   

Serotype 

    O157 

    Non-O157 

 

146 

207 

 

41.4% 

58.6% 

stx gene 

    stx1 

    stx2 

    stx1stx2 

 

205 

75 

77 

 

57.3% 

20.9% 

21.5% 

Clinical Outcomes 

    Case hospitalization 

    Abdominal pain 

    Body ache 

    HUS 

 

106 

279 

55 

6 

 

30.9% 

83.0% 

16.4% 

1.8% 
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Table 2.1 (cont’d) 

 

Bloody diarrhea 

    Diarrhea 

 

 

232 

271 

 

 

69.0% 

80.6% 

 

The percentages are based on the number of cases for which information was available. Counts 

for sex, age group and race are mutually exclusive for each category. Counts for animal contact 

and food consumption are repeated across categories. 

 ‡ Total number of cases varies between variables due to the difference in missing information. 
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Table 2.2. Antimicrobial drug resistance in 353 clinical Shiga toxin-producing E. coli 

(STEC) isolates, by serotype in Michigan, 2010–2014. Abbreviation: AMP, ampicillin; CIP, 

ciprofloxacin; SXT, trimethoprim-sulfamethoxazole 

Serotype 

 

Any 

resistance 

AMP 

resistance 

CIP 

resistance 

SXT 

resistance 

No. 

isolates‡ No. (%) No. (%) No. (%) No. (%) 

O157 146 8 (5.5) 7 (4.8) 0 (0) 5 (3.4) 

Non-

O157 
207 23 (11.1) 19 (9.2) 1 (0.5) 9 (4.3) 

    O26 53 4 (7.6) 4 (7.6) 0 (0) 1 (1.9) 

    O45 50 6 (12.0) 5 (10.0) 0 (0) 2 (4.0) 

    O103 75 6 (8.0) 5 (6.7) 1 (1.3) 4 (5.3) 

    O111 29 7 (24.1) 5 (17.2) 0 (0) 2 (6.9) 

 

Isolate numbers for individual antibiotics do not always add up to the total number of isolates 

with any resistance because some isolates were resistant to more than one antibiotic.  

‡ Five isolates had unknown serotypes and were excluded from this analysis. 
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Table 2.3. Multidrug resistance in 358 clinical Shiga toxin-producing E. coli (STEC) in 

Michigan, 2010-2014 

Resistance Pattern No. (%) of Resistant Strains (n=358) 

No resistance detected 326 (91.1%) 

Resistance to at least one antibiotic 

class 
32 (8.9%) 

Resistance to only 1 antimicrobial class 22 (6.1%) 

Resistance to only 2 antimicrobial 

classes 
9 (2.5%) 

Resistance to all 3 antimicrobial classes 1 (0.3%) 
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Table 2.4. Univariate analysis highlighting factors associated with antibiotic resistance in 

358 clinical Shiga toxin-producing E. coli (STEC) in Michigan, 2010-2014 

Characteristic 
Total 

strains* 

No (%) 

resistance 
OR (95% CI†) p value‡ 

Pathogen factors     

Serotype 

            O157 

            Non-O157 

stx profile  

 

146 

207 

 

8 (5.5%) 

23 (11.1%) 

 

1.0 

2.2 (0.94-4.97) 

 

- 

0.066 

           stx1 

           stx2 

           stx1,stx2 

205 

75 

77 

25 (12.2%) 

5 (6.7%) 

2 (2.6%) 

1.9 (0.72-5.28) 

1.0 

0.3 (0.07-1.99) 

0.18 

- 

0.27 

eae presence  

           Yes  

           No 

Outbreak associated 

           Yes 

           No 

 

323 

18 

 

14 

344 

 

27 (8.4%) 

4 (22.2%) 

 

1 (7.1%) 

31 (9.0%) 

 

0.3 (0.10-1.04) 

1.0 

 

0.8 (0.10-6.14) 

1.0 

 

0.05 

- 

 

0.81 

- 

Demographics and other 

factors 
    

Residence 

           Urban  

           Rural 

 

153 

205 

 

13 (8.5%) 

19 (9.3%) 

 

0.9 (0.43-1.90) 

1.0 

 

0.80 

- 

Age in years 

           0-18 

           19-64 

            ≥ 65 

 

      154 

172 

32 

 

    12 (7.8%) 

17 (9.9%) 

3 (9.4%) 

 

           1.0 

1.3 (0.60-2.81) 

1.2 (0.32-4.61) 

 

         - 

0.51 

0.76 

Sex 

            Male 

            Female  

 

173 

185 

 

14 (8.1%) 

18 (9.7%) 

 

1.0 

1.2 (0.59-2.54) 

 

- 

0.59 

Antibiotic Prescription 

rates by county 

           High 

           Low 

 

109 

249 

 

13 (11.9%) 

19 (7.6%) 

 

1.6 (0.78-3.45) 

1.0 

 

0.19 

- 

Season 

            Winter and Spring 

            Summer and Fall 

 

115 

243 

 

14 (12.2%) 

18 (7.4%) 

 

1.7 (0.83-3.62) 

1.0 

 

0.14 

- 

Clinical factors     

Abdominal pain 

           Yes 

           No 

 

279 

57 

 

27 (9.7%) 

4 (7.0%) 

 

1.4 (0.48-4.23) 

1.0 

 

0.53 

- 
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Table 2.4 (cont’d)     

     

Body ache 

           Yes 

           No 

 

55 

281 

 

7 (12.7%) 

24 (8.5%) 

 

1.6 (0.64-3.83) 

1.0 

 

0.33 

- 

Bloody diarrhea 

           Yes 

           No 

 

232 

104 

 

21 (9.1%) 

10 (9.6%) 

 

0.9 (0.42-2.06) 

1.0 

 

0.87 

- 

Hemolytic uremic 

syndrome (HUS) 

           Yes 

           No 

 

6 

331 

 

0 (0%) 

31 (9.4%) 

 

-- 

 

1.0 

Hospitalization 

           Yes 

           No 

 

106 

237 

 

13 (12.3%) 

18 (7.6%) 

 

1.7 (0.80-3.61) 

1.0 

 

0.16 

- 

 

*Depending on the variable examined, the number of isolates does not add up to the total 

(n=358) because of missing data. 

† 95% confidence interval (CI) for odds ratio (OR) 

‡ p value was calculated by Chi-square test and Fisher’s exact test was used for variables <5 in at 

least one cells 
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Table 2.5. Univariate analysis to identify factors associated with hospitalization 

Characteristic 
Total 

strains* 

No (%) 

hospitalized 

OR 

(95% CI)† 
p value‡ 

Serotype 

            O157 

            Non-O157 

stx profile 

 

138 

200 

 

63 (45.7%) 

42 (21.0%) 

 

1.0 

0.3 (0.20-0.51) 

 

- 

<0.0001 

           stx1 

           stx2 

           stx1,stx2  

198 

72 

72 

43 (21.7%) 

33 (45.8%) 

30 (41.7%) 

0.3 (0.18-0.58) 

1.0 

1.7 (0.86-3.20) 

<0.0001 

- 

0.13 

eae presence  

           Yes  

           No 

Outbreak associated 

           Yes 

           No 

 

310 

16 

 

14 

329 

 

92 (29.7%) 

7 (43.8%) 

 

7 (50.0%) 

99 (30.1%) 

 

0.5 (0.20-1.50) 

1.0 

 

2.5 (0.79-6.80) 

1.0 

 

0.23 

- 

 

0.11 

- 

Antibiotic resistant isolate 

           Yes 

            No 

 

31 

312 

 

13 (41.9%) 

93 (29.8%) 

 

1.7 (0.80-3.61) 

1.0 

 

0.16 

- 

Sex 

            Male 

            Female  

 

166 

177 

 

39 (23.5%) 

67 (37.9%) 

 

1.0 

2.0 (1.24-3.17) 

 

- 

0.004 

Age in years 

            0-18 

           18-64 

            ≥ 65 

 

145 

167 

31 

 

35 (24.1%) 

56 (33.5%) 

15 (48.4%) 

 

1.0 

1.6 (0.96-2.61) 

2.9 (1.32- 6.56) 

 

- 

0.07 

0.007 

Abdominal pain 

           Yes 

           No 

 

277 

57 

 

95 (34.3%) 

11 (19.3%) 

 

2.2 (1.08-4.41) 

1.0 

 

0.03 

- 

Body ache 

           Yes 

           No 

 

55 

279 

 

20 (36.4%) 

86 (30.8%) 

 

1.3 (0.70-2.35) 

1.0 

 

0.42 

- 

Bloody diarrhea 

           Yes 

           No 

 

230 

104 

 

91 (39.6%) 

15 (14.4%) 

 

3.9 (2.12-7.13) 

1.0 

 

<0.0001 

- 

Hemolytic uremic 

syndrome (HUS) 

           Yes 

           No 

 

 

 

5 

328 

 

 

4 (80.0%) 

101 (30.8%) 

 

 

9.0 (0.99-81.45) 

1.0 

 

 

0.02 

- 
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Table 2.5 (cont’d) 

* Depending on the variable examined, the number of isolates does not add up to the total 

(n=358) because of missing data. All 6 HUS cases had O157 strains with eae, though 3 had stx1, 

stx2 and the other 3 had stx2 infections 

† 95% confidence interval (CI) for odds ratio (OR) 

‡ p value was calculated by Chi-square test and Fisher’s exact test was used for variables <5 in at 

least one cells. 
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Table 2.6. Multivariate analysis to identify factors associated with hospitalization 

 

 

 

 Multivariate logistic regression associations £ 

 

Characteristic OR 95% CI € p value 

    

Sex: Female  1.9 1.15-3.32 0.02 

    

Age in years: ≥ 18 

 

1.9 1.15-3.28 0.014 

Serogroup: non-O157 0.4 0.21-0.61 0.0002 

    

Antibiotic Resistant 

Isolate: Yes 

2.4 1.00-5.82 0.05 

    

Bloody Diarrhea: Yes 3.9 

 

1.99-7.65 

 

<0.0001 

 

 

£ Logistic regression was performed using forward selection while controlling for variables that 

yielded significant (P≤0.05) and strong (P≤0.20) associations with hospitalization in the 

univariate analysis. The model was adjusted for age, sex, serogroup, stx profile, outbreak status, 

resistance, HUS, and bloody diarrhea. Only those variables yielding significant associations are 

presented; Hosmer and Lemeshow Goodness-of-Fit test (P= 0.73). All variables were tested for 

collinearity. 

€ Wald 95% confidence intervals (CI) 
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Figure 2.1. Trends in resistance to at least one antibiotic (ampicillin, ciprofloxacin and 

trimethoprim-sulfamethoxazole) among O157 and non-O157 Shiga toxin-producing E. coli 

(STEC) isolates recovered from patients in Michigan, 2010–2014 
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Figure 2.2. Comparison between Shiga toxin-producing E. coli (STEC) isolates from 

Michigan and National Antimicrobial Resistance Monitoring System (NARMS), 2010- 

2014. Abbreviation: AMP, ampicillin; CIP, ciprofloxacin; SXT, trimethoprim-sulfamethoxazole 
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Figure 2.3. Trends in antibiotic resistance in Shiga toxin-producing E. coli (STEC) O157 

isolates from Michigan and those tested by National Antimicrobial Resistance Monitoring 

System (NARMS), 2010-2014. A) % frequency resistance to ampicillin by year, B) % frequency 

of resistance to ciprofloxacin by year, C) % frequency of resistance to trimethoprim-

sulfamethoxazole by year. Abbreviation: AMP, ampicillin; CIP, ciprofloxacin; SXT, 

trimethoprim-sulfamethoxazole 
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CHAPTER 3 

Increasing Rates of Antibiotic Resistance in Shiga Toxin-Producing Escherichia coli (STEC) 

Infections in Michigan (2001-2014) and Factors Associated with Antibiotic Resistant Infections 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



106 

 

ABSTRACT 

STEC is an important foodborne pathogen resulting in approximately 1 million infections and 128 

deaths every year, globally. In the US alone, STEC is reported to cause 265,000 illnesses every 

year, resulting in about 3,600 hospitalizations and 30 deaths. Although antibiotic resistance in 

STEC has not been widely researched, few studies have documented the emergence of antibiotic 

resistance in STEC. Periodic surveillance of antibiotic resistance is crucial for the development of 

informed policies to control the spread of antibiotic resistance. Thus, this study was undertaken to 

examine antibiotic resistance trends in clinical STEC isolates collected in Michigan for a period 

of 14 years, from 2001 to 2014. A total of 980 STEC isolates were collected as part of an active 

and a sentinel surveillance system in collaboration with the Michigan Department of Health and 

Human Service (MDHHS) and their antibiotic susceptibility profiles to clinically relevant 

antibiotics were determined. In addition, factors associated with antibiotic resistant infections were 

identified. Notably, increasing frequencies of antibiotic resistance in STEC isolates were observed 

during this 14-year period, with significantly higher frequencies observed in isolates from 2010-

2014 (8.9%) than isolates from 2001-2009 (4.8%) (Chi Square p value=0.011). Multivariate 

logistic regression identified non-O157 serotypes as more likely to be resistant than O157 

serotypes [Odds Ratio (OR): 2.3; 95% Confidence Interval (CI):1.36-3.96]. Among the O157 

strains, those belonging to clade 8, a clinically important lineage, had higher resistance frequencies 

to more than one antibiotic compared to O157 isolates belonging to other clades (Fisher’s exact p 

value =0.055). These findings demonstrate that antibiotic resistance in STEC isolates in Michigan 

is increasing over time, thus, highlighting the need for continued surveillance. Additionally, 

specific serotypes and phylogenetic lineages may play an important role in influencing resistance 

frequencies in different geographical areas. 
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INTRODUCTION 

Shiga toxin-producing E. coli (STEC) is an important foodborne pathogen causing an 

estimated 2,801,000 cases every year and results in 3890 cases of Hemolytic Uremic Syndrome 

(HUS) and 230 deaths, worldwide (1). In the US alone, STEC causes 265,000 illnesses every year, 

resulting in about 3,600 hospitalizations and 30 deaths (2). These data are obtained via FoodNet, 

an active surveillance system that monitors the incidence of STEC and other important foodborne 

pathogens in the US. According to FoodNet, the incidence rate of STEC per 100,000 population 

increased from 2.62 in 1996 to 3.02 in 2017 (Figure 3.1) (3). The annual incidence of confirmed 

STEC infections was highest in children <5 years of age (8.08 per 100,000 population), while the 

incidence was 3.95 and 2.87 per 1000,000 population for children between the ages of 5 and 9 

years and 10 and 19 years, respectively (3). In the US, the annual incidence of STEC infections 

was higher in females (2.19 per 100,000 population) than males (1.9 per 100,000 population) (3); 

this trend has also been noted in other studies.  Launders et al., for instance, reported a higher 

incidence of STEC O157 infections in females (1.77 per 100,000) than in males (1.4 per 100,000) 

in England (4). Additionally, the relative risk of STEC O157 infections females was 1.19 times 

the risk in males in England and Wales between 1983 and 2012 (5). While the reason for such 

differences by sex is unknown, consumption of higher quantities of fruits and vegetables by 

women (6) has been offered as a possible explanation since STEC infections have been linked with 

fruits and vegetables (7, 8). Similarly, it is well established that young children are highly 

susceptible to STEC infection (9) as well as long-term sequelae including HUS (10).  

STEC strains have been classified into more than 472 serotypes (11) and variation in 

serotype prevalence has been documented by geographical region. Estimates from Europe suggest 

that non-O157 serotypes predominate causing up to 80% of diarrhea-associated STEC infections 
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(12-15). In North America, the O157 STEC serotypes have been more frequently reported than the 

non-O157 serotypes (16, 17); however, recent studies have shown an increased incidence of non-

O157 serotypes in the US which is likely due to improved diagnostic procedures (17-19). The non-

O157 serotypes of STEC were not nationally notifiable before the year 2000; however, at the 

request of the Council of State and Territorial Epidemiologists, public health laboratories in the 

US began reporting non-O157 STEC cases to the National Notifiable Diseases Surveillance 

System as well (20). In 2015, the incidence rate per 100,000 population was 1.65 for non-O157 

STEC and 0.95 for O157 serotypes in the US (21). Between 1983-2002, the most commonly 

reported non-O157 serotypes causing infections in the US were O26 (22%), O111 (16%), O101 

(12%), O121 (8%), O45 (7%) and O145 (5%) (20). Because Michigan is not one of the ten states 

included in the FoodNet Surveillance Network, the incidence and epidemiological associations are 

not available through the FoodNet Executive Report. However, in collaboration with the Michigan 

department of Health and Human Services (MDHHS), Tseng et al. reported the incidence of both 

STEC O157 and non-O157 infections in Michigan from 2001 to 2012, with the highest frequencies 

of cases belonging to O157:H7 (64.2%) and STEC O45:H2 (6.9%) serotypes (18). Importantly, a 

significant increase in the number of non-O157 outbreaks was observed (18), thus highlighting the 

importance and emergence of STEC non-O157 serotypes as human pathogens.  

Seasonal variation in STEC cases has also been reported. For instance, Brooks et al. 

reported an increase in the number of STEC non-O157 isolates, collected between 1983-2002 in 

the US, between the months of June and September with a peak in incidence occurring in August 

(20). Additionally, in Michigan, most STEC infections reported between 2001 and 2012 occurred 

during the summer (37.3%) and autumn (29.5%) months (18). This consistent peak in infections 

during late summer and fall has also been observed in other enteric pathogens (22, 23) and may be 
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due to inadequate cooking and storage temperatures, at picnics and barbeques, which are more 

likely to take place during warmer months (24). Visiting state fairs and petting zoos which more 

common in summer and fall seasons (25) and have been linked to STEC infection previously (26), 

may also contribute to the seasonal variation observed. In addition, higher temperatures have been 

identified to be associated with increased STEC shedding in cattle (27). This high shedding of 

STEC by cattle during summer and fall may contaminate food and water consumed by humans, 

thus resulting in higher incidence of STEC infections during warmer months. 

Because the incidence of specific non-O157 serotypes has increased, and antibiotic 

resistance has emerged in STEC strains associated with human infections (28, 29), we sought to 

determine whether antibiotic resistant STEC infections have increased in frequency in Michigan 

as well. Since the National Antimicrobial Resistance Monitoring System (NARMS) does not 

monitor resistance frequencies for the non-O157 serotypes in the US, and while increases in non-

O157 infections have been observed in the US, information on antibiotic resistance in non-O157 

STEC is sparse. In addition, information on factors associated with antibiotic resistant STEC 

infections is severely lacking. Thus, this study was undertaken to determine trends in antibiotic 

resistance in both STEC O157 and non-O157 isolates over a 14-year period in Michigan and 

identify factors associated with antibiotic resistance.  

MATERIALS AND METHODS 

Study population and STEC isolates  

 A total of 980 laboratory confirmed STEC isolates from Michigan patients from 2001-2014 

were characterized for the study. Between January 1, 2001 and December 31, 2014, clinical 

isolates were collected as part of a sentinel surveillance system by the Michigan Department of 
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Community Health Bureau of Laboratories (now the Michigan Department of Health and Human 

Services- MDHHS) and the Enterics Research Investigational Network (ERIN) (30-32). STEC 

cases collected between 2001-2014 have previously been described by Tseng et al. (18) and in 

Chapter 2. The distribution of serotypes observed in this study is provided in Figure 3.2. All 

protocols used in this study were approved by the Institutional Review Boards at Michigan State 

University (MSU; Lansing, MI, USA; IRB #10-736SM) and the MDHHS (842-PHALAB). 

Isolates were grown at 37oC in Luria-Bertani (BD Diagnostics) media under aerobic conditions 

for 18-20h and were stored in Luria-Bertani broth with 10% glycerol at -80°C until further testing. 

Antimicrobial susceptibility testing 

All STEC strains were screened for susceptibility to ampicillin (10 µg), trimethoprim-

sulfamethoxazole/SXT (25 µg) and ciprofloxacin (5 µg) using the Kirby- Bauer disc diffusion test 

(33) on Mueller Hinton agar plates. The plates were incubated for 18-20 hours at 37oC and the 

zone of clearance around each Oxoid™ antibiotic disc was measured in millimeters. The isolates 

were classified as being resistant or susceptible according to guidelines set by the Clinical 

Laboratory Standards Institute (CLSI) (34). The laboratory reference strain, E. coli ATCC 25922, 

was used as the quality control organism because it is susceptible to all antibiotics. Isolates were 

defined as multidrug resistant if they were resistant to all three antibiotics.  

Epidemiological data 

Demographic data and other epidemiological data for a subset of STEC isolates from 2001-

2014 were extracted from the Michigan Disease Surveillance System (MDSS) and managed using 

Microsoft Excel and Access. Our prior studies (18, 32) have examined different subsets of these 

data, however, this study represents the first report of all case data combined over a 14-year period; 
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Chapter 2 examined STEC isolates collected between 2010-2014 (32), while Tseng et al. examined 

the epidemiology of STEC cases collected between 2001-2012 in Michigan (18). Season was 

classified as winter (December, January, and February), spring (March, April, and May), summer 

(June, July, and August) and fall (September, October, and November) based on when the case 

was reported; for those cases with a missing date, the date of isolation of the pathogen and referral 

date were used. Based on the classification scheme by the National Center for Health Statistics 

(NCHS), only ten Michigan counties are classified as urban (35). Moreover, antibiotic usage data 

in Michigan was used to classify counties as high (prescribing rates 30% higher than the state 

average) or low antibiotic users (36).  

Clade assignments based on 32 SNP loci were included for a subset of STEC O157 isolates 

(n=316), which were previously characterized and recovered between 2001 and 2006 (37), to 

identify associations with antibiotic resistance.  

Data analysis  

SAS version 9.4 (SAS Institute, Cary, NC, USA) and Epi Info™ 7 were used for 

conducting all statistical analyses. Significant associations between variables were examined using 

Chi-square test and Fisher’s exact test; a p value < 0.05 was considered significant. The Mantel-

Haenszel Chi-square test was used for analyzing trends, with a p value < 0.05 considered to be 

significant. Those variables found to have strong associations with the dependent variable in the 

univariate analysis (p value < 0.20) were included in the multivariate analysis to identify factors 

independently associated with the dependent variable. Potentially confounding factors, such as age 

and sex, were also included in the multivariate analysis.  
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RESULTS 

Antimicrobial susceptibility profiles and trends in antimicrobial resistance, 2001-2014 

Overall, from 2001-2014, 62 (6.3%) of the 980 STEC isolates were resistant to at least one 

antibiotic tested in this study. While 56 (5.7%) and 23 (2.3%) isolates were resistant to ampicillin 

and trimethoprim-sulfamethoxazole respectively, only one (0.1%) isolate was resistant to 

ciprofloxacin. Out of the 326 non-O157 isolates from 2001-2014, 32 (9.8%) were resistant to at 

least one antibiotic; 27 (8.3%) were resistant to ampicillin, 12 (3.7%) were resistant to 

trimethoprim-sulfamethoxazole and one (0.3%) isolate was resistant to ciprofloxacin. Among the 

636 O157 isolates, 28 (4.4%) were resistant to at least one antibiotic, 27 (4.2%) were resistant to 

ampicillin, 9 (1.4%) were resistant to trimethoprim-sulfamethoxazole and all were susceptible to 

ciprofloxacin. A significant difference in frequencies of antibiotic resistance were observed 

between O157 and non-O157 (Chi square p value=0.001); resistance frequencies were 

significantly higher in non-O157 serotypes for both ampicillin and trimethoprim-sulfamethoxazole 

(Table 3.1). Variation in resistance frequencies were also observed when STEC strains were 

stratified by stx genes. Indeed, STEC strains with stx1 genes were more likely to be resistant to at 

least one antibiotic (n=29, 9.1%) than those strains with stx2 alone or a combination of stx1 and 

stx2 (n=33, 5.0%) (OR: 1.9; 95% CI: 1.13, 3.17). The same trend was observed when resistance 

to ampicillin and trimethoprim-sulfamethoxazole were observed; strains with stx1 had 

significantly higher frequencies of resistance to ampicillin (n=25, 7.8%) and trimethoprim-

sulfamethoxazole (n=12, 3.7%) than stx2 alone or a combination of stx1 and stx2 (AMP: n=31, 

4.7%; SXT: n=11, 1.7%).  

Over the span of 14 years, the frequencies of antibiotic resistance >1 antibiotic in all STEC 

isolates significantly increased (Mantel-Haenszel p value=0.0074) (Table 3.2). Indeed, 
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significantly different frequencies in resistance were observed to trimethoprim-sulfamethoxazole 

(Mantel-Haenszel p value=0.007) and ampicillin (Mantel-Haenszel p value=0.028) (Table 3.2). A 

peak in ampicillin resistance in Michigan isolates was observed in the year 2007; however, the 

small sample size of 2007 isolates may be driving this trend. Although the frequency of ampicillin 

resistance dropped down to 5.1% in 2008 from 10.5% in 2007, this difference was not significant 

(Fisher’s Exact p value=0.3). When stratified by serotype, differences in frequencies of resistance 

were also observed by year. While an increasing trend in trimethoprim-sulfamethoxazole 

resistance in O157 serotypes (Mantel-Haenszel p value=0.039) (Table 3.3), no significantly 

different trends in resistance frequencies were observed for non-O157 isolates (Table 3.4).  

On comparing resistance frequencies of STEC from 2001-2009 to isolates from 2010-2014 

(Figure 3.3), significantly higher frequencies of resistance were observed in 2010-2014 (n=32, 

8.9%) than in 2001-2009 (n=30, 4.8%) (OR: 1.9; 95% CI: 1.16, 3.24; Chi square p value=0.011); 

particularly, the odds of  trimethoprim-sulfamethoxazole resistance were significantly higher in 

2010-2014 (OR: 3.3; 95% CI: 1.41, 7.99; Chi square p value=0.0038). While frequencies of 

ampicillin resistance were higher during 2010-2014 (n=27, 7.5%) than in 2001-2009 (n=29, 4.7%), 

this difference was not significant (Chi square p value=0.06).  

We also sought to compare resistance frequencies between STEC O157 isolates from 

Michigan (n=636) and those tested by the National Antimicrobial Resistance Monitoring System 

(NARMS) (n=2795) (38). Ampicillin resistance was significantly higher in Michigan (n=27, 4.2%) 

compared to those tested by NARMS (n=74, 2.6%) (Chi square p value=0.02) (Figure 3.4). When 

stratified by year, fluctuating frequencies of resistance were observed for Michigan isolates and 

NARMS isolates (Figure 3.4). Notably, significantly different frequencies in trimethoprim-

sulfamethoxazole resistance were observed for NARMS O157 isolates during this period (Mantel-
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Haenszel p value=0.008) while ciprofloxacin resistance frequencies varied over the 14-year period 

(Mantel-Haenszel p value=0.053). For ampicillin, no significant trends were observed (Mantel-

Haenszel p value=0.20). As already mentioned, significantly different trends in trimethoprim-

sulfamethoxazole resistance were also observed for STEC O157 isolates from Michigan patients 

(Mantel-Haenszel p value=0.039) (Table 3.3) but not for ampicillin resistance (Mantel-Haenszel 

p value=0.32).  

Epidemiological associations with antibiotic resistant STEC infections 

Factors associated with antibiotic resistant STEC, collected over the span of 14 years, were 

identified by univariate and multivariate analyses with resistance to at least one (>1) antibiotic as 

the dependent variable (Table 3.6). The univariate analysis showed that non-O157 isolates had 

higher odds of being resistant to at least one antibiotic when compared to O157 isolates (OR: 2.4; 

95% CI: 1.39-3.99). The odds of a resistant STEC isolate carrying stx1 genes was higher than those 

carrying a combination of stx1 and stx2 (OR: 2.4; 95% CI: 1.26-4.44). No other significant 

univariate associations were detected. Multivariate logistic regression, controlling for age and sex, 

identified serotype to be a significant predictor of resistant STEC infections with non-O157 

serotypes to be less likely to be resistant than O157 serotypes (OR: 2.3; 95% CI:1.36-3.96).  

Table 3.7 depicts the associations between antibiotic resistance and clinical symptoms 

reported for each case. Higher frequencies of resistant infections were reported in those patients 

with abdominal pain (n=50, 6.7%) than those who did not report abdominal pain (n=7, 4.5%), 

although this difference was not significant (Chi square p value = 0.31). Similarly, patients 

exhibiting body ache having higher frequencies of resistant infections (n=13, 8.7%) than those 

without the symptom (n=44, 5.9%). In addition, patients without HUS had higher frequencies of 

antibiotic resistant STEC (n=57, 6.5%) than those patients with HUS (n=0, 0%), although a larger 
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sample size is needed to make definite conclusions about this association. Furthermore, no 

significant associations between case hospitalizations and antibiotic resistant infections were 

observed.  

We also sought to identify factors associated with antibiotic resistant STEC isolates from 

2001-2009 to determine differences in factors in these time periods. The univariate and 

multivariate analysis (Table 3.8) identified age to be independently associated with resistant STEC 

infections with significantly higher odds of resistant infections occurring in persons between the 

ages of 0-18 and >65 compared to ages 19-64 years (OR: 2.6; 95% CI: 1.13-6.10). Serotypes of 

isolates were not found to be associated with resistant infections in this model.  

Phylogenetic associations with antibiotic resistant STEC O157, 2001-2006 

The 316 STEC O157 isolates for which SNP data was previously available were classified 

into 25 SNP genotypes (SGs) and were grouped into eight distinct clades (37) The antibiotic 

susceptibility profiles for these STEC O157 isolates were used to identify associations between 

clades of STEC O157 and antibiotic resistance. Antibiotic resistant STEC O157 isolates were 

found to belong to Clade 2 (n=3, 1.8%), Clade 3 (n=1, 2.9%), Clade 4 (n=1, 33.3%), Clade 8 (n=5, 

7.6%) and Clade 9 (n=1, 25.0%) (Figure 3.5). Isolates belonging to Clade 8 were found to have 

higher frequencies of resistance to at least one antibiotic (n=5, 7.6%) than isolates belonging to all 

other clades (n=6, 2.4%); this difference was close to significance (Fisher’s exact p value=0.055) 

and a larger sample size of isolates may be required to be analyzed to make definite conclusions. 

Additionally, isolates belonging to Clade 8 were observed to have higher frequencies of resistance 

to trimethoprim-sulfamethoxazole (n=3, 4.5%) compared to isolates belonging to other clades 

(n=0, 0.0%) (Fisher’s exact p value =0.009). Among Clade 8 isolates, SG-33 (n=3, 15.8%) were 

more likely to be resistant to at least one antibiotic compared to isolates belonging to SG-30, SG-
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31 and SG-32 (n=2, 4.3%), though this difference was not significant (Fisher’s Exact p value 

=0.14).  

DISCUSSION 

The emergence of antibiotic resistance in clinical Shiga Toxin Producing E. coli (STEC) 

has been documented in numerous studies worldwide (28, 29, 39). Additionally, the isolation of 

resistant STEC from animals and food sources (28, 40, 41) has raised additional concerns about 

the spread of resistant STEC in the environment. Although antibiotics are not recommended for 

the treatment of STEC (42, 43), studies have documented the empirical use of antibiotics to treat 

STEC O157 infections in the US.  Nelson et al. observed that patients with STEC infections 

reported to have received antibiotics such as fluoroquinolones, trimethoprim-sulfamethoxazole 

and β-lactam antibiotics (44). Furthermore, it is necessary to conduct continued surveillance of 

antibiotic resistance in STEC due to the possibility of horizontal transfer of resistance genes to 

other clinically important pathogens. In this study, we have characterized antibiotic resistance in 

clinical STEC isolates from 2001-2014, thus giving insights into the trends and emergence of 

resistance to clinically relevant antibiotics over a span of 14-years in Michigan.  Furthermore, 

while NARMS monitors antibiotic resistance of STEC O157 isolates, it does not do so for the non-

O157 serotypes which have increased in incidence in the US. Thus, this study is one of the few 

that looks at antibiotic resistance in both STEC O157 and non-O157 serotypes and factors 

associated with antibiotic resistance in STEC. 

Earlier studies have documented extremely low frequencies or no resistance in STEC 

isolates. One such study observed no resistance to 12 antimicrobial agents in STEC O157:H7 

isolates collected by the Centers for Disease Control and Prevention (CDC) between 1983 and 

1985 (45). Additionally, in 1988, Ratnam et al. reported antibiotic resistance in five (2.9%) STEC 
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O157:H7 isolates collected from US and Canada (46). Our present study found significantly lower 

frequencies of resistance in STEC isolates from 2001-2009 compared to isolates from 2010-2014. 

This increasing trend in resistance from 2001 to 2014 is alarming as it has important implications 

on the management of antibiotic resistant infections in Michigan. Indeed, an estimated 23 million 

kg of antibiotics are used every year in the US (47) and this high use in both clinical and 

agricultural settings is likely to play an important role in driving the frequencies of antibiotic 

resistance. Furthermore, resistance to ampicillin and trimethoprim-sulfamethoxazole in 2010-2014 

was significantly higher than in 2001-2009. In Michigan, trimethoprim-sulfamethoxazole 

(Bactrim) and penicillin antibiotics (Amoxil, Pen V) were the top drugs prescribed to adults and 

children in 2009 (36). In addition, penicillins and sulfas are widely used in both food-producing 

and nonfood-producing animals (48). Thus, the efficacy of these two classes of important 

antimicrobial drugs is limited due to increasing frequencies of resistance. Interestingly, low 

frequencies of resistance to ciprofloxacin was observed in the present study. While ciprofloxacin 

antibiotics are widely prescribed in adults (36), low frequencies of resistance can be explained by 

the finding that multiple mutations are required in the E. coli genome to acquire clinically 

significant levels of resistance (49). In addition, we observed annual variations in frequencies of 

resistance to different antibiotics which may be explained by seasonal antibiotic usage by year (50) 

and turnovers of antibiotic resistant clones in the environment (51).  

Our present study observed differences in antibiotic resistance by serotypes, with higher 

frequencies of resistance in non-O157 serotypes than in O157 serotypes. However, in Spain, 

similar frequencies of resistance were seen in both O157 (41%) and non-O157 isolates (41%) when 

resistance to 26 antimicrobial agents was tested (28). Interestingly, Schroeder et al. observed high 

frequencies of resistance to ampicillin (21%) in clinical O157 strains isolated from different 



118 

 

countries (29). While the reason for variation in resistance frequencies by serotypes is not known, 

studies have hypothesized that differences in fitness between resistant serotypes may serve as a 

possible explanation for this difference (52). While this hypothesis has been explored for non-

typhoidal Salmonella (52), no studies have looked at fitness differences between resistant 

serotypes of STEC. Although fitness differences between the E. coli O104:H4 and E. coli O157 

serotypes have been explored, with the O104:H4 serotype found to be more viable in decreased 

pH and sodium nitrite than O157 serotypes (53), additional studies are warranted to demonstrate 

fitness differences between antibiotic resistant serotypes of STEC. Additionally, although not 

significant, we noted differences in resistance frequencies between isolates from Michigan and 

those tested by NARMS. These findings warrant further studies on how different factors such as 

antibiotic prescription rates and use, specific evolutionary events and prevalence of antibiotic 

resistant STEC clones in geographically distinct regions affect antibiotic resistance (54, 55). We 

also observed higher odds of antibiotic resistance in strains with stx1 gene compared to those 

carrying either stx2 or a combination of stx1 and stx2. However, this association can be explained 

by the correlation between serotypes and stx genes. In our dataset, non-O157 STEC are 

significantly more likely to carry stx1 genes than O157 isolates (data not shown) and have higher 

frequencies of antibiotic resistance than O157 isolates; thus, it is likely that serotypes are driving 

the association between stx and antibiotic resistance. 

Using multivariate logistic regression, we identified non-O157 serotypes collected between 

2001 and 2014, to be independently associated with antibiotic resistance infections. However, 

serotype was not identified as a risk factor in our model using isolates only from 2001-2009. These 

data suggest that STEC isolates from the latter time-period between 2010-2014 (Chapter 2) are 

driving the associations between serotype and antibiotic resistance. Since, Tseng et al. identified 
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increasing incidence of non-O157 infections from 2001-2012 (18), it is likely that the emergence 

of antibiotic resistance in recent years in Michigan is driven by the emergence of antibiotic 

resistant non-O157 infections. When looking at isolates collected between 2001-2009, multivariate 

logistic regression identified the age groups 0-18 and >65 years as predictors of antibiotic resistant 

STEC infections. While this association has not been observed in our previous STEC study looking 

at isolates from 2010-2014 (Chapter 2) (32), other studies have identified age to be a significant 

risk factor for resistance in other pathogens (56). Interestingly, prior antibiotic use in patients has 

been shown to be a risk factor for antibiotic resistance (57). High antibiotic use has been 

documented in children and the elderly (58, 59); thus, prior antibiotic use in patients may serve as 

a possible explanation for the association seen in our study. In addition to age, differences in 

antibiotic usage patterns by gender have also been documented (60, 61). In our study, we did 

observe higher frequencies of antibiotic resistant STEC isolates recovered from females (6.9%) 

compared to males (5.5%), although this difference was not significant. Thus, further studies on 

differences in antibiotic prescription and consumption by gender may also shed light on differences 

in the prevalence of antibiotic resistant infections by gender. However, since information on prior 

antibiotic use is not available in the Michigan Disease Surveillance System (MDSS), additional 

studies are needed to test these hypothesis for STEC resistant infections.  

Furthermore, our study did not observe any associations with clinical outcomes, although 

other studies have also documented associations between antibiotic resistant infections and severe 

disease outcomes (32, 62). We previously identified antibiotic resistant STEC to be independently 

associated with hospitalizations, a marker of severe disease outcomes (Chapter 2). Since, we did 

not identify any associations between hospitalizations and antibiotic resistant STEC infections 
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from 2001-2014, this may indicate the emergence of a virulent and resistant group of STEC in 

recent years in Michigan.    

Previous studies have documented the association between phylogenetic lineages and 

antibiotic resistance in different bacterial pathogens (28, 30, 63). Indeed, Mora et al. identified 

STEC O157:H7 phage types PT21/28, PT23 and PT34 to have higher number of antibiotic resistant 

strains (28). However, our study is the first to provide insights into the association between drug 

resistant STEC and SNP typing based phylogenetic lineages using a large sample of STEC O157 

isolates. While resistant isolates were found belonging to multiple clades, clade 8 isolates were 

found to have higher frequencies of antibiotic resistance compared to isolates belonging to other 

clades. Previously, Manning et al. reported an increase in frequency of clade 8 STEC O157 in 

Michigan (37). Furthermore, isolates belonging to this clade were found to be associated with 

severe disease outcomes such as HUS; thus, providing insights into the virulence of this clade (37). 

The association between clade 8 strains and antibiotic resistance has a profound impact on human 

health considering its importance as a pathogen. The clade 8 lineage specific acquisition of 

virulence and resistance genes may contribute to the overall fitness of this lineage, thus aiding in 

its transmission and establishment as a highly virulent lineage of STEC O157 in Michigan (64). 

Whole genome sequence analysis of clade 8 strains may provide insights into the linkage between 

antibiotic resistance and virulence genes and may shed light on how antibiotic usage may select 

for maintenance of virulence genes. Indeed, Zhang et al. demonstrated that prevalence of antibiotic 

resistance was higher in pathogenic E. coli than commensal strains and provided evidence for the 

linkage of antibiotic resistance genes and virulence genes (65).   

STEC is a serious threat to public health, resulting in numerous foodborne illnesses 

worldwide. Continuous surveillance and identification of factors associated with antibiotic 
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resistance is essential to detect the emergence of antibiotic resistance and modify the use of 

antibiotics in Michigan. Thus, this study was undertaken to identify the emergence of antibiotic 

resistant STEC populations in Michigan, to enhance our understanding of the distribution of 

resistance profiles and assess factors associated with antibiotic resistant STEC infections to 

discover novel intervention strategies. 
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Table 3.1. Differences in frequencies of antibiotic resistance among Shiga toxin-producing 

E. coli (STEC) O157 (n=636) and non-O157 (n=326) isolates from patients in Michigan 

(2001-2014)  

 

Antibiotic 

Number (%) of Resistant Isolates  

OR (95% CI) 

 

p value 
Non-O157 O157 

>1 antibiotic 

 

32 (9.8%) 27 (4.34%) 2.4 (1.39 – 3.99) 0.001 

Ampicillin 

 

27 (8.3%) 27 (4.2%) 2.0 (1.17 – 3.53) 0.01 

Trimethoprim-

sulfamethoxazole 

 

12 (3.7%) 9 (1.4%) 2.7 (1.11 – 6.38) 0.02 

Ciprofloxacin 

 

1 (0.3%) 0 (0.0%) Undefined 0.34 
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Table 3.2 Frequencies and trends in antibiotic resistance in all Shiga toxin-producing E. 

coli (STEC) isolates (n=980) from Michigan by year, 2001-2014. Abbreviation: AMP, 

ampicillin; CIP, ciprofloxacin; SXT, trimethoprim-sulfamethoxazole 

 

Year 

 

Total  

No (%) resistance 

>1 Antibiotic AMP CIP SXT 

      

2001 

 

73 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 

2002 

 

83 4 (4.8%) 4 (4.8%) 0 (0.0%) 0 (0.0%) 

2003 

 

55 2 (3.6%) 2 (3.6%) 0 (0.0%) 1 (1.8%) 

2004 

 

63 2 (3.3%) 2 (3.2%) 0 (0.0%) 0 (0.0%) 

2005 

 

46 3 (6.5%) 3 (6.5%) 0 (0.0%) 2 (4.3%) 

2006 

 

44 4 (9.1%) 4 (9.1%) 0 (0.0%) 2 (4.5%) 

2007 

 

19 2 (10.5%) 2 (10.5%) 0 (0.0%) 0 (0.0%) 

2008 

 

137 7 (5.1%) 7 (5.1%) 0 (0.0%) 1 (0.7%) 

2009 

 

102 6 (5.9%) 5 (4.9%) 0 (0.0%) 2 (1.9%) 

2010 

 

69 7 (10.1%) 4 (5.8%) 1 (1.4%) 4 (5.8%) 

2011 

 

47 4 (8.5%) 4 (8.5%) 0 (0.0%) 1 (2.1%) 

2012 

 

43 5 (11.6%) 4 (9.3%) 0 (0.0%) 3 (6.9%) 

2013 

 

120 12 (10.0%) 12 (10.0%) 0 (0.0%) 3 (2.5%) 

2014 

 

79 4 (5.1%) 3 (3.8%) 0 (0.0%) 4 (5.1%) 

p value* 

 

 0.0074 0.026 0.60 0.007 

 

* p value calculated using Mantel-Haenszel chi square for trends.  
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Table 3.3 Frequencies and trends in antibiotic resistance in all Shiga toxin-producing E. 

coli (STEC) O157 isolates (n=636) from Michigan by year, 2001-2014. Abbreviation: AMP, 

ampicillin; CIP, ciprofloxacin; SXT, trimethoprim-sulfamethoxazole 

 

Year 

 

Total  

No (%) resistance 

>1 

Antibiotic 

AMP CIP SXT 

      

2001 

 

67 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 

2002 

 

74 4 (5.4%) 4 (5.4%) 0 (0.0%) 0 (0.0%) 

2003 

 

51 2 (3.9%) 2 (3.9%) 0 (0.0%) 1 (2.0%) 

2004 

 

54 1 (1.8%) 1 (1.8%) 0 (0.0%) 0 (0.0%) 

2005 

 

41 2 (4.9%) 2 (4.9%) 0 (0.0%) 1 (2.4%) 

2006 

 

35 3 (8.6%) 3 (8.6%) 0 (0.0%) 2 (5.7%) 

2007 

 

17 2 (11.8%) 2 (11.8%) 0 (0.0%) 0 (0.0%) 

2008 

 

102 4 (3.9%) 4 (3.9%) 0 (0.0%) 0 (0.0%) 

2009 

 

48 2 (4.2%) 2 (4.2%) 0 (0.0%) 0 (0.0%) 

2010 

 

29 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 

2011 

 

25 1 (4.0%) 1 (4.0%) 0 (0.0%) 0 (0.0%) 

2012 

 

26 4 (15.4%) 3 (11.5%) 0 (0.0%) 2 (7.7%) 

2013 

 

36 3 (8.3%) 3 (8.3%) 0 (0.0%) 3 (8.3%) 

2014 

 

31 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 

p value* 

 

 0.21 0.32 - 0.039 

 

* p value calculated using Mantel-Haenszel chi square for trends.  



126 

 

Table 3.4 Frequencies and trends in antibiotic resistance in all Shiga toxin-producing E. 

coli (STEC) non-O157 isolates (n=326) from Michigan by year, 2001-2014. Abbreviation: 

AMP, ampicillin; CIP, ciprofloxacin; SXT, trimethoprim-sulfamethoxazole 

 

Year 

 

Total  

No (%) resistance 

>1 

Antibiotic 

AMP CIP SXT 

      

2001 

 

6 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 

2002 

 

9 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 

2003 

 

4 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 

2004 

 

9 1 (11.1%) 1 (11.1%) 0 (0.0%) 0 (0.0%) 

2005 

 

5 1 (20.0%) 1 (20.0%) 0 (0.0%) 1 (20.0%) 

2006 

 

9 1 (11.1%) 1 (11.1%) 0 (0.0%) 0 (0.0%) 

2007 

 

1 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 

2008 

 

28 3 (10.7%) 3 (10.7%) 0 (0.0%) 1 (3.6%) 

2009 

 

46 3 (6.5%) 2 (4.3%) 0 (0.0%) 1 (2.2%) 

2010 

 

40 7 (17.5%) 4 (10.0%) 1 (2.5%) 4 (10.0%) 

2011 

 

21 3 (14.3%) 3 (14.3%) 0 (0.0%) 1 (4.8%) 

2012 

 

17 1 (5.9%) 1 (5.9%) 0 (0.0%) 1 (5.9%) 

2013 

 

84 9 (10.7%) 9 (10.7%) 0 (0.0%) 0 (0.0%) 

2014 

 

47 3 (6.4%) 2 (4.3%) 0 (0.0%) 3 (6.4%) 

p value* 

 

 0.64 0.67 0.91 0.82 

 

* p value calculated using Mantel-Haenszel chi square for trends.  
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Table 3.5. Frequency (%) of antibiotic resistance in Shiga toxin-producing E. coli (STEC) 

O157 and non-O157 isolates in Michigan, 2001-2014 (n=980). Abbreviation: AMP, 

ampicillin; CIP, ciprofloxacin; SXT, trimethoprim-sulfamethoxazole 

Serotype 

 

           

Total* No. (%) 

Resistant 

Infections 

 

No. (%) AMP 

Resistant 

Infections 

No. (%) CIP 

Resistant 

Infections 

No. (%) SXT 

Resistant 

Infections 

 

O157 

 

636 

 

28 (4.4%) 

 

27 (4.2%) 

 

 

0 (0%) 

 

 

9 (1.4%) 

Non-O157 

 

O45 

 

O103 

 

O111 

 

O26 

 

Other 

 

326 

 

94 

 

97 

 

37 

 

65 

 

33 

32 (9.8%) 

 

5 (5.3%) 

 

7 (7.2%) 

 

9 (24.3%) 

 

3 (4.6%) 

 

8 (24.2%) 

27 (8.3%) 

 

4 (4.3%) 

 

5 (5.1%) 

 

7 (18.9%) 

 

3 (4.6%) 

 

8 (24.2%) 

1 (0.3%) 

 

0 (0%) 

 

0 (0%) 

 

0 (0%) 

 

0 (0%) 

 

1 (3.0%) 

12 (3.7%) 

 

2 (2.1%) 

 

4 (4.1%) 

 

2 (5.4%) 

 

1 (1.5%) 

 

3 (9.1%) 

 

 

*Total does not add up to 980 due to missing serotypes 
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Table 3.6. Univariate and multivariate analysis highlighting associations between antibiotic 

resistance and factors in clinical Shiga toxin-producing E. coli (STEC) isolates in Michigan 

(n=980), 2001-2014 

Characteristic Total strains* No (%) resistant OR (95% CI) † p value‡ 

Pathogen factors     

Serotype 

   O157 

   Non-O157 

 

636 

326 

 

28 (4.4%) 

32 (9.8%) 

 

1.0 

2.4 (1.39-3.99) 

 

 

0.001 

stx profile 

   stx1 

   stx2 

   stx1stx2 

 

320 

263 

396 

 

29 (9.1%) 

17 (6.5%) 

16 (4.0%) 

 

2.4 (1.26-4.44) 

1.6 (0.81-3.31) 

1.0 

 

0.006 

0.16 

- 

Demographics and other factors     

Residence 

   Urban 

   Rural 

 

455 

500 

 

24 (5.3%) 

34 (6.8%) 

 

0.8 (0.44-1.31) 

1.0 

 

0.32 

- 

Age, y 

   0-18 

   19-64 

   >65 

 

416 

470 

86 

 

30 (7.2%) 

25 (5.3%) 

6 (6.9%) 

 

1.4 (0.79-2.39) 

1.0 

1.4 (0.79-2.39) 

 

0.24 

- 

0.24 

Sex 

   Male 

   Female 

 

437 

534 

 

24 (5.5%) 

37 (6.9%) 

 

1.0 

1.3 (0.75-2.18) 

 

- 

0.36 

Antimicrobial-drug prescription 

rates by county 

   High 

   Low 

 

 

276 

679 

 

 

18 (6.5%) 

40 (5.9%) 

 

 

1.1 (0.63-1.98) 

1.0 

 

 

0.71 

- 

Season 

   Winter and Spring 

   Summer and Fall 

 

263 

710 

 

23 (8.7%) 

38 (5.3%) 

 

1.7 (0.99-2.90) 

1.0 

 

0.052 

- 

 

Multivariate Logistic Regression 

Characteristic OR 95% CI p value 

Sex: Female 1.3 0.76-2.29 0.31 

Age, y: 0-18 and >65 1.5 0.89-2.64 0.12 

Season: Winter and Spring 1.7 0.96-2.90 0.08 

Serotype: non- O157 2.3 1.36-3.96 0.0016 

 

* Depending on the variable examined, the number of isolates does not add up to the total 

(n=980) because of missing data.  

† 95% confidence interval (CI) for odds ratio (OR) 



129 

 

Table 3.6 (cont’d) 

‡ p value was calculated by Chi-square test and Fisher’s exact test was used for variables <5 in at 

least one cells. 

£ Logistic regression was performed using forward selection while controlling for variables that 

yielded significant (P≤0.05) and strong (P≤0.20) associations with hospitalization in the 

univariate analysis. Hosmer and Lemeshow Goodness-of-Fit test (P= 0.865). All variables were 

tested for collinearity by analyzing the Eigen values and condition numbers. 

€ Wald 95% confidence intervals (CI) 
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Table 3.7. Univariate analysis highlighting associations between antibiotic resistance and 

clinical factors in clinical Shiga toxin-producing E. coli (STEC) in Michigan (n=980), 2001-

2014 

Clinical Factors Total 

strains* 

No (%) >1 

resistance 

OR (95% CI) † p value‡ 

Abdominal pain 

   Yes 

   No 

 

743 

154 

 

50 (6.7%) 

7 (4.5%) 

 

1.5 (0.67-3.41) 

- 

 

0.31 

- 

Body ache 

   Yes 

   No 

 

150 

747 

 

13 (8.7%) 

44 (5.9%) 

 

1.5 (0.79-2.89) 

1.0 

 

0.20 

- 

Diarrhea 

   Yes 

   No 

 

627 

271 

 

44 (7.0%) 

13 (4.8%) 

 

1.5 (0.79-2.83) 

1.0 

 

0.21 

- 

Bloody diarrhea 

   Yes 

   No 

 

660 

239 

 

41 (6.2%) 

16 (6.7%) 

 

0.9 (0.51-1.68) 

1.0 

 

0.79 

- 

Hemolytic Uremic 

Syndrome (HUS) 

   Yes 

   No 

 

 

17 

881 

 

 

0 (0%) 

57 (6.5%) 

 

 

- 

 

 

0.61 

Case Hospitalization 

   Yes 

   No 

 

400 

512 

 

25 (6.2%) 

32 (6.2%) 

 

1.0 (0.58-1.72) 

1.0 

 

1.0 

- 

 

* Depending on the variable examined, the number of isolates does not add up to the total 

(n=980) because of missing data.  

† 95% confidence interval (CI) for odds ratio (OR) 

‡ p value was calculated by Chi-square test and Fisher’s exact test was used for variables <5 in at 

least one cells. 
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Table 3.8. Univariate and multivariate analysis highlighting associations between antibiotic 

resistance and clinical factors in clinical Shiga toxin-producing E. coli (STEC) isolates in 

Michigan (n=622), 2001-2009 

Characteristic Total strains* No (%) resistant OR (95% CI) † p value‡ 

Pathogen factors     

Serotype 

   O157 

   Non-O157 

 

489 

117 

 

20 (4.1%) 

9 (7.7%) 

 

1.0 

1.9 (0.86-4.41) 

 

0.10 

- 

stx profile 

   stx1 

   stx2 

   stx1stx2 

 

115 

188 

319 

 

4 (3.5%) 

12 (6.4%) 

14 (4.4%) 

 

0.5 (0.17-1.68) 

1.0 

0.7 (0.30-1.49) 

 

0.30 

- 

0.32 

Demographics and other factors     

Residence 

   Urban 

   Rural 

 

302 

295 

 

11 (3.6%) 

15 (5.1%) 

 

0.7 (0.32-1.56) 

1.0 

 

0.38 

- 

Age, y 

   0-18 

   19-64 

   >65 

 

262 

301 

54 

 

18 (6.8%) 

8 (2.7%) 

3 (5.6%) 

 

2.7 (1.15-6.32) 

1.0 

2.1 (0.55-8.39) 

 

0.017 

- 

0.22 

Sex 

   Male 

   Female 

 

264 

349 

 

10 (3.8%) 

19 (5.4%) 

 

1.0 

1.5 (0.67-3.19) 

 

- 

0.34 

Antimicrobial-drug prescription 

rates by county 

   High 

   Low 

 

 

164 

433 

 

 

5 (3.0%) 

21 (4.8%) 

 

 

0.62 (0.23-1.66) 

1.0 

 

 

0.33 

- 

Season 

   Winter and Spring 

   Summer and Fall 

 

151 

467 

 

9 (5.9%) 

20 (4.3%) 

 

1.4 (0.63-3.18) 

1.0 

 

0.39 

- 

 

Multivariate Logistic Regression 

Characteristic OR 95% CI p value 

Sex: Female 1.6 0.71-3.69 0.25 

Age, y: 0-18 and >65 2.6 1.13-6.10 0.027 

Serotype: non- O157 1.9 0.84-4.68 0.11 

 

* Depending on the variable examined, the number of isolates does not add up to the total 

(n=622) because of missing data.  

† 95% confidence interval (CI) for odds ratio (OR) 
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Table 3.8 (cont’d) 

‡ p value was calculated by Chi-square test and Fisher’s exact test was used for variables <5 in at 

least one cells. 

£ Logistic regression was performed using forward selection while controlling for variables that 

yielded significant (P≤0.05) and strong (P≤0.20) associations with hospitalization in the 

univariate analysis. Hosmer and Lemeshow Goodness-of-Fit test (P= 0.9808). All variables were 

tested for collinearity by analyzing the Eigen values and condition numbers. 

€ Wald 95% confidence intervals (CI) 

 

 

 

 

 

 

 

 

 

 

 



133 

 

Figure 3.1. Incidence of confirmed Shiga toxin-producing E. coli (STEC) infections 

reported by the FoodNet active surveillance system in the US, 1996-2017. Data adapted from 

FoodNet Fast (3) 
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Figure 3.2. Distribution of Shiga toxin-producing E. coli (STEC) serotypes (n=962) in 

Michigan stratified by time periods, 2001-2009 (n=606) and 2010-2014 (n=356). The 

serotype was missing for 18 isolates and are not included in this figure 
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Figure 3.3. Comparison of antibiotic resistance frequencies in Shiga toxin-producing E. coli 

(STEC) isolates from 2001-2009 (n=622) and 2010-2014 (n=358). Abbreviation: AMP, 

ampicillin; CIP, ciprofloxacin; SXT, trimethoprim-sulfamethoxazole (*p value<0.05, **p 

value<0.01) 
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Figure 3.4. Comparison between Shiga toxin-producing E. coli (STEC) O157 isolates from 

Michigan and National Antimicrobial Resistance Monitoring System (NARMS), 2001-2014. 

A) % frequency of resistance to different antimicrobial agents for the time period 2001-2014 B) 

% frequency of resistance to ampicillin by year, B) % frequency of resistance to ciprofloxacin by 

year, C) % frequency of resistance to trimethoprim-sulfamethoxazole by year. (*p value<0.05) 
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Figure 3.5. Comparison of frequencies of antibiotic resistance in Shiga toxin-producing E. 

coli (STEC) O157 (n=316) isolates from Michigan, stratified by phylogenetic clades. 

Abbreviation: AMP, ampicillin; CIP, ciprofloxacin; SXT, trimethoprim-sulfamethoxazole 
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CHAPTER 4 

Characterization of Genetic Determinants of Antibiotic Resistance in Non-O157 Serotypes of 

Shiga Toxin-Producing Escherichia coli (STEC) and Association with Phylogenetic Lineage 
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ABSTRACT 

Although the emergence of antibiotic resistance in Shiga toxin-producing E. coli (STEC) has been 

documented worldwide, there is a paucity of information about the mechanisms of antibiotic 

resistance and phylogenetic lineages associated with resistance in this group of pathogens. Thus, 

using a subset of non-O157 STEC isolates (n=208) from patients in Michigan, which were 

previously characterized for resistance to three antibiotics, we used whole genome sequencing 

(WGS) and molecular typing tools to classify the genetic determinants of resistance and identify 

associations with phylogenetic genetic background. WGS identified a diverse set of determinants, 

including chromosomal mutations and the presence of antibiotic resistance genes (ARGs). While 

mutations or single nucleotide polymorphisms (SNPs) in genes encoding resistance to 

ciprofloxacin and ampicillin were discovered among four strains, most isolates possessed 

horizontally acquired ARGs (n=36, 17.3%). Overall, 33 unique ARGs were detected that encoded 

resistance to multiple antibiotics. In addition, the strA-strB-sul2 genes co-occurred in 18 of the 36 

isolates with horizontally acquired ARGs, thus indicating that these genes may be present on the 

same mobile genetic element. The proportion of resistant isolates differed significantly by 

multilocus sequence types (STs), with higher proportion of resistant isolates belonging to ST106 

and ST119 (n=19, 82.6%) compared to other STs (n=4, 17.4%).Thus, this study is the first to 

provide insights into the mechanisms of antibiotic resistance in a large collection of clinical non-

O157 STEC isolates in Michigan, which have been increasing in frequency since 2001. Continuous 

surveillance of the mechanisms of antibiotic resistance in clinical pathogens is crucial for effective 

treatment of patients and to develop strategies to mitigate the harmful effects of antibiotic 

resistance. 

 



147 

 

INTRODUCTION 

The global dissemination of antibiotic resistance is a serious public health threat. A total 

of 23 million kilograms (kgs) of antibiotics are used every year in the US in human and veterinary 

medicine (1). The extensive use of antibiotics creates a strong selection pressure on bacterial 

populations, resulting in the transfer, selection and propagation of antibiotic resistant organisms 

and antibiotic resistance genes (ARGs) in humans, animals and the environment (2).  

The evolution of antibiotic resistance in bacteria occurs due to mutations in existing genes 

or due to the acquisition of mobile genetic elements. These mutations or ARGs encode 

mechanisms that render the antibiotic activity of these agents ineffective against specific types of 

bacteria. The main mechanisms of antibiotic resistance include: i) direct modification of the 

antimicrobial agent, ii) alteration of drug targets or acquisition of alternative drug insensitive 

enzymes,  iii) reduced drug permeability or use of efflux pumps (3, 4). Different resistance 

mechanisms are effective against different classes of antibiotics and multi-drug resistance emerges 

when bacteria acquire genes or mutations that encode multiple resistance mechanisms. For 

example, the β-lactam antibiotics, such as the penicillins, are enzymatically hydrolyzed by β-

lactamases. The bla-TEM gene, which can be transferred horizontally between bacterial cells, is one 

such example of a β-lactamase and is prevalent worldwide (5, 6). Resistance to quinolones such 

as ciprofloxacin, are due to point mutations in bacterial DNA gyrase and topoisomerase IV genes 

that alter the target of quinolones (7), while efflux pumps are important for resistance to 

tetracycline, which is exported out of the bacterial cell and is encoded by tet(A) (8). 

Numerous reports have noted the widespread prevalence of ARGs in the environment. 

Rodriguez-Mozaz et al. documented the presence of genes such as bla-TEM, sulI and qnrS, encoding 

resistance or reduced susceptibility to β-lactams, sulfonamides and fluoroquinolones respectively, 
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in hospital effluents in Spain (9). Similar results were reported by Tao et al. in China highlighting 

the presence of aminoglycoside, sulfonamide and tetracycline resistance genes in pharmaceutical 

waste water (10). Indeed, hospital effluents are likely to be contributing to the presence of ARGs 

in aquatic environments (11). Other studies have documented the presence of ARGs in sewage 

(12) and in soil (13). Due to their widespread presence in the environment and their menacing 

effects, ARGs are currently considered as environmental pollutants (14, 15). In addition to the 

environment, the gut of humans and animals is a highly conducive environment for the horizontal 

transfer of genes due to the high density and diversity of microbiota (16). Metagenomic studies of 

the human gut resistome have identified it as a large reservoir of antibiotic resistant genes (17); for 

instance, Forslund et al. identified the presence of genes conferring resistance to 50 classes and 

subclasses in human fecal samples (18). Thus, the prevalence of ARGs in human and animal guts 

and their subsequent transfer between the commensal microbiota and pathogens also plays an 

important role in the emergence and persistence of resistance in bacterial populations.  

Rapid and reliable tools are critical to identify antibiotic resistant pathogens and to control 

the spread and emergence of resistance. Similarly, the use of next generation sequencing has 

gained prominence in clinical microbiology (19) and is often used to detect the presence of 

antibiotic resistance genes in bacteria (20, 21). The Center for Genomic Epidemiology manages 

the ResFinder database, a comprehensive repository of horizontally acquired resistance genes, 

which enables the identification of 1,862 ARGs from 12 different antimicrobial classes (22). In 

addition, the PointFinder database contains information about chromosomal mutations associated 

with antibiotic resistance in different bacterial species (23).  

The characterization of ARGs and the identification of geographical variation in the 

distribution of these elements is important to develop effective control strategies and policies. An 
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assessment of the abundance of ARGs in Michigan and identification of phylogenetic lineages 

associated with antibiotic resistance may help in the development of region-specific strategies to 

control the spread of antibiotic resistance and prevent emergence of resistance in other bacterial 

populations. Thus, this study was undertaken to identify the presence of ARGs in non-O157 

clinical STEC isolates from Michigan and determine whether antibiotic resistance is correlated 

with phylogenetic lineage.  

MATERIALS AND METHODS 

Preparation of genomic DNA for whole genome sequencing  

Bacteria were cultured overnight in Luria-Bertani (BD Diagnostics) media under aerobic 

conditions and harvested by centrifugation. DNA from 208 non-O157 STEC strains was extracted 

using the Wizard ® Genomic DNA purification kit. The samples were prepped for whole genome 

sequencing and sequenced using a MiSeq platform (Illumina) for 2 x 250 reads at the Research 

Technology Support Facility (RTSF) at MSU. Spades 3.10.1 were used to perform de novo genome 

assemblies. Trimming and quality check were conducted by Trimmomatic and FastQC, 

respectively. K-mers of different lengths (21, 33, 55, 77, 99, 127) were checked for quality control 

and were used to generate contigs that were then used for subsequent analyses.  

In silico analysis of resistance genes 

A comprehensive list of acquired antimicrobial resistance gene sequences were 

downloaded from the ResFinder3.0 database (https://cge.cbs.dtu.dk/services/ResFinder/). Due to 

the presence of repeats or variants of ARGs in ResFinder 3.0 database, genes with >85% homology 

were combined and interpreted as a single ARG. In-house bioinformatics scripts 

(https://github.com/HeatherBlankenship) were then developed to extract antibiotic resistance 

https://cge.cbs.dtu.dk/services/ResFinder/
https://github.com/HeatherBlankenship
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genes using the Basic Local Alignment Search Tool (BLAST) (24); an E-value = 0.0001 was set 

to confirm specificity of the sequences extracted.  

In addition to horizontally acquired ARGs, we also identified single point mutations in 

chromosomal genes known to contribute to antibiotic resistance. Bioinformatics scripts using the 

SNPpy tool (25) were used to catalog SNPs that varied between the non-O157 STEC isolates and 

the laboratory reference strain E. coli K12 strain. The web-based PointFinder tool (23) was used 

as the reference database for identification of SNPs; however, some genes that were not included 

in this database such as the ampC promoter and acrR efflux regulator were also included in this 

study (Table 4.1). 

Multilocus sequence typing (MLST) 

The EcMLST Version 1.2 database (26) (http://www.shigatox.net/ecmlst/cgi-bin/index) 

managed at Michigan State University was used to classify the sequence types (STs) for each 

isolate. The sequences of the internal fragments of the following house-keeping genes were used: 

aspC (aspartate aminotransferase), clpX (ATP-dependent Clp protease), fadD (acyl-CoA 

synthetase), icdA (isocitrate dehydrogenase), lysP (lysine-specific permease), mdh (malate 

dehydrogenase) and uidA (beta-D-glucuronidase). These seven housekeeping genes were extracted 

from the whole genomes using the BLAST tool via in-house bioinformatic scripts 

(https://github.com/HeatherBlankenship), with the E-value set as 0.0001 to ensure specificity. 

Gene alleles and STs were determined by submitting the sequences from these seven loci to the 

EcMLST database.  

 

 

http://www.shigatox.net/ecmlst/cgi-bin/index
https://github.com/HeatherBlankenship
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Data analysis 

The phenotypic antibiotic resistance profiles and the presence/absence of ARGs were 

converted into a binary (1/0) format for statistical analysis. For phenotypic antibiotic susceptibility 

testing, 1 represented resistance to the respective antibiotic while 0 represented susceptibility to 

the respective antibiotic. For genotypic testing of antibiotic resistance, 1 and 0 represented the 

presence or absence of each ARG or point mutations in genes resulting in resistance, respectively. 

SAS software version 9.4 (SAS Institute, Cary, NC, USA), Epi Info™ 7 (27) and the open 

statistical program R (28) were used for all statistical analyses.  

As outlined by Reller et al., the accuracy of susceptibility testing methods can be 

determined if the ‘very major error’ rate and the ‘major error’ rate are <1.5% and <3%, respectively 

(29). These rates were predicted by comparing genotypic and phenotypic resistance profiles. In 

this study, the ‘very major error’ rate was defined as isolates that were phenotypically resistant but 

were not genotypically resistant,  or did not carry known ARGs or chromosomal gene mutations, 

while the ‘major error’ rates were defined as isolates that were phenotypically susceptible but had 

a resistant genotype (carried ARGs or chromosomal gene mutations) (30). The sensitivity, 

specificity, positive-predictive value (PPV) and negative predictive value (NPV) were calculated 

in SAS version 9.4.  

Using a custom R script for matrix multiplication (https://github.com/Brian-No), a co-

occurrence matrix of horizontally acquired ARGs was created, thus generating a count of gene 

occurrences.; Hence, higher values in the matrix indicates higher occurrence of two ARGs. Using 

the co-occurrence matrix, a network of co-occurring genes was created the open graph viz platform 

Gephi 0.9.2 (https://gephi.org/). The Fruchterman-Reingold algorithm was used to disperse the 

nodes evenly and were colored according to the degree weight.  

https://github.com/Brian-No
https://gephi.org/
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Significant associations between antibiotic resistant infections and phylogenetic lineages 

and those between serotypes and phylogenetic lineages were examined using Chi-square test and 

Fisher’s exact test; a p value < 0.05 was considered significant.  

RESULTS 

Chromosomal mutations conferring antibiotic resistance 

 Overall, 13 synonymous and non-synonymous mutations were observed in the non-O157 

isolates examined in this study, of which nine were non-synonymous and four were synonymous 

(Table 4.2). These mutations were only detected in genes conferring resistance to ciprofloxacin 

and ampicillin; no mutations in genes conferring resistance to tetracycline, aminoglycoside, 

macrolide, colistin, sulfonamide and rifamycin were detected.  

Only one non-O157 strain, which was phenotypically resistant to ciprofloxacin, had 

multiple point mutations in gyrA, parC, parE and acrR. This isolate had a Ser-83-Leu and Asp-

87-Asn amino acid change in gyrA (DNA gyrase subunit A), a Ser-80-Ile change in parC (DNA 

topoisomerase IV subunit A), and a Ser-458-Thr amino acid change in parE (DNA topoisomerase 

IV subunit B). Mutations in the efflux pump regulator (acrR) were also observed in this isolate; 

Thr-213-Ile and Asn-214-Thr amino acid changes observed. This same isolate was also 

phenotypically resistant to ampicillin and had the following SNPs: +22 (C →T), +26 (T →G), +27 

(A →T) and +32(G →A), in the ampC promoter attenuator region (AR). This isolate was also 

phenotypically resistant to trimethoprim-sulfamethoxazole, however, there were no chromosomal 

SNPs in the folP gene. Two other isolates had a Ser-83-Leu amino acid change in the gyrA gene 

and one isolate had a Ser-57-Thr amino acid change in the parC gene, yet both isolates were 

phenotypically susceptible to ciprofloxacin.  
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Prevalence and diversity of horizontally acquired antibiotic resistance genes 

 Overall, 33 unique horizontally acquired ARGs were detected among all 208 non-O157 

STEC genomes. The ARGs observed in this study fell in one of the three main antibiotic resistance 

mechanisms: antibiotic inactivation, efflux pumps and cellular protection or drug target 

replacement (Figure 4.1 A); most ARGs encoded antibiotic inactivating gene products (45.4%) 

followed by efflux pumps (39.4%) and products that resulted in protection and/or replacement of 

cellular targets (15.1%). When stratified by serotype, the presence of ARGs classified by 

mechanisms of resistance varied by STEC serotypes. However, highest proportions of genes for 

all three mechanisms of resistance were observed in serotypes O103 and O111 (Figures 4.1 B, C, 

D).  

 High frequencies of isolates with >1 ARG were observed; for example, 12.0% of all 

isolates (n=208) carried >1 aminoglycoside ARG, 10.6% carried β-lactam ARGs, 11.0% carried 

ARGs conferring resistance to sulfonamides, and 12.5% carried tetracycline ARGs (Figure 4.2). 

In addition, many isolates had more than one resistance gene for a given antibiotic. For example, 

only 16% (n=4) of isolates with aminoglycoside ARGs carried only one ARG, while 32% (n=8) 

carried two ARGs and 52% (n=13) carried > 3 ARGs. Of the 23 isolates with sulfonamide ARGs, 

52.2% (n=12), 21.7% (n=5) and 26.1% (n=6) had only one, two, and >3 ARGs, respectively. 

Additionally, of the 26 tetracycline ARG carrying isolates, most had only one (n=20, 76.9%) ARG 

while 19.2% (n=5) carried only two and 3.8% (n=1) carried >3 ARGs.  

 The diversity and patterns of horizontally acquired ARGs observed in STEC non-O157 

isolates is depicted in Figure 4.3. For all antibiotics, except for fosfomycin and macrolides, >2 

ARGs were detected.  
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Correlation between antibiotic resistant phenotypes and genotypes 

 All STEC non-O157 isolates that were phenotypically resistant (Chapter 2) to ciprofloxacin 

and trimethoprim-sulfamethoxazole were found to carry known ARGs or chromosomal mutations 

conferring antibiotic resistance to the respective antibiotics. While one isolate did have a point 

mutation in gyrA (Ser-83-Leu) and also carried the plasmid-associated gene, qnr, this isolate was 

not classified as genotypically resistant since qnr genes were shown to confer reduced 

susceptibility but not clinical levels of quinolone resistance (31). Thus, for ciprofloxacin and 

trimethoprim-sulfamethoxazole, the very major error and major error of genotypic antibiotic 

resistance profiling were calculated to be 0 (Table 4.3). Notably, one isolate that was 

phenotypically resistant to ampicillin did not carry any ARGs or mutations that promote resistance 

to penicillins. By contrast, three isolates were phenotypically susceptible to ampicillin yet were 

found to carry horizontally acquired ARGs such as AmpC β-lactamases (bla-CMY-2 or bla-CFE-1 or 

bla-LAT-1 or bla-BIL-1 or bla-ACT-1 or bla-CMG or bla-MIR or their variants) and bla-TEM-1 or its variants. 

The minimum inhibitory concentration (MIC) of these three isolates was determined using ETest® 

strips (bioMérieux, Inc., Durham, NC). Interestingly, while the MICs for two of these isolates were 

low (3µg/ml and 1.5µg/ml) and thus classified as susceptible, the third isolate was found to have 

an MIC of >64 µg/ml, which is resistant according to CLSI (32). Thus, there is a possibility of 

mis-classification of this isolate as susceptible to ampicillin using disk diffusion analysis in our 

previous analysis (Chapter 2). Taking this mis-classification into account, the very major error rate 

and major error rate for ampicillin genotypic testing were 0.48% and 0.96% respectively.  

 The sensitivity, specificity, PPV and NPV for genotypic determination of antibiotic 

resistance were also calculated (Table 4.4). For all three antibiotics, the sensitivity, specificity, 

PPV and NPV were >90%. For ampicillin, the PPV was the lowest (91%), which is confirmed by 
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the results in Table 4.3, since two isolates that were phenotypically susceptible were found to have 

ARGs conferring resistance to ampicillin.  

Co-occurrence of horizontally acquired antibiotic resistance genes 

 To determine which horizontally acquired ARGs are most likely to occur together, a co-

occurrence matrix was generated with a count of gene co-occurrences (Figure 4.4). Although the 

matrix only identified a 100 gene pairs that were detected together in the same genome more than 

once, a network analysis of co-occurrence patterns revealed clustering within the network (Figure 

4.5). The nodes in this network represent the ARGs and the edges that connect these nodes 

represent connections between these nodes. Overall, 32 nodes were identified in the network; the 

tet(Q) gene, which did not have any co-occurrences with other ARGs, was excluded from the 

network. As indicated by the solid red edges, the ARGs that had the strongest connections with 

each other were strA, strB and sul1; indeed, these genes co-occurred in 18 (8.6%) of all STEC 

isolates tested. The number of isolates with co-occurrence of strA, strB, and sul2 were significantly 

higher than the following gene combinations: sul2-aac(3)-IIa  (0.5%, Chi-square p value<0.0001), 

sul2-bla-CMY2/bla-CFE1/bla-LAT1/bla-BIL1 (1.9%, Chi-square p value<0.003), sul2-mphA (1.9%, Chi-

square p value<0.003) and sul2-dfrA12 (1.9%, Chi-square p value<0.003). In addition, sul2 co-

occurred with tet(A) as 13 (6.2%) of the 208 non-O157 isolates had both genes, while tet(A) was 

also found with strA (n=13, 6.2%), strB (n=13, 6.2%) and aph(3)-Ia (n=13, 6.2%). Although strA-

strB-sul2 co-occurred together more frequently than other ARG combinations, sul1, sul3 and 

aadA1 displayed the most connections to other ARGs in the network. Specifically, sul1 and sul2 

were connected to 24 genes and aadA1 co-occurred with 25 other ARGs.  
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Associations between non-O157 sequence types (STs) and antibiotic resistance 

 A total of 10 different STs, including one new ST, were identified among the 208 non-

O157 STEC isolates examined in this study (Figure 4.6); the ST of two isolates could not be 

classified due to sequencing errors and were excluded from this analysis. In all, the most prevalent 

ST was ST119 (n=119, 57.8%) followed by ST106 (n=77, 37.4%); six STs were represented by 

one isolate each (Figure 4.6). When stratified by ST and serotype (Table 4.5), 46 O45 (97.8%) and 

71 O103 (95.9%) isolates grouped into ST119 while most O26 (n=48, 94.1%) and O111 (n=26, 

96.3%) isolates belonged to ST106.  

 On examining the relationship between antibiotic resistance patterns and STs, isolates 

representing ST106 (n=10, 12.9%) were found to have highest frequencies of resistance to at least 

one antibiotic followed by ST119 (n=9, 7.6%) (Figure 4.7); this difference was, however, not 

significant (Chi square p value=0.2). Isolates belonging to ST106 (n=8, 10.4%) also had higher 

frequencies of resistance to ampicillin than ST119 isolates (n=7, 5.9%), though not significant 

(Chi square p value=0.2). Several STs such as ST 288, ST86, ST104 and ST171 had only one 

resistant isolate each. The isolate belonging to ST-288 was multidrug resistant as it was resistant 

to all three classes of antibiotics tested in this study. Of the 23 antibiotic resistant isolates examined 

here, the proportion of antibiotic resistant STs differed significantly by STs; higher proportions of 

resistant isolates belonged to STs 106 and 119 (n=19, 82.6%) compared to other STs (n=4, 17.4%) 

(p value=0.0018). Of all the serotypes examined in this study, the highest frequency of antibiotic 

resistant isolates belonged to serotype O111 (n=6, 22.2%) and were significantly more likely than 

other non-O157 serotypes (n=17, 9.4%) to be resistant to at least one antibiotic (Chi square p 

value=0.048). Furthermore, serotype O111 were significantly more likely than other serotypes to 

belong to ST106 (Fisher’s Exact Chi square p value<0.0001). When stratified by both serotype 



157 

 

and STs, all resistant O111 isolates belonged to ST106 (n=6, 23.1%) (Table 4.6). These findings 

suggest the certain serotypes and lineages may be more likely to be resistant.  However, a larger 

sample size of isolates belonging to other STs other than ST119 and ST106 may need to be 

analyzed to fully discern differences between antibiotic resistant isolates belonging to different 

STs and serotypes. 

DISCUSSION 

 Current trends in increasing antibiotic resistance warrant the need for rapid identification 

of antibiotic resistance. In addition, surveillance of antibiotic resistance has an important impact 

on designing policies and strategies to control the spread of antibiotic resistance. The affordability 

and rapidity of whole genome sequencing (WGS) has made it an attractive tool for screening of 

antibiotic resistance (33, 34). Thus, many studies have characterized antibiotic resistance using 

WGS technology. For instance, McDermott et al. used WGS to characterize antibiotic resistance 

in 640 non-typhoidal Salmonella and reported the correlation between phenotypic and genotypic 

testing in 99% of the cases (35). The use of WGS for the prediction of antibiotic resistance has 

also been employed in other pathogens such as Staphylococcus aureus (36), Enterococcus faecalis 

(20) and Campylobacter (37). 

However, the use of WGS in clinical decision making is hampered by the lack of published 

studies using WGS to predict antibiotic testing of bacteria. Indeed, the European Committee on 

Antimicrobial Susceptibility (EUCAST) highlights the lack of published evidence in different 

bacteria as a major barrier to using WGS for antibiotic resistance detection in clinical settings (38). 

In addition, EUCAST calls for international standardization and quality control (QC) metrics for 

interpretation of WGS based antibiotic resistance detection (38). Hence, a goal of this study was 
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to determine the potential of WGS to be used for the detection of antimicrobial resistance in STEC 

non-O157 isolates and identify ARGs prevalent in Michigan.  

 We observed a high concordance between the results from phenotypic antimicrobial testing 

using disc diffusion and prediction of resistance using WGS. For ciprofloxacin, the sensitivity and 

specificity of the genomic prediction method were 1.0 (95% CI: 0.025-1.0) and 1.0 (95% CI: 0.98-

1.0), respectively, and the very major error and major error rate were also found to be 0. It is 

important to note, however, that since the frequencies of phenotypic ciprofloxacin resistance was 

low (n=1, 0.48%), a larger sample size may be required to accurately determine the PPV and NPV 

of genotypic ciprofloxacin testing (39). The sensitivity (1.0, 95% CI: 0.69-1.0) and specificity (1.0, 

95% CI: 0.98-1.0) of genetically predicting trimethoprim-sulfamethoxazole resistance was also 

high with very major and major error rates of 0. For ampicillin, however, there were three instances 

of disagreement, thus resulting in lower sensitivity (0.95, 95% CI: 0.76-0.99) and specificity (0.98, 

95% CI: 0.96-0.99) values. One isolate that was classified as phenotypically resistant to ampicillin 

was negative for the presence of known ARGs linked to ampicillin resistance. The sequencing 

coverage for this isolate was adequate (25.23X), thereby eliminating the possibility that ampicillin 

resistance genes could not be detected due to poor sequencing coverage. This observation 

highlights an important limitation of using WGS to identify antimicrobial resistance; this tool only 

identifies known ARGs and mechanisms of antibiotic resistance and would prevent the 

identification of novel genes and mechanisms. Since we only used the ResFinder 3.0 database, it 

is possible that inclusion of additional databases such as the Comprehensive Antibiotic Resistance 

Database (CARD) or Antibiotic Resistance Gene-ANNOTation (ARG-ANNOT) may aid in the 

identification of novel ARGs that are not included in the ResFinder 3.0 database. Future work will 

involve using CARD and ARG-ANNOT databases to identify the genes responsible for ampicillin 
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resistance in the phenotypically resistant but genotypically susceptible isolate. The ResFinder 3.0 

database was chosen as the reference database in this study because both the National 

Antimicrobial Resistance Monitoring System (NARMS) and FDA utilize it for WGS based 

detection of ARGs in non-typhoidal Salmonella (40, 41). While the Resistome Tracker has been 

launched by the FDA to provide information about ARGs present in in non-typhoidal Salmonella 

(41), there is a dearth in information about ARGs in STEC considering that the CDC does not 

consider antibiotic resistant STEC to be a serious threat to public health, yet (42). However, 

considering the ease with which ARGs can be transmitted, it is important to identify the emergence 

of resistant genes in different regions, to control the spread of resistant infections. 

Similarly, two isolates carrying bla genes, which were previously found to be 

phenotypically susceptible in our previous study (Chapter 2), were re-tested using ampicillin 

Etest® strips; both isolates had MICs <3µg/ml, confirming susceptibility to ampicillin. Few 

studies have documented bla-TEM positive and ampicillin sensitive strains. For instance, two bla-

TEM positive, ampicillin-sensitive strains of Haemophilus influenzae were found to produce lower 

β-lactamase levels due to the presence a mutation in the bla-TEM promoter or due to an amino acid 

substitution rendering the bla-TEM enzyme inactive (43). Furthermore, MICs have been shown to 

be dependent on the type of promoter expressing bla-TEM genes. In E. coli transformed with bla-

TEM-1B gene, for instance, the MICs of antibiotics such as amoxicillin-clavulanate, ticarcillin-

clavulanate, piperacillin, and cephalothin varied depending on the type of promoter used (44). 

Similarly, high level expression of plasmid-associated ampC β-lactamases such as bla-ACT and bla-

MIR, also depend on the promoter (45); thus, further characterization of these phenotypically 

susceptible isolates is needed. Although WGS analysis was found to be consistent with phenotypic 

identification of clinically resistant non-O157 isolates, it is important to note that a well-curated 



160 

 

database is crucial for high concordance between phenotypic and genotypic susceptibility testing, 

in turn improving the sensitivity of genotypic testing.  

Although three isolates had single point mutations in parC or gyrA, which typically impact 

fluoroquinolone resistance (7), these isolates were not phenotypically resistant to ciprofloxacin. In 

gram negative bacteria, resistance mutations resulting in amino acid substitutions first occur in the 

‘quinolone resistance determining region’ (QRDR) of gyrA. The first mutation results in reduced 

susceptibility to quinolones, while further mutations in other genes such as parC or gyrA are 

required to achieve clinical levels of resistance (7). In addition to point mutations, plasmid 

mediated resistance to quinolones was also observed in two isolates. The qnrA and qnrS genes, 

which encode pentapeptides that protect DNA gyrase and topoisomerase IV from the effect of 

quinolones (46), and the qepA gene, encoding an efflux pump (46, 47) were identified. Because 

these genes have been shown to result in small increases in the MICs of quinolones (46), they are 

not likely to confer clinical levels of resistance to ciprofloxacin. These findings highlight the 

importance of the concomitant use of genotypic and phenotypic antibiotic susceptibility testing, 

especially in clinical settings, to prevent the reporting of false-positives or false-negatives, which 

in turn could affect patient treatment and care. 

We have also provided evidence of co-occurring horizontally acquired ARGs, confirming 

relationships that have been described in other studies (30, 48). Three genes, strA-strB-sul2, were 

observed to have the highest counts of co-occurrence. A prior study of atypical enteropathogenic 

E. coli (aEPEC) isolated from children in South Asia and sub-Saharan-Africa also found sul2, strA 

and strB to co-occur along with bla-TEM (30). This result may be explained by the finding that 

commensal E. coli strains can carry a strA, strB and sul2 resistance gene cassette on pCERC1, a 

small 6.8kb plasmid (49). This cassette has also been found in the RSF1010 plasmid along with 



161 

 

others (50-52).  In addition, the co-occurrence of strA-strB-sul2-tet(A) was observed in 13 isolates 

in our study. A variant of the p9123 plasmid containing the tet(A) gene next to the inverted repeats 

(IR) of the Tn5393 transposon containing the strA-strB-sul2 cassette has been reported (49) as 

have small plasmids (pSS046) carrying all four resistance genes in Shigella isolates from the UK 

(53). Considering the ease of transmission of horizontally transferrable elements and the 

importance of multidrug resistance as the efficacy of antibiotics that can be used for treatment of 

infections is limited, the co-selection of multiple resistance genes is a major public health concern. 

Not only are the lack of antibiotic drug development programs to combat multidrug resistance a 

huge concern (54), but also results in high morbidity and mortality (2, 55, 56). While many genes 

were found to co-occur in this study, the tet(Q) gene was not found to co-occur with any other 

genes. This gene, which is found on a conjugative transposon, has mostly been reported in 

Bacteroides (57). The finding of this gene in an STEC genome highlights the importance of 

horizontal gene transfer between different bacterial genera and the need for continuous 

surveillance for ARGs to track the emergence of resistance to antibiotics.  

We observed significantly higher proportions of antibiotic resistant STEC belonging to 

ST106 and ST119. Furthermore, all resistant isolates belonging to ST 106 and ST119, were 

serotypes O111 and O45 respectively. While our findings may indicate that antibiotic resistance 

is prevalent in certain genetic backgrounds or serotypes of STEC isolates in Michigan, a larger 

sample size of isolates belonging to STs other than ST106 and ST119 may be required to be tested 

to make definite conclusions. The distribution of ARGs conferring resistance to ampicillin and 

trimethoprim-sulfamethoxazole on different branches of the phylogenetic tree indicates the 

widespread distribution of these genes in different lineages and serotypes of STEC. Since most 

ARGs were identified as those transmitted by mobile genetic elements, the ease with which these 
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genes are transmitted among bacteria belonging to the same or different genera is of great concern 

from a public health perspective. 

While our study is one of the few that looks at genetic determinants of antibiotic resistance 

in STEC non-O157 isolates, it has a few limitations. The minimum sequencing depth 

recommended by EUCAST for the use of WGS for antibiotic resistance testing is 30X. In our 

study, the depth of sequencing varied between 18X and 65X; with 43.7% (n=91) of the genomes 

had a coverage greater than or equal to 30X, 53.4% (n=111) had a coverage between 20X and 30X 

and 6 (2.9%) had genomic coverage less than 20. Two of the three isolates with discordant 

phenotypic and genotypic ampicillin susceptibility results had a coverage between 20X and 30X, 

while one had a high coverage of 63.5X.   

 The presence of horizontally transferred ARGs in STEC is of great significance due to the 

possibility of transfer to other STEC or other pathogenic organisms. Additionally, knowledge 

about the different mechanisms of resistance conferring resistance or reduced susceptibility to 

antibiotics is crucial to determine changing patterns of antibiotic resistance in Michigan.   
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Table 4.1. List of chromosomal genes examined for point mutations conferring antibiotic 

resistance  

 

Antibiotic 

 

Genes 

 

Reference 

 

Ciprofloxacin gyrA 

 

gyrB 

 

parC 

 

parE 

 

acrR  

 

(23, 58, 59) 

 

(23, 58, 60) 

 

(23, 58, 61) 

 

(23, 58) 

 

(7, 62) 

Tetracycline 16S rrsB (23, 63) 

Ampicillin ampC promoter (64-66) 

Aminoglycosides 

 

• Gentamicin 

 

• Kasugamycin 

 

• Spectinomycin 

 

 

16S rrsB 

 

16S rrsC 

 

rrsH 

 

rrsB 

 

 

 

(23) 

 

(23) 

 

(23) 

Macrolide 23S rRNA (23, 67) 

Colistin pmrA 

 

pmrB 

 

(23, 68) 

 

(23, 68) 

Sulfonamide folP (23) 

Rifamycin rpoB (23, 69) 
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Table 4.2. Synonymous and non-synonymous mutations in known resistance genes among 

Shiga toxin-producing E. coli (STEC) non-O157 isolates relative to E. coli ATCC 25922. 

Abbreviation: S, Synonymous; NS- Non-Synonymous  

Gene Nucleotide 

position relative 

to E. coli K12 

Isolate Number 

TW18931 TW18499 TW18567 TW18574 TW19061 

 

 

parE 

A1317G S* 

(remains 

Pro) 

- - - - 

T1372G - NS (Ser to 

Thr) 

- - - 

      

 

 

parC 

G239T - NS (Ser to 

Ile) 

- - - 

C168T - - - S 

(remains 

Ala) 

- 

G170C - - - NS (Ser to 

Thr) 

- 

      

 

 

gyrA 

C248T - NS (Ser to 

Leu) 

NS (Ser to 

Leu) 

- NS (Ser to 

Leu) 

C255T - S (remains 

Val) 

- - - 

G259A - NS (Asp to 

Asn) 

- - - 

      

 

 

acrR 

T86G - S* (remains 

Leu) 

- - - 

C638T - NS (Thr to 

Ile) 

- - - 

A641C - NS (Asn to 

Thr) 

- - - 

      

 

 

ampC 

promoter 

C+22T - Yes* - - - 

T+26G - Yes* - - - 

A+27T - Yes* - - - 

G+32A - Yes* - - - 
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Table 4.2 (cont’d) 

* less than <15 reads  
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Table 4.3. Correlation between phenotypic and genotypic antimicrobial resistance profiles 

of Shiga toxin-producing E. coli (STEC) non-O157 isolates (n=208) 

Antibiotic No. with 

Resistant 

Phenotype 

No. with 

Resistant 

Genotype 

and 

Resistant 

Phenotype 

Very 

Major 

Error£ 

No. with 

Susceptible 

Phenotype 

No. with 

Susceptible 

Genotype 

and 

Susceptible 

Phenotype 

Major 

Error€ 

Ampicillin 21 20 1 

(0.48%) 

187 185 2 

(0.96%) 

Ciprofloxacin* 1 1 0 208 208 0  

Trimethoprim-

sulfamethoxazole† 

 

10 10 0 198 198 0 

 

£ Very major error occurs if a phenotypically resistant isolate is genotyped as susceptible. In 

other words, this error is the failure to detect phenotypic resistance using genotypic methods. 

€ Major error occurs if a phenotypically susceptible isolate is genotyped as resistant. In other 

words, the genotypic tests predict there is resistance when there is none.  

*  Genotypic resistance to ciprofloxacin is defined by the presence of at least one SNP in gyrA 

and a second in gyrA, gyrB, parC or parE. The presence of plasmid mediated determinants such 

as qnr or qepA, plus the first SNP in gyrA does not confer clinical resistance, but reduced 

susceptibility, to quinolones.  

† Genotypic resistance to trimethoprim-sulfamethoxazole is defined as the presence of both a dfr 

gene and a sul gene. 
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Table 4.4. Predictive power of antibiotic resistant genotypes for antibiotic resistant 

phenotypes 

Antibiotic Sensitivity  

(95% CI*) 

Specificity  

(95% CI*) 

PPV  

(95% CI*) 

NPV  

(95% CI*) 

     

Ampicillin 0.95 (0.76-0.99) 0.98 (0.96-0.99) 0.91 (0.71-0.99) 0.99 (0.97-0.99) 

Ciprofloxacin 1.0 (0.025-1.0) 1.0 (0.98-1.0) 1.0 (0.025-1.0) 1.0 (0.98-1.0) 

Trimethoprim-

sulfamethoxazole 

1.0 (0.69-1.0) 1.0 (0.98-1.0) 1.0 (0.69-1.0) 1.0 (0.98-1.0) 

 

*Exact Confidence Interval 
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Table 4.5. Distribution of serotype profiles of non-O157 Shiga toxin-producing E. coli 

(STEC) (n=205) by MLST sequence type (ST) in Michigan, 2010-2014 

Sequence 

Types (ST) 

Number (%) strains*  

O45 O103 O26 O111 Other 

ST119 46 (97.8%) 71 (95.9%) 1 (1.9%) 1 (3.7%) 0 (0%) 

ST106 0 (0%) 2 (2.7%) 48 (94.1%) 26 (96.3%) 1 (16.7%) 

ST288 0 (0%) 0 (0.0%) 0 (0%) 0 (0%) 1 (16.7%) 

ST86 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1 (16.7%) 

ST104 0 (0%) 0 (0%) 1 (1.9%) 0 (0%) 1 (16.7%) 

ST1062 1 (2.1%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 

ST145 0 (0%) 0 (0%) 1 (1.9%) 0 (0%) 0 (0%) 

ST73 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1 (16.7%) 

ST171 0 (0%) 1 (1.3%) 0 (0%) 0 (0%) 0 (0%) 

New ST 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1 (16.7%) 

Total 

Isolates 

47 74 51 27 6 

 

*The total number of strains does not add up to 208 since two O45 isolates had missing sequence 

type and the serotype of one isolate was unknown; thus, these isolates were excluded from the 

table. 
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Table 4.6. Univariate analysis identifying sequence types (STs), stratified by serotype, 

associated with antibiotic resistance in non-O157 Shiga toxin-producing E. coli (STEC) in 

Michigan 2010-2014 

Variable Total 

strains* 

Univariate analysis 

No (%) Resistant Odds Ratio (95% 

CI) † 

p value‡ 

Serotype O111 

   ST119 

   ST106 

   Other STs 

 

27 

1 

26 

0 

6 (22.2%) 

0 (0.0%) 

6 (23.1%) 

- 

 

1.0 

Undefined 

- 

 

- 

1.0 

- 

Serotype O45 

   ST119 

   ST106 

   Other STs 

 

47 

46 

0 

1 

5 (10.6%) 

5 (10.9%) 

- 

0 (0.0%) 

 

Undefined 

- 

1.0 

 

1.0 

- 

- 

Serotype O103 

   ST119 

   ST106 

   Other 

 

74 

71 

2 

1 

5 (6.8%) 

4 (5.6%) 

0 (0.0%) 

1 (100.0%) 

 

0.0 (Undefined) 

0.0 (Undefined) 

1.0 

 

0.07 

0.33 

- 

Serotype O26 

   ST119 

   ST106 

   Other 

 

51 

1 

48 

2 

3 (5.9%) 

0 (0.0%) 

3 (6.2%) 

0 (0.0%) 

 

0.0 (Undefined) 

Undefined 

1.0 

 

0.33 

1.0 

- 

Other serotypes 

   ST119 

   ST106 

   Other 

 

6 

0 

1 

5 

4 (66.7%) 

- 

1 (100.0%) 

3 (60.0%) 

 

- 

0.0 (Undefined) 

1.0 

 

- 

1.0 

- 

 

*Depending on the variable examined, the number of isolates does not add up to the total 

(n=209) because of missing data. In addition, isolates of a certain serotype may not belong to 

certain STs and are indicated by a zero value.  

† 95% confidence interval (CI) for odds ratio (OR) 
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Table 4.6 (cont’d) 

‡ p value was calculated by Chi-square test and Fisher’s exact test was used for variables <5 in at 

least one cells. € Wald 95% confidence intervals (CI) 
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Figure 4.1. Distribution of horizontally acquired antibiotic resistance genes (ARGs) (n=33) 

by mechanism of action. A) Proportion of genes by mechanism of resistance; B) Proportion of 

antibiotic inactivation genes present in STEC genomes by serotypes (n=30); C) Proportion of 

antibiotic efflux genes present in STEC genomes by serotypes (n=24); and D) Proportion of 

cellular protection/target replacement genes present in STEC genomes by serotypes (n=24) 
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Figure 4.2. Frequencies of Shiga toxin-producing E. coli (STEC) non-O157 isolates (n=208) 

with at least one horizontally acquired antibiotic resistance gene 
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Figure 4.3. Diversity of horizontally acquired antibiotic resistance genes (ARGs) detected 

in 208 Shiga toxin-producing E. coli (STEC) non-O157 isolates in Michigan 
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Figure 4.4. Co-occurrence matrix of horizontally acquired antibiotic resistance genes (ARGs). The matrix represents the co-

occurrence gene counts. Larger values are represented by a darker shade of green and indicate higher co-occurrence of two ARGs 
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Figure 4.5. Network analysis depicting co-occurrence of horizontally acquired ARGs in 208 

Shiga toxin-producing E. coli (STEC) non-O157 isolates. Larger and dark blue nodes indicate 

that these ARGs have more connections than smaller, red colored nodes. Additionally, the solid 

red edge lines connecting ARG nodes indicate that these ARGs occur together more frequently 

than those nodes connected by dashed blue lines  
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Figure 4.6. Distribution of Shiga toxin-producing E. coli (STEC) non-O157 sequence types 

(STs) in Michigan, 2010-2014 
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Figure 4.7. Evolutionary relationship between non-O157 Shiga toxin-producing E. coli 

(STEC) (n=205) from 2011-2014 by MLST sequence types defined by seven loci and 

antimicrobial resistance patterns. The evolutionary relationship was inferred by the Neighbor-

Joining method; and the evolutionary distances were computed using the Maximum Composite 

Likelihood model and pairwise deletion of positions with gaps. The Bootstrap values (1000 

replicates) are indicated next to the branches which represent the % of replicates that support the 

branch. MEGAX software was used to generate the tree 
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CHAPTER 5 

Antimicrobial Resistance Profiles of Shiga Toxin-Producing Escherichia coli (STEC) recovered 

from Cattle in Michigan 
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ABSTRACT 

The importance of cattle as a reservoir of Shiga toxin-producing E. coli (STEC) has been reported 

in numerous studies, with STEC prevalence rates per herd reported to be up to 70%. In addition, 

high frequencies of resistance to antibiotics important in both human and veterinary medicine have 

been reported in STEC isolates from animals. The primary goal of this study was determining the 

frequency of antibiotic resistance in STEC isolates recovered from cattle in Michigan. A total of 

121 STEC isolates were recovered from 75 fecal samples in cattle at six farms in Michigan; isolates 

were tested for susceptibility to ampicillin, ciprofloxacin, trimethoprim-sulfamethoxazole and 

tetracycline. Non-O157 isolates had significantly higher frequencies of antibiotic resistance 

(50.0%) than O157 isolates (0.0%) (Fisher’s exact p value<0.0001). All resistant isolates were 

observed to be eae-negative and isolates possessing stx2 (55.9%) more likely to be resistant than 

those with stx1 only or both stx1 and stx2 (4.8%) [Odds Ratio (OR): 24.9; 95% Confidence Interval 

(CI): 7.0, 88.8). At the animal level, 28% of the 75 animals had at least one antibiotic resistant 

isolate, with high frequencies of tetracycline (28%) resistance and trimethoprim-sulfamethoxazole 

resistance (16%); resistance to ampicillin and ciprofloxacin were not observed. Resistant STEC 

was only detected in beef farms (42.0%) compared to dairy farms (0.0%) (Fisher’s exact p 

value<0.0001) and resistance to trimethoprim-sulfamethoxazole was only observed in one beef 

herd. Two antibiogram patterns were observed; nine (12%) isolates were resistant to tetracycline 

and 12 (16.0%) were resistant to both tetracycline and trimethoprim-sulfamethoxazole. 

Continuous monitoring of antibiotic resistance in clinical as well as animal STEC isolates is 

warranted to help combat the emerging problem of antibiotic resistance in STEC. In addition, 

identification of farm and animal management specific factors may also play a crucial role in 

controlling the spread of antibiotic resistance. 
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INTRODUCTION 

 Shiga toxin-producing E. coli (STEC), an important human pathogen, is commonly 

isolated from livestock such as cattle, sheep and pigs (1-3). The role of cattle as a reservoir has 

gained attention due to the high prevalence rates of both O157 and non-O157 serotypes (3-6) and 

the number of outbreaks linked to beef products (7). Moreover, occupational and recreational 

contact with animals, including cattle, were identified as important risk factors for STEC infection 

in humans (8-10). These findings have prompted the study of factors associated with STEC 

shedding in cattle (11-13); for instance, Venegas-Vargas et al. identified temperature and lactation 

period to be important for STEC shedding in dairy cattle (11). The identification of such factors is 

crucial to develop long-term strategies to reduce shedding levels in reservoir animals and reduce 

the likelihood of STEC transmission to humans.  

Antibiotics are widely used in food animals for treatment of infections and prophylactic 

purposes and have also previously been used for growth enhancement (14). Antibiotics such as 

amoxicillins, penicillins, fluoroquinolones, sulfonamides and chlortetracycline are approved for 

use in cattle (14); most of these drugs or variants of these drugs are used in human medicine. The 

negative impacts of the widespread use of antibiotics in food animals prompted the World Health 

Organization to call for more prudent use of antibiotics (15). In an effort to control the spread of 

antibiotic resistance, the use of tetracycline as a growth promotant in animals was banned in 

Europe (16, 17) while the Center for Veterinary Medicines of Food and Drug Administration 

(FDA) has called for the elimination of antimicrobial drugs used for growth promotion by 

transitioning from over-the-counter-prescription (OTC) to veterinary feed directive status (VFD) 

(18). In 2016, 96% of all medically important antibiotics that were used in agricultural settings had 
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an OTC status whereas only 1% of medically important antibiotics were under VFD dispensing 

status (19).  

The prevalence of antibiotic resistant STEC in cattle has been documented in several 

studies (20-22). For instance, Schroeder et al. detected antibiotic resistant STEC from cattle in 

different geographic locations and reported high frequencies of resistance to tetracycline and 

sulfamethoxazole, which are both widely administered to cattle (21). Other studies have examined 

the association between antibiotic use in food animals and antibiotic resistance rates in both 

humans and farm animals. In one study, identical antimicrobial resistance patterns were found in 

E. coli isolates from livestock and their farming families (23), highlighting the importance of 

elucidating the effects of agricultural antibiotic use on humans. In another study, Chantziaras et al. 

documented correlations between veterinary-associated antibiotic use in seven European countries 

and antibiotic resistance in commensal E. coli isolates from cattle, pigs and poultry (24).  

While widespread use of antibiotics in the agricultural environment is common, the effects 

of antibiotic use are not well characterized, particularly for STEC given that the CDC has yet to 

characterize it as a serious antibiotic resistant threat (25). The use of antibiotics in food animals 

promotes selection of resistant foodborne pathogens that can have negative effects on human 

health. Such negative effects could be due to the consumption of food contaminated with resistant 

bacteria, direct contact with animals harboring resistant bacteria or mobile transfer of resistant 

genes to other clinically important pathogens. Consequently, numerous studies have called for the 

surveillance of antibiotic resistance in food animals worldwide (26, 27). Since cattle are an 

important reservoir for STEC, the emergence of antibiotic resistance in STEC in cattle and 

subsequent transmission to humans is very likely. Thus, this study was undertaken to determine 
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the frequency of antibiotic resistance in cattle-derived STEC isolates recovered from animals at 

six dairy farms and beef feedlots in Michigan.  

MATERIALS AND METHODS 

Sampling of herds and isolation of STEC 

A subset of STEC isolates that were collected as part of the study carried out by Venegas 

Vargas et al. (11) were used in this study. Only a subset of isolates from the original study were 

examined here as some STEC isolates could not be recovered upon subculture. Although the stx 

profiles of the original isolates that were examined by Venegas-Vargas et al. were known, the 

original isolates either lost the bacteriophages encoding the stx genes or were not cultivable (28). 

Thus, these isolates were not included in this study. A total of 121 STEC isolates from 75 cattle 

from six herds in Michigan, collected between May 21st and August 27th of 2012, were tested as 

multiple isolates were recovered from the same animal. Overall, 50 STEC strains were isolated 

from dairy herds, while 71 STEC isolates were isolated from beef herds (Table 5.1) 

DNA was extracted using the E.Z.N.A.® DNA/RNA Isolation Kit and isolates were 

confirmed for the presence of the uidA gene (1487 bp) encoding β-glucuronidase, eae (482 bp) 

encoding intimin and stx1 (244 bp) and/or stx2 (324bp) encoding Shiga toxin variants using 

multiplex PCR. The primers were used for each gene are provided in Table 5.2. The PCR cycle 

consisted of an initial denaturation step at 95°C for 10 min followed by 30 cycles of 15 s at 95°C, 

15 s at 65°C and 30 s at 72°C, and a final extension for 3 min at 72°C. The serotypes of isolates 

were previously confirmed by molecular typing using PCR (28). On examining the STEC isolates 

recovered from 75 animals, ten animals had >1 distinct virulence gene/serotype profiles. 
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Antimicrobial susceptibility testing 

The Kirby-Bauer disc diffusion test was used to determine antimicrobial susceptibility 

profiles of cattle isolates. The antibiotic susceptibility profiles to ampicillin (10 µg), trimethoprim-

sulfamethoxazole/SXT (25 µg), ciprofloxacin (5 µg) and tetracycline (30 µg) were determined 

using Mueller Hinton agar plates. These antibiotics were selected because of their importance for 

human and veterinary medicine. After an incubation period of 18-20 hours at 37oC, the zone of 

clearance around each Oxoid™ antibiotic disc was measured in millimeters. Strains were classified 

as resistant or susceptible as recommended by the Clinical Laboratory Standards Institute (CLSI) 

(29). Escherichia coli ATCC 25922 was used as the quality control strain for antimicrobial 

susceptibility testing in each experiment.  

Data analysis 

Isolate identification information and susceptibility profiles were managed using Microsoft 

Access and Excel. SAS version 9.3 (SAS Institute, Cary, NC, USA) and Epi Info™ 7 was used for 

all statistical analyses. The frequencies of antibiotic resistance were reported at both the animal 

level and at the isolate level. The frequency of antibiotic resistance at the animal level was defined 

as the number of cattle with at least one antibiotic resistant STEC divided by the total cattle in the 

study.  

 The cluster heat map was created using the seaborn.clustermap package and Python 

programming language. The cluster heat map was generated by hierarchical clustering of Euclidian 

distances using the Ward clustering method. If multiple STEC isolates with the same virulence 

gene profile and serotype were recovered from one animal, only one isolate was included when 

creating the cluster heat map. However, if isolates with different molecular profiles were isolated 
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from the same animal, both isolates were included in the cluster heat map. In this study, the 

molecular profile was considered to be different across isolates from the same animal if isolates 

differed based on the presence/absence of eae or if isolates had distinct stx gene profiles or by their 

serotypes. 

RESULTS 

Characteristics of cattle herds sampled for STEC 

 The six farms sampled for STEC isolates in this study were in six different counties in 

Michigan. A description of farm demographics, farm management and herd health management, 

which were compiled from questionnaires administered to farm owners and managers, is provided 

in Table 5.3. While farms 7D, 9D and 11B housed animals of the Holstein breed, animals in 10D 

and 12B were crossbred; 8B was the only farm that housed Angus cattle.  

Of the six farms, farm 12B was the only farm reporting routine use of antibiotics 

(chlorotetracycline) in feed or water for new cattle upon their arrival. All farms, except 9D, used 

antibiotics such as ampicillin, ceftiofur (Excede®, Excenel®), florfenicol (Nuflor®) and 

macrolides gamithromycin (Zactran) & tulathromycin (Draxxin) for the treatment of respiratory 

diseases. For the treatment of foot infections, most farms administered antibiotics such as 

tetrayclines & oxytetracyclines (Oxytet 200), florfenicol (Nuflor®), ceftiofur (Excede®), 

tulathromycin (Draxxin); however, 10D was the only farm that used copper sulfate as the sole 

treatment for foot infections. Oxytetracycline (Oxytet 200) and tulathromycin (Draxxin) were used 

in 11B and 12B, respectively, for the treatment of arthritis. The herds with dairy cattle were 

reported to have been given antibiotics such as oxytetracyclines, lincosamide pirlimycin (Pirsue®), 

ceftiofur (SpectraMast® LC), cephapirin (ToDay®) and ampicillin (Polyflex®) for the treatment 
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of clinical mastitis and metritis. All six farms were reported to have contact with wildlife and birds 

including raccoons, rodents, skunks, deer, pigeons and starlings.   

Virulence gene and serotype profiles of cattle-derived STEC isolates 

Among the 121 stx positive isolates recovered from the subset of 75 animals included in 

the study, 32 (26.4%) were stx1 positive, 59 (48.8%) were stx2 positive and 30 (24.8%) carried 

both stx1 and stx2 genes. In addition, 53.7% (n=65) of all 121 STEC isolates also carried the eae 

gene. When stratified by type of production, dairy cattle had highest frequencies of STEC carrying 

only stx1 (n=26, 52.0%) followed by stx2 (n=16, 32.0%) and a combination of stx1 and stx2 (n=8, 

16.0%). In beef herds, STEC carrying only stx2 genes predominated (n=43, 60.6%) followed by 

isolates with both stx1 and stx2 genes (n=22, 30.9%) and stx1 only isolates (n=6, 8.4%).The 

proportion of STEC isolates recovered from cattle also varied significantly by serotype (p 

value<0.001); most isolates were non-typeable (n=25, 30.5%) followed by O157 serotypes (n=22, 

26.8%), O6 (n=16, 19.5%) and O98 (n=7, 8.5%). STEC isolates of multiple serotypes were 

observed when stratified by farm (Figure 5.1). Serotype O157 isolates were recovered from all 

farms except Farm 8B, although multiple serotypes such as O6, O103, O168 and O103 were 

recovered only from Farm 8B.  

Isolate-level antimicrobial susceptibility profiles of STEC from cattle 

 Of the 121 STEC isolates recovered from cattle and tested for antimicrobial 

susceptibility in this study, 16.5% (n=20) were isolated from farm 7D, 28.1% (n=34) from 8B, 

19.0% (n=23) from 9D, 5.8% (n=7) from 10D, 4.9% (n=6) from 11B and 25.6% (n=31) from farm 

12B. Overall, 36 (29.7%) of all isolates were resistant to one or more antibiotics, with highest 

frequencies of resistance observed to tetracycline (n=36, 29.7%) and trimethoprim-
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sulfamethoxazole (n=22, 18.2%); no resistance to ampicillin and ciprofloxacin were observed. 

Farm specific differences in antibiotic resistance were documented, with highest frequencies of 

antibiotic resistant STEC recovered from Farm 8B (n=27, 79.4%) followed by Farm 12B (n=8, 

25.8%) and Farm 11B (n=1, 16.7%); isolates from farms 7D, 9D and 10D were pansusceptible 

(Figure 5.2). 

When stratified by serotypes, non-O157 isolates (n=30, 50.0%) had significantly higher 

frequencies of antibiotic resistance than O157 isolates (n=0, 0.0%) (Fisher’s exact p value<0.0001) 

(Table 5.4). Of the non-O157 serotypes, resistant isolates belonged to serotypes O6 (n=15, 93.7%), 

O168 (n=4, 100.0%) and non-typable (NT) (n=11, 44.0%). However, O6 isolates, which were 

recovered exclusively from Farm 8B, had significantly higher frequencies of resistance to one or 

more antibiotics (n=15, 93.7%) when compared to all other serotypes (n=15, 22.7%) (Chi-square 

p value<0.0001).  

Significant differences were observed by stx-profile, with strains possessing stx2 (n=33, 

55.9%) more likely to be resistant than those possessing only stx1 or a combination of stx1 and 

stx2 (n=3, 4.8%) (OR: 24.9; 95%CI: 7.0, 88.8). Of the non-O157 isolates, 28 (71.8%) of the 

resistant isolates carried the stx2 gene, while both stx1 and stx2 positive isolates (n=2, 100.0%) 

were resistant; no stx1 positive resistant non-O157 isolate were observed. Of the 65 strains that 

were eae-positive, none of them were resistant. When compared to eae-negative strains, eae-

positive were less likely to be resistant (n = 0; 0.0%) than eae-negative strains (n = 36; 64.3%). 

Furthermore, when stratified by serotype, of all the 60 non-O157 isolates, all resistant non-O157 

isolates were eae-negative (n=30, 78.95%).  
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Animal-level antimicrobial susceptibility profiles of STEC from cattle 

Since multiple isolates, which may be duplicates, were isolated from the same animal, we 

also sought to determine the overall animal level frequency of antibiotic resistance. Overall, the 

animal-level frequency of antibiotic resistance in STEC, which was defined as resistance to at least 

one antibiotic, was 28% (n=21). Frequencies of animal-level resistance to tetracycline (n=21, 

28.0%) were higher than those observed for trimethoprim-sulfamethoxazole (n=12, 16.0%) 

(Figure 5.3), although this difference was not significant (Chi square p value=0.076).  No 

resistance to ampicillin and ciprofloxacin was observed. Only two antibiogram patterns were 

detected in this study (Figure 5.3). The most common pattern was resistance to tetracycline only 

(n=9, 12.0%) followed by resistance to both tetracycline and trimethoprim-sulfamethoxazole 

(n=12, 16.0%). Resistance to trimethoprim-sulfamethoxazole only were not observed. 

When stratified by herd, the highest frequency of antibiotic resistance was observed in 

herds 8B (n=15, 75%) and 12B (n=5, 20.8%) followed by herd 11B (n=1, 16.6%), the three 

feedlots (Table 5.1). Herd 8B had significantly higher frequencies of resistance (Fisher’s exact p 

value<0.001) when compared to herds 11B and 12B. In addition, animals belonging to Herd 8B 

were significantly more likely to be resistant to one or more antibiotic than isolates belonging to 

Herd 12B (OR: 11.4; 95% CI: 2.78, 46.80; Fisher’s exact p value=0.0006). No antibiotic resistant 

STEC isolates were recovered from the three dairy herds examined in this study.  

A cluster map shows clustering of antibiogram patterns by animals and herd (Figure 5.4). 

Two distinct clusters, Cluster A and Cluster B, were formed when animals were clustered 

according to the resistance levels of each STEC isolate. Cluster A, which comprised of animals 

with resistance to tetracycline and trimethoprim-sulfamethoxazole, only included animals from 

Herd 8B, Herd 11B and Herd 12B. A total of 53.8% of all STEC isolates with only tetracycline 
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resistance were recovered from animals in herds 8B and12B; one strain from 11B was resistant 

solely to tetracycline. Isolates with resistance to both drugs were isolated from animals belonging 

to Herd 8B only while none of the isolates were resistant to trimethoprim-sulfamethoxazole only. 

Compared with all other herds, isolates with any trimethoprim-sulfamethoxazole resistance were 

significantly more common in animals from Herd 8B (Fisher’s exact p value<0.0001).  

On examining the antibiotic resistant isolates in herds 8B, 11B and 12B, differences in 

serotypes of resistant STEC were observed (Figure 5.5 A). In Herd 8B, significantly higher 

proportions of resistant STEC isolates were O6, followed by O168 and non-typable (NT) strains 

(p value=0.0052). While all resistant STEC isolates recovered from cattle in 12B were non-

typable, the serotype of the resistant isolate from Herd 11B was unknown. When stratified by 

serotype, all three farms had high proportions of antibiotic resistant isolates carrying the stx2 gene 

(Figure 5.5 B). In Herd 8B, the proportions of resistant isolates with stx2 gene were significantly 

higher than those with stx1 gene (p value<0.0001). Although not significant, the proportions of 

resistant STEC isolates in Herd 12B with stx2 genes were higher (n=6. 75.0%) than those with a 

combination of stx1 and stx2 (n=2, 25.0%). 

Variations in herd and farm management practices for herds were observed which may 

explain differences in antibiotic resistance frequencies (Table 5.5) Antibiotic resistant STEC 

isolates were more frequently recovered from beef operations (n=21, 42.0%) than dairy operations 

(n=0, 0.0%). Herds with cleaning practices reported significantly lower frequencies of antibiotic 

resistant isolates (n=6, 10.9%) compared to those not using any cleaning practices (n=15, 75.0%). 

Herd 8B, which had high frequencies of antibiotic resistant isolates, did not report the use of any 

cleaning practices unlike other herds. In addition, the use of more than one antibiotic for the 

treatment of infectious diseases such as foot infections, respiratory diseases and mastitis (only 
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applicable to dairy farms) significantly lowered the likelihood of antibiotic resistant STEC 

infections (OR:0.04; 95% CI: 0.01-0.15). Although tetracycline is administered in instances of 

foot infection in Herd 7D, no antibiotic resistant STEC isolates were recovered from this herd; 

although, this may be due to the small sample size of isolates tested. In Herd 11B, where one 

tetracycline resistant isolate was recovered, Oxytet 200 is administered for both foot infections 

and arthritis. Additionally, chlortetracycline is administered in feed and water in Herd 12B which 

may be a factor driving the high frequencies of tetracycline resistance (20.8%) observed in this 

herd. In Herd 8B, where STEC isolates with resistance to tetracycline and trimethoprim-

sulfamethoxazole were recovered, none of these antibiotics are reported to have been administered. 

Since only six farms were sampled and the management practices varied considerably due to the 

type of cattle production system (beef or dairy), we were unable to conduct a multivariate analysis 

to identify factors associated with antibiotic resistant STEC infections in cattle. 

DISCUSSION 

 Shiga toxin-producing E. coli is an important human pathogen resulting in 265,000 cases 

of food infections every year in the US (30). Animals such as sheep, cattle and pigs play an 

important role in the transmission of STEC infection to humans since they serve as reservoirs of 

STEC (1-3). In beef cattle, the prevalence rates of O157 and non-O157 STEC has been reported 

range between 0.2-27.8% and 2.1-70.1%, respectively (4), while worldwide prevalence rates for 

dairy cattle range from 0.2-48.8% for O157 and 0.4-74.0% for non-O157 isolates (5). In our prior 

Michigan study, the STEC prevalence rates varied by herd ranging from 10.9%-53.7% (11).  

In the US, 5.7x106 kgs of medically important antibiotics and 4.2x106 kgs of non-medically 

important antibiotics are administered for production and therapeutic purposes in animals (19). 

The use of antibiotics in feed additives has generated a lot of controversy with advocates of their 
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use skeptical on whether these sub-inhibitory concentrations select for resistance (31). Indeed, 

Thomas et al. characterized the effect of feed additives on the resistome of feedlot cattle and did 

not observe any correlations between administration of feed antibiotics and the presence of 

antibiotic resistance genes (ARGs) in the gut microbiome (32). However, selection of resistant E. 

coli and Salmonella enterica have been shown to occur at very low antibiotic concentrations (33).  

In cattle, tetracyclines such as chlortetracycline and oxytetracycline, are commonly 

administered. Indeed, in 2016, tetracyclines were the most widely used antibiotic in both food 

producing animals (cattle, swine etc.) and non-producing animals (horses, dogs etc.), with 5.8x106 

kgs (42%) of total antimicrobials sold in the US (19). In food animals, tetracyclines have been 

used for the treatment of respiratory infections, dermal and soft tissue infections, peritonitis, 

metritis and enteric infections (34). Tetracyclines have also been administered for growth 

promotion and prophylactic measures through drinking water or as feed additives (34, 35). Herd 

12B, one of the three farms in our study with tetracycline resistant isolates, was the only farm that 

reported the use of chlortetracycline on arrival of new animals as a preventative measure; 

chlortetracycline was added to water at 2gms/head/day for five days every month. Additionally, 

Herd 11B, which had tetracycline resistance in 1 of the 6 strains examined, oxytetracycline (Oxytet 

200) was given to cattle for the treatment of foot infections and arthritis. These results are 

consistent with a study conducted by Cha et al. showing high frequencies of tetracycline resistant 

Campylobacter jejuni isolates in cattle from herds 11B (Farm B) and 12B (Farm C) (36). Since, 

both STEC and C. jejuni were isolated from fecal samples of the same animals in these farms, 

these findings could suggest that the microbiome of livestock can serve as a potential reservoir of 

ARGs, resulting in horizontal transfer of ARGs between pathogenic and non-pathogenic bacteria. 

Indeed, tetracycline resistance genes, encoding efflux pumps and ribosomal protection proteins, 
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have been found on mobile genetic elements such as plasmids and conjugative transposons (37). 

By creating a selection pressure due to the constant administration of antibiotics, mutations in 

resistance genes may emerge or antibiotic resistance genes residing on mobile genetic elements 

may persist in the bacterial population (38). 

It is noteworthy that one feedlot, Herd 8B, had significantly higher frequencies of 

resistance when compared to all other herds. Indeed, 8B was the only herd with isolates that were 

resistant to both trimethoprim-sulfamethoxazole and tetracycline. Interestingly, this herd only 

reported the use of florfenicol (Nuflor®) for treatment of respiratory diseases and foot infections; 

the current use of tetracyclines and sulfonamides were not reported. This finding suggests that 

resistance to tetracycline and trimethoprim-sulfamethoxazole is maintained in this herd in the 

absence of selective pressures created when using these two antibiotics. It is therefore possible that 

STEC isolates may contain genetic elements with resistance genes that confer a fitness advantage 

or are co-selected. The small plasmid p9123, which contains the strA-strB-sul2-tet(A) resistance 

gene cluster conferring resistance to streptomycin, sulfonamides and tetracycline (39), for 

instance, has been shown to confer a 4% fitness advantage to E. coli in the absence of selective 

pressures (40). Hence, a genomic analysis of the genetic determinants of antibiotic resistance and 

lineages of STEC circulating in the cattle reservoir, may provide additional information about the 

prevalence of ARGs and mobile genetic elements that persist in STEC.  

 Although we have previously documented ampicillin resistance in clinical STEC isolates 

(41) (Chapter 2), we did not detect resistance to ampicillin in any of the cattle-derived isolates 

examined, although farm 7D reported the use of ampicillin for the treatment of respiratory 

infections. This finding may indicate that ampicillin resistance observed in human isolates may 

exclusively be driven by the use of ampicillin and other β-lactam drugs in clinical settings (42, 
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43), or that our sampling scheme prevented detection of resistant isolates. Penicillin antibiotics are 

commonly used for the treatment of mastitis, respiratory diseases, diarrheal illnesses and other 

illnesses (44). Although ampicillin resistance has not been detected in any of the STEC isolates 

recovered from cattle in the current study, considering the use of penicillin antibiotics for 

therapeutic purposes in cattle and the ease of transmission of antibiotic resistance genes through 

populations, continuous monitoring of cattle isolates is warranted to track the emergence of 

ampicillin resistance in commensal and pathogenic bacteria. It is also possible that distinct 

antibiotic resistant STEC lineages may be circulating in clinical and community settings compared 

to those found in the farm environments. Further investigations into the genetic diversity of STEC 

isolates from cattle is warranted to further test this hypothesis.  

 Beef and dairy cattle differ in their operations with dairy calves raised intensively and 

administered more antibiotics than beef cattle (45). In dairy farms, respiratory and diarrheal 

infections are a problem in pre-weaned calves and therefore, young animals are given medicated 

milk replacers containing antibiotics such as oxytetracycline (46). In the US, 16% of all lactating 

dairy cows receive antibiotics for the treatment of clinical mastitis each year; however, most dairy 

cows receive prophylactic amounts of antibiotics such as penicillins and cephalosporins to prevent 

the development of future mastitis (47). According to the USDA, 15.8% antibiotics are used for 

the disease prevention and production purposes in the years 2007 and 2008 in beef cattle 

production; while in 2011, 73.4% of feedlots administered antibiotics in feed when the size of an 

operation exceeded 1000 animals (46). Bok et al. reported significantly higher antibiotic resistance 

rates to ampicillin, cefuroxime, ceftazidime, neomycin, tetracycline and sulfamethoxazole in 

commensal E. coli in dairy cattle (82.3%) than in beef cattle (58.5%) (48). Additionally, high 

prevalence of ARGs such as bla-TEM, tetA and bla-CTX-M were reported STEC O157 isolates from 
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dairy cattle in South Africa (49). However, in our present study, we observed high antibiotic 

resistance in isolates from beef cattle; no STEC isolate from dairy cattle were found to be resistant 

to any of the four antibiotics tested. However, considering how the gut of humans and animals is 

a large reservoir of antibiotic resistance genes (50, 51), the presence of antibiotic resistant isolates 

in other pathogenic and commensal bacterial species is very likely and merits further investigation. 

Considering the importance of the gut in transfer of resistance genes, numerous studies have 

looked at the resistome of animals as well as well as environmental sources in contact with animal 

production systems (52-54). Diet has also been shown to play an important role in influencing the 

ruminal resistome in beef cattle (55). Interestingly, studies have identified differences in rumen 

bacterial communities of cows belonging to different breeds (56, 57). For instance, Paz et al. 

identified distinct clustering of bacterial communities by breed suggesting that Holstein and Jersey 

cows have different bacterial communities in the rumen (56). In our study, highest frequencies of 

resistant STEC isolates were recovered from Angus cattle in Herd 8B; thus, resistome differences 

by breed could serve as a possible explanation for this finding. Moreover, while our study is the 

first to determine antibiotic resistance in STEC isolates from cattle, a greater sample size of isolates 

from cattle, over longer periods of time, may be required to be tested to discern differences between 

STEC resistance in dairy and beef cattle operations in Michigan. Additionally, specific herd and 

farm management practices in the beef feedlots could also be responsible for high frequencies of 

resistance observed. For instance, the feedlot housing conditions in Herd 11B and 12B, which 

result in close contact between animals, may aid in the transmission of antibiotic resistant STEC 

between animals. While studies have identified risk factors associated with antibiotic resistant 

bacteria in cattle (58, 59), factors have yet to be identified for antibiotic resistant STEC. Duse et 

al., for instance, noted that feeding preweaned dairy calves with milk from cows treated with 
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antimicrobials during lactation was a risk factor of antibiotic resistance in E. coli in preweaned 

dairy calves in Sweden (58), while Berge et al. identified higher resistance levels in E. coli isolates 

from cattle in conventional versus organic farms (59). Age has also been identified as a factor 

influencing antibiotic resistance frequencies, with younger animals documented to have higher 

frequencies of antibiotic resistant organisms than older animals (60) and has been attributed to 

differences in exposure to antibiotics for treatment and growth promotion. In our study, although 

we did not sample calves, all the beef cattle were close to a year in age, compared to dairy cattle 

which were older than one year.  

Although this study is the first to report antibiotic resistance frequencies in cattle-derived 

STEC isolates from Michigan, there are a few limitations. First, since this study was designed to 

be a cross-sectional study with sampling based on convenience, we acknowledge that the 

prevalence of STEC in cattle and thus, resistance frequencies may not represent the true 

frequencies of antibiotic resistant STEC in cattle in Michigan. Furthermore, while we did observe 

high frequencies of antibiotic resistance in herds 8B and 12B, we are unable to identify factors 

associated with resistant infections in these herds specifically due to the small sample sizes. Further 

investigations into herd and farm management practices in these herds, may provide valuable 

information about practices that can help lower the prevalence of antibiotic resistant isolates in 

cattle.  

Considering the importance of cattle as a reservoir of STEC infections and the emergence 

of antibiotic resistance in both O157 and non-O157 serotypes of STEC, continuous monitoring of 

the agricultural environment for resistance and lineages associated with antibiotic resistance may 

help in the design of novel intervention strategies and policies to control the spread of antibiotic 

resistance.  
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Table 5.1. Number of STEC isolates recovered from each farm and frequencies of 

antibiotic resistance observed in Shiga toxin-producing E. coli (STEC) in six cattle herds in 

Michigan  

 

 

 

 

 

 

 

 

 

 

Herd Type of 

production 

system 

Collection 

date 

Total 

animals 

No. STEC 

tested for 

resistance 

profiles  

No. of cattle 

STEC isolates 

were recovered 

from 

% animals 

with resistant 

STEC 

7D Dairy 5/29/2012 12000 20 10 0.0% 

8B Beef 6/19/2012 54 34 20 75.0% 

9D Dairy 7/9/2012 243 23 10 0.0% 

10D Dairy 7/23/2012 530 7 5 0.0% 

11B Beef 8/13/2012 83 6 6 16.6% 

12B Beef 8/27/2012 75 31 24 20.8% 
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Table 5.2. Primers used in the study for the detection of uidA, stx and eae genes in isolates 

from cattle 

 

 

 

 

 

 

 

Gene Primer 

 

Sequence Size 

(bp) 

uidA uidA_FP 

uidA_RP 

 

5’ ATGCCAGTCCAGCGTTTTTGC 3’ 

5’ AAAGTGTGGGTCAATAATCAGGAAGTG 3’ 

 

1487 

bp 

stx1 stx1_FP 

stx1_RP 

 

5’ CGATGTTACGGTTTGTTACTGTGACAGC 3’ 

5’ AATGCCACGCTTCCCAGAATTG 3’ 

 

244 bp 

stx2 stx2_FP 

stx2_RP 

 

5’ GTTTTGACCATCTTCGTCTGATTATTGAG 3’ 

5’ AGCGTAAGGCTTCTGCTGTGAC 3’ 

 

324 bp 

eae eae_FP 

eae_RP 

 

5’ TCAATGCAGTTCCGTTATCAGTT 3’ 

5’ GTAAAGTCCGTTACCCCAACCTG 3’ 

 

482 bp 
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Table 5.3. Questionnaire derived information about the six farms in Michigan selected for this study 

 7D 8B 9D 10D 11B 12B 

Demographic Operation type Dairy Beef Dairy Dairy Beef Beef 

Breed Holstein Angus Holstein Crossbred Holstein Crossbred 

Preventative 

measures 

Antibiotic use in 

feed or water 

No No No No No Yes 

(Chlortetracycli

ne) 

Any direct fed 

microbials 

No No No No No Yes 

(Yeast mineral 

package) 

Antiparasitic No 

(but 

Panacur®, 

Cydectin® on 

occasion) 

No No 

(Cydectin® in 

the future) 

Yes 

(Cydectin®) 

Yes 

(Dectomax®) 

Yes 

(Dectomax®) 

Rumensin in the 

feed 

Yes No No No Yes Yes 

Treatment Respiratory 

Disease 

Ceftiofur, 

Ampicilin 

Nuflor® No Excede®, 

Excenel®, 

Nuflor® 

(Calf) 

Excede®, 

Nuflor®, 

Zactran, Draxxin 

Draxxin 

Foot infection Tetracycline 

(Topic) 

Nuflor® Copper sulfate= 

footbath, 

Oxytetracycline

= HCI powder, 

Excede® 

Copper sulfate Oxytet 200 Draxxin 

Arthritis Unknown No Unknown Unknown Oxytet 200 Draxxin 

Clinical 

mastitis/metritis 

 

Pirsue®, 

SpectraMast® 

N/A SpectraMast® 

LC, 

ToDay® 

ToDay®, 

Oxytetracyclin

e, Polyflex® 

N/A N/A 
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Table 5.3 (cont’d) 
        

Contact with 

other species 

Fly control Premise spray Ear tags; 

None; 

Pour-on 

insecticide 

Pour-on 

insecticide; 

Premise spray 

Yes (Premise 

spray) 

No No 

Dogs 

 

No Yes No Yes No Yes 

Cats 

 

Yes Yes Yes No Yes Yes 

Birds Yes Yes Yes Yes (Starlings, 

Pigeons) 

Yes (Sparrows, 

Starlings) 

Yes (Sparrows, 

Starlings, 

pigeons) 

Other animals Yes (raccoons, 

rodents, 

skunks, 

opossum) 

 

Yes 

(raccoons, 

rodents, 

deer, 

skunks, 

opossum) 

Yes (raccoons, 

rodents, deer, 

skunks, 

opossum) 

Yes (raccoons, 

rodents, deer) 

Yes (raccoons, 

rodents, skunks) 

Yes (raccoons, 

rodents, skunks, 

opossum, 

weasel) 

Cleaning Method  Scrape; 

Spread lime; 

Vacuum tank 

None Scrape; 

Wash/Power 

Wash 

Scrape; 

Wash/Power 

wash, spread 

lime 

Wash/Power 

Wash 

Spray a 

disinfectant 

Feedbunks Once a day  winter twice a 

week, summer 

once a month 

Once a week When needed  

Waterers 

 

Once a week Once per 

day 

Once a week Once a week 20 per month  

Environment Temperature 

 

71oF (61-

80oF) 

78oF (66-

90oF) 

76oF (63-89oF) 85oF (73-

97oF) 

68oF (62-73oF) 75oF (65-84oF) 
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Table 5.4. Antibiotic resistance in 121 Shiga toxin-producing E. coli (STEC) isolates 

recovered from cattle, by serotype. Abbreviation: AMP, ampicillin; CIP, ciprofloxacin; SXT, 

trimethoprim-sulfamethoxazole; TET, tetracycline 

Serotype Total 

Isolates* 

Any 

Resistance 

AMP 

Resistance 

CIP 

Resistance 

SXT 

Resistance 

TET 

Resistance 

No. (%) 

 

No. (%) No. (%) No. (%) No. (%) 

O157 

 

22 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 

Non-

O157 

60 30 (50.0%) 0 (0.0%) 0 (0.0%) 19 (41.0%) 30 (50.0%) 

   NT 

 

25 11 (44.0%) 0 (0.0%) 0 (0.0%) 4 (16.0%) 11 (44.0%) 

   O103 

 

2 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 

   O121 

 

1 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 

   O168 

 

4 4 (100.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 4 (100.0%) 

   O169 

 

1 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 

   O26 

 

1 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 

   O45 

 

3 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 

   O6 

 

16 15 (93.7%) 0 (0.0%) 0 (0.0%) 15 (93.7%) 15 (93.7%) 

   O98 

 

7 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 

 

Isolate numbers for individual antibiotics do not always add up to the total number of isolates 

with any resistance because some isolates were resistant to more than one antibiotic.  

‡ 39 isolates had unknown serotypes and were excluded from this analysis. 
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Table 5.5. Univariate analysis of factors associated with antibiotic resistant Shiga toxin-

producing E. coli (STEC) in cattle belonging to six herds in Michigan 

Characteristic Total 

Strains 

No. (%) 

Resistant 

OR (95% CI) † p value‡ 

Operation Type 

   Beef 

   Dairy 

 

50 

25 

 

21 (42.0%) 

0 (0.0%) 

 

- 

 

<0.0001 

- 

Breed 

   Holstein 

   Angus 

   Crossbred 

 

26 

20 

29 

 

1 (3.8%) 

15 (75.0%) 

5 (17.2%) 

 

1.0 

75.0 (7.9-704.8) 

5.2 (0.57-47.9) 

 

- 

<0.0001 

0.10 

Antibiotic use in feed or 

water 

   Yes 

    No 

 

 

24 

51 

 

 

5 (20.8%) 

16 (31.2%) 

 

 

0.6 (0.18-1.82) 

1.0 

 

 

0.42 

- 

Infectious Disease 

Treatment 

   One antibiotic 

   Multiple 

 

 

20 

55 

 

 

15 (75.0%) 

6 (10.9%) 

 

 

1.0 

0.04 (0.01-0.15) 

 

 

- 

<0.0001 

Cleaning  

   Yes 

   No 

 

 

55 

20 

 

 

6 (10.9%) 

15 (75.0%) 

 

0.04 (0.01-0.15) 

1.0 

 

<0.0001 

- 

 

† 95% confidence interval (CI) for odds ratio (OR) 

‡ p value was calculated by Chi-square test and Fisher’s exact test was used for variables <5 in at 

least one cells 
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Figure 5.1. Distribution of serotypes of Shiga toxin-producing E. coli (STEC) recovered 

from cattle farms in Michigan 
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Figure 5.2. Frequency antimicrobial resistance in Shiga toxin-producing E. coli (STEC) 

isolates recovered from cattle (n=121), stratified by farm. Abbreviation: AMP, ampicillin; 

CIP, ciprofloxacin; SXT, trimethoprim-sulfamethoxazole; TET, tetracycline 
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Figure 5.3. Proportion of resistant and susceptible Shiga toxin-producing E. coli (STEC) 

isolate containing animals (n=75) in Michigan. Abbreviation: AMP, ampicillin; CIP, 

ciprofloxacin; SXT, trimethoprim-sulfamethoxazole; TET, tetracycline 
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Figure 5.4. Cluster analysis of antibiotic susceptibility patterns in Shiga toxin-producing E. 

coli (STEC) isolates (n=85) from cattle (n=75) in Michigan. The bottom matrix border shows 

the different types of antibiotics that were tested in the study. The color indicates the 

susceptibility gradient with dark blue indicating lower zone of clearance (resistant) and light blue 

indicating higher zone of clearance (susceptible). The dendrogram on the left margin indicates 

the relationship between animals in terms of the susceptibility testing profiles of STEC isolates. 

Abbreviation: AMP, ampicillin; CIP, ciprofloxacin; SXT, trimethoprim-sulfamethoxazole; TET, 

tetracycline 
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Figure 5.5. Proportion of resistant Shiga toxin-producing E. coli (STEC) recovered from 

herds 8B, 11B and 12B. A) Distribution of resistant isolates by serotype B) Distribution of 

resistant isolates by stx status 
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CHAPTER 6 

Frequency and Epidemiologic Factors Associated with Clinical Antibiotic Resistant Non-

Typhoidal Salmonella (NTS) Infections in Michigan, 2011-2014 
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ABSTRACT 

Non-typhoidal Salmonella (NTS) are important enteric pathogens causing over 1 million food-

illnesses in the US annually. The widespread emergence of antibiotic resistance in NTS isolates 

has limited the availability of antibiotics that can be used for therapy. Since Michigan is not part 

of the FoodNet surveillance system, few studies have quantified antibiotic resistance frequencies 

and identified risk factors for NTS infections. We obtained 198 clinical NTS isolates via active 

surveillance at four Michigan hospitals from 2011 to 2014 for classification of serovars and 

susceptibility to 24 antibiotics using broth microdilution. To identify risk factors for NTS 

infections and resistant NTS infections, we used case information and epidemiological data from 

the Michigan Disease Surveillance System (MDSS). In all, 30 (15.2%) isolates were resistant to 

≥1 antibiotic and 15 (7.5%) were resistant to ≥3 antimicrobial classes. An increasing trend in the 

frequency of tetracycline and multidrug resistance was observed over the four-year period, and 

resistant infections were significantly associated with longer hospital stays. The mean hospital stay 

was 5.9 days for patients with resistant isolates relative to 4 days for those with susceptible isolates. 

Multinominal logistic regression identified drinking bottled water at home to be independently 

associated with Enteritidis (Odds Ratio (OR):6.1; 95% Confidence Interval (CI): 1.25-30.18) and 

Typhimurium (OR: 6.9; 95% CI: 1.23-39.29) infections, while infection with serovars other than 

Enteritidis (OR: 4.3, 95% CI: 1.18-15.62) and fall, winter and spring seasons (OR: 3.5; 95% 

CI1.23-9.72) were independently associated with resistance. Together, these findings demonstrate 

the importance of surveillance, monitoring resistance frequencies, and identifying risk factors that 

help in the development of new prevention strategies. 
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INTRODUCTION 

The Gram-negative pathogen, Salmonella enterica, is an important public health concern, 

resulting in about 93.8 million cases of food infections globally (1). In 2015, the non-typhoidal S. 

enterica (NTS) serovars were reported to be one of the leading causes of deaths due to diarrhea, 

with 90,300 deaths reported (2). NTS infections were also estimated to result in 70 disability-

adjusted life years (DALY) lost/100,000 persons worldwide in 2010 (3). In the U.S., NTS causes 

1.2 million infections per year with 23,000 hospitalizations and 450 deaths (4). Furthermore, 

Salmonella infections have the highest mean cost of illness among all foodborne infections (5), 

and geographical differences in serovar prevalence have been documented (6). In Europe and Asia, 

for instance, S. Enteritidis was the leading cause of clinical infections in the year 2002, whereas S. 

Typhimurium was the highest in North America followed by S. Enteritidis, S. Newport and S. 

Heidelberg. Indeed, the Typhimurium and Enteritidis serovars are the leading causes of 

enterocolitis and, in severe cases, bacteremia (7). Infections with NTS can cause nausea, vomiting, 

abdominal pain, myalgias (muscle pain) and arthralgias (joint pain), while hepatomegaly (liver 

enlargements) and splenomegaly (spleen enlargements) can develop in a subset of cases (7) and 

systemic infections can occur in immunocompromised patients (8).   

NTS has been frequently isolated from commercially raised chickens and other poultry (9, 

10) and contact with cattle, pigs, horses and other domestic animals are important risk factors for 

NTS infections (9). In addition, approximately 74,000 infections of Salmonella infections in the 

US were attributed to reptile and amphibian exposures (11); contact with reptiles and cats was 

associated with salmonellosis in a prior Michigan study (12). Other studies, however, have 

identified risk factors for infection with specific serovars. One study in the Netherlands, for 

example, found consumption of raw eggs and products containing raw eggs to be linked to 
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Salmonella Enteritidis infections, while exposure to raw meat and playing in a sandbox were risk 

factors for S. Typhimurium infections (13). Prior history of antibiotic use, living on a livestock 

farm, and international travel were also identified as risk factors for S. Typhimurium infections in 

Canada (14). Indeed, NTS isolates have been recovered from environmental sources including 

water and soil and can often survive in these environments for extended periods of time (15-19). 

Taken together, these studies indicate the importance of the environment as a source of Salmonella 

infections in humans.  

Drug-resistant NTS infections have also emerged and are increasing in frequency in the 

U.S. resulting in high hospitalization rates and approximately $365,000,000 in medical costs (20). 

The fluoroquinolones, third generation cephalosporins, penicillins, macrolides and trimethoprim-

sulfamethoxazole are commonly prescribed for the treatment of salmonellosis, particularly in 

patients with immunocompromising conditions, young children and the elderly (21). Importantly, 

drug resistant Salmonella infections have been linked to more severe disease outcomes, including 

bloodstream infections as well as hospitalization (22), and multidrug resistant strains have 

emerged. The ACSSuT (ampicillin, chloramphenicol, streptomycin, sulfonamides and 

tetracycline) pattern of resistance, for instance, has been reported in multiple NTS serovars in 

different geographical regions (23-26). The emergence of widespread resistance in Salmonella is 

attributed to the extensive use of antibiotics in both clinical and agricultural settings (27-29), 

thereby reducing effectiveness of the commonly used antibiotics for therapy. 

Michigan is not included in the FoodNet surveillance network, which monitors the 

incidence of foodborne illnesses and collects case information associated with these illnesses in 

the U.S. Consequently, this study was performed to determine the disease burden attributable to 

NTS infections in Michigan via active surveillance over a 4-year period and identify risk factors 
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for infection. We also sought to quantify the frequency of antibiotic resistance in NTS isolates and 

identify factors associated with resistance. This study highlights the importance of enhanced 

surveillance for resistant pathogens to ensure that the most appropriate drug targets are used, and 

to identify risk factors for infection and patients with an increased risk of more debilitating 

conditions.  

MATERIALS AND METHODS 

Strain source and collection  

From 2011 to 2014, 198 NTS isolates were collected as part of the Enterics Research 

Investigational Network (ERIN) surveillance system, which was set up in collaboration with the 

Michigan Department of Health and Human Services (MDHHS) and four major hospitals in 

Michigan (Sparrow Health, University of Michigan Hospital, Spectrum Health and Detroit 

Medical Center). Isolates were cultured in Luria-Bertani (BD Diagnostics) media at 37oC under 

aerobic conditions for 18-20h and were stored in Luria-Bertani broth with 10% glycerol at -80°C 

until further testing. All protocols used in this study were previously approved by the Institutional 

Review Boards at Michigan State University (MSU; Lansing, MI, USA; IRB #10-736SM) and the 

MDHHS (842-PHALAB) as well as each participating hospital.  

Phenotypic antimicrobial susceptibility profiling  

For NTS, susceptibilities to 24 antibiotics were determined by broth microdilution using 

Sensititre GN4F Trek plates (Trek Diagnostic Systems, Cleveland, OH, USA) according to the 

manufacturer’s instructions. Eleven antibiotic classes were tested including aminoglycosides 

(amikcin, gentamicin, tobramycin), penicillins (ampicillin, piperacillin), β-lactam/β-lactamase 

inhibitor combination (ampicillin/sulbactam 2:1 ratio, pipercillin/tazobactam constant 4, 
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ticarcillin/clavulanic acid constant 2), cephalosporins (cefazolin, ceftazidime, ceftriaxone, 

cefipime), carbapenems (imipenem, doripenem, ertapenem, meropenem), tetracyclines 

(tetracycline, minocycline), fluoroquinolones (ciprofloxacin, levofloxacin), glycylcyclines 

(tigecycline), nitrofurans (nitrofurantoin), monobactams (aztreonam), and  anti-folates  

(trimethoprim/sulfamethoxazole).. The Minimum Inhibitory Concentration (MIC) was determined 

by identifying the lowest concentration of antibiotic that prevented visible bacterial growth. 

Escherichia coli ATCC 25922, which is susceptible to all antibiotics evaluated, was used as the 

quality control strain. The results of the susceptibility tests were interpreted as resistant or 

susceptible in accordance with published guidelines for susceptibility testing (30). Isolates were 

defined as multidrug resistant if they were resistant to three or more classes of antimicrobial agents. 

Data analysis 

Epidemiological data and demographic data were obtained from the Michigan Disease 

Surveillance System (MDSS) and managed using Microsoft Access and Excel. Season was 

classified as spring (March, April, and May), summer (June, July, and August), fall (September, 

October, and November) and winter (December, January, and February) based on the sample 

collection date; for those cases with a missing collection date, the stool arrival date and/or onset 

dates were used. Counties in Michigan were classified as urban or rural based on the classification 

scheme devised by the National Center for Health Statistics (NCHS); only ten Michigan counties 

were classified as urban (31). Based on the published rates of antibiotic prescription and use in 

adults and children in Michigan (32), counties were classified as having high or low prescribing 

rates. High rates were classified as those counties where hospital service areas (HSAs) had >30% 

higher use relative to the state average. Dichotomous variables were created for length of hospital 

stay by defining long hospital stays as greater than the mean stay of four days. Cases using reverse 
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osmosis for water treatment were grouped with ‘any well water consumption’ since this treatment 

is likely used by consumers of well water.   

SAS version 9.3 (SAS Institute, Cary, NC, USA) and Epi Info™ 7 were used for all statistical 

analyses. χ2 test and Fisher’s exact test were used for dichotomous variables to identify significant 

associations between the dependent and independent variables; a p value < 0.05 was considered 

significant. A univariate analysis was first conducted, and those variables found to have strong 

associations with resistance (p value < 0.20) were included in the multivariate analysis. 

Multivariate analysis using forward logistic regression was performed to build a model containing 

significant variables (p value < 0.05) along with potentially confounding factors such as age and 

sex. The Mantel-Haenszel χ2 test was used to test for trends while the student’s t-test was used for 

testing statistical significance between means.  

RESULTS 

Characteristics of non-typhoidal Salmonella (NTS) cases in Michigan  

A total of 198 clinical NTS isolates were recovered from 198 cases identified between 

January 2011 and December 2014 as part of the Michigan ERIN surveillance network (Table 6.1). 

Overall, 53.1% (n=104) of cases were male and 46.9% (n=92) were female, while most (n=82; 

41.6%) cases were between 19 and 52 years of age. Patient sex and age were not known for two 

and one cases, respectively. When stratified by race, the proportion of cases differed significantly, 

with highest frequencies of infections occurring among Caucasians (n=125; 73.9%) compared to 

African Americans (n=33; 19.5%) and other races (n=11; 6.5%) (p<0.0001).  The proportion of 

cases differed significantly among the four hospitals (p<0.0001), which could be due to variation 
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in surveillance activities across sites, yet no significant differences were observed by year 

(p=0.075). 

Significantly higher frequencies of cases occurred in those patients who had not traveled 

in the past month (n=102, 61.8%) compared to those who did (n=63; 38.2%) (p<0.001). 

Additionally, a significant difference in proportion of cases was observed in patients who had 

contact with animals (n=94; 63.1%) relative to those who did not (n=55; 36.9%) (p=0.0014). 

Among the 94 cases with a history of animal contact, 13 (13.8%) had contact with reptiles such as 

turtles and lizards, and eight (8.5%) had contact with livestock including cattle, goats and pigs. 

Contact with domestic animals (e,g., cats, dogs and rabbits) was reported in 83 (88.3%) of the 94 

cases with a history of animal contact. The most frequently reported symptoms were diarrhea 

(n=172, 97.7%) and abdominal pain (n=130, 78.8%) followed by fever (n=106, 69.3%), and 65 

patients (34.6%) were hospitalized for a duration ranging between 1 day and 17 days; the average 

duration of hospitalization was four days.  

When stratified by county, 55.9% (n=108) of the cases lived in rural counties, while 44.0% 

(n=85) were in urban counties; residence was not known for one case. Four cases resided in other 

states (Colorado, Georgia, Ohio and South Dakota), though each developed symptoms and were 

diagnosed with salmonellosis while in Michigan. We conducted a case-case analysis between rural 

and urban cases to determine differences in proportions between variables when stratified by 

residence (Table 6.2). The four cases residing in other states were excluded. The analysis indicated 

that animal contact was significantly more common in patients living in rural counties (OR: 2.1; 

95% CI: 1.05-4.06); this included contact with birds (OR: 3.7; 95% CI: 1.02-13.39) and other 

animals (OR: 5.4; 95% CI: 1.51-19.11). Although the frequency of drinking well water was higher 

in rural counties (n=17, 18.9%) than urban (n=7, 11.7%), this difference was not significant. 
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Additionally, chicken consumption was lower in rural areas compared to urban areas (OR: 0.2; 

95% CI: 0.06-0.84).  

Risk factors associated with hospitalization due to NTS infections  

To identify predictors of hospitalization, a marker for more severe infections, we conducted 

both univariate (Table 6.3) and multivariate logistic regression (Table 6.4) analyses using 

hospitalization as the dependent variable. Patients self-reporting nausea (OR:2.0; 95% CI: 1.03-

3.93) and vomiting (OR: 2.0; 95% CI: 1.03-3.72) were significantly more likely to be hospitalized. 

The frequency of hospitalization was also highest for patients over the age of 60 years (n=15, 

50.0%) when compared to patients younger than 10 years of age (n=14, 29.8%) and patients 

between 11 and 59 years (n=36; 32.4%). Moreover, patients from urban counties were more likely 

to be hospitalized (n=34; 41.5%) than those from rural areas (n=30; 28.8%). Multivariate logistic 

regression (Table 6.4) identified urban residence (OR: 2.4; 95% CI: 1.17-5.05) and nausea (OR: 

2.2; 95% CI: 1.02-4.59) to be the predictors of hospitalization with NTS infections while 

controlling for age and sex.   

Distribution of Salmonella enterica serovars in Michigan cases 

The 198 NTS isolates were classified in to 35 different S. enterica serovars; the serovar 

could not be determined for three isolates. Among the 195 typed isolates, the predominant serovar 

was Enteritidis (n=72; 36.9%) followed by Typhimurium (n=38 ;19.5%), Newport (n=19; 9.7%), 

Hartford (n=6; 3.1%), Saintpaul (n=5; 2.6%) and Heidelberg (n=4; 2.1%). The remaining 51 

isolates represented 28 different serovars with fewer than three isolates per type. Moreover, a 

subset of nine isolates were classified as  I 4, [5], 12:i:- /I 4,5,12:i- (n=3), I 4, 12:b- (n=3), I 4, 

12:i:- (n=2), and III 50:Kz (n=1) even though they are likely variants of known serovars.  
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A significant difference in the proportion of S. Enteritidis cases by hospital (p=0.02) was 

observed with highest frequencies of cases observed in Detroit Medical Center (n=24; 33.3%) and 

Sparrow Hospital (n=25; 34.7%). Additionally, proportion of S. Typhimurium cases also differed 

among the four hospitals (p=0.003), with highest frequencies of cases in University of Michigan 

Hospital (n=17; 44.7%) and Sparrow Hospital (n=13; 34.2%). Significant differences in the 

proportion of Newport cases (p=0.009) and other cases (p=0.0003) by hospital were also observed; 

one S. Heidelberg case was reported per hospital.  

When stratified by serovar, no significant differences in the proportion of cases was 

observed each year. However, when stratified by year, significant differences in the proportion of 

serovars was observed. In 2011, high proportions of Enteritidis (n=12; 21.0%) and other serovars 

(n=28; 49.1%) were observed, followed by Typhimurium (n=9; 15.8%), Newport (n=7; 12.3%) 

and Heidelberg (n=1; 1.7%) (p<0.0001). A similar trend was also observed in 2014, with the 

highest frequencies of Enteritidis and other serovar cases (p<0.001). No Heidelberg cases were 

observed in 2012; while in 2013, only Enteritidis (n=20; 58.8%), Typhimurium (n=12; 35.3%) and 

Newport (n=2; 5.9%) cases were observed (p=0.0008).  

The number of S. enterica cases also differed significantly by season, with the highest 

frequency of cases occurring in summer months (n=97; 48.9%) (p<0.0001). This trend was also 

observed when cases were stratified by serovars; in summer months, the frequencies of Enteritidis 

(n=34; 47.2%), Typhimurium (n=16, 42.1%), Newport (n=14; 73.8%), Heidelberg (n=2; 50%) and 

remaining serovars (n=29, 46.8%) were higher than in other months.  
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Furthermore, no associations between hospitalizations and serovars Enteritidis (n=21, 

30.9%) and Typhimurium (n=11, 31.4%) were observed when all other serovars were grouped as 

the reference (n=31, 37.3%).  

Risk factors for infection with specific Salmonella serovars 

To identify the risk factors for different Salmonella serovars, a multinominal logit 

regression model (Table 6.7) was fit using data generated from the univariate analysis (Table 6.5 

and Table 6.6). Several variables were found to be significant in the univariate analysis identifying 

risk factors of S. Enteritidis (Table 6.5). Higher frequencies of Enteritidis cases were observed in 

urban counties (n=40; 57.1%) compared to rural counties (n=31; 37.3%). Patients who consumed 

bottled water at home (n=11; 64.7%) were also significantly more likely to be infected by 

Enteritidis serovars than those who consumed municipal water (n=30; 37.0%). On the other hand, 

Typhimurium serovars were significantly associated with animal contact (Table 6.6), with higher 

frequencies of cases occurring in those patients who were exposed to animals (n=24; 38.1%) than 

those who were not (n=5; 15.1%). The univariate analysis also predicted contact with livestock 

(OR: 18.9; 95% CI: 2.21-162.26) and with other animals (OR: 3.1; 95% CI: 1.07-9.28) to be 

associated with Typhimurium infections. On further analysis, contact with either livestock or other 

animals is significantly associated with Typhimurium infections (OR: 4.4; 95% CI: 1.63-12.06) 

which is likely driving the association between any animal contact and Typhimurium infections. 

Thus, contact with any animal was used as the variable in the subsequent multinominal logit 

regression. For the multinominal logit regression, the outcome variable was infection with one of 

two serovars, Enteritidis or Typhimurium, while infection with the remaining serovars was used 

as the reference group. Although Newport and Heidelberg serovars are clinically important in the 

US, they were grouped in the reference group due to small sample size. Variables that were 
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associated with each outcome in the univariate analysis were included in the model as were 

potentially confounding factors such as age and sex. Variables that were found to have significant 

associations in Table 6.2 were also included in the multinominal logit regression analysis to control 

for residence. Drinking bottled water at home was found to be a predictor of both Enteritidis (OR: 

6.1; 95% CI: 1.25-30.18) and Typhimurium infections (OR: 6.9; 95% CI: 1.23-39.29). 

Additionally, females were also more likely to be infected with Enteritidis serovars (OR: 2.9; 95% 

CI: 1.04-8.12). For acquiring Typhimurium infections, contact with animals approached statistical 

significance (OR: 3.5; 95% CI: 0.99-12.13; p value= 0.052).  

Antibiotic resistance profiles of non-typhoidal Salmonella isolates  

A high frequency of antibiotic resistance was observed, with 30 of the 198 (15.1%) NTS 

isolates showing resistance to at least one antibiotic (Figure 6.1). Resistance to ampicillin (11.6%) 

and tetracycline (11.1%) was most common followed by resistance to trimethoprim-

sulfamethoxazole (2.5%), gentamicin (0.5%) and cephalosporins such as cefazolin (2.0%), 

ceftazidime (2.0%) and ceftriaxzone (1.0%). No resistance was observed to 13 out of the 24 

antibiotics tested. Multidrug resistance to > 3 antimicrobial classes was observed in 15 (7.5%) of 

the NTS isolates while four (2.0%) isolates were resistant to > 4 antimicrobial classes; nine (4.5%) 

NTS isolates were resistant to only one antimicrobial class (Table 6.8). As shown in Figure 6.2, 

only ten serovars were observed to be resistant to >1 antibiotic. Additional, stratification by serovar 

revealed a significant difference in resistance frequencies between Enteritidis and all other NTS 

serovars (Fisher’s exact p value<0.01). Furthermore, relative to S. Enteritidis, S. Typhimurium 

isolates are significantly more likely to be resistant (OR: 4.5; 95% CI: 1.27-16.22); four S. 

Enteritidis (n=72; 5.6%) and eight S. Typhimurium (n=38; 21.0%) isolates were resistant to at least 

one antibiotic (Figure 6.2).  
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Importantly, the proportion of all isolates resistant to at least one antibiotic increased over 

time, though the trend was not statistically significant (Maentel Hanzel p value= 0.077) (Figure 

6.3). Interestingly, a significant increase in tetracycline resistance (p value <0.05), cephalosporin 

resistance (p value <0.05) and multidrug resistance (p value <0.05) was observed from 2011-2014. 

No significant differences in the frequency of resistance to trimethoprim-sulfamethoxazole and 

gentamicin were observed. A comparison between all NTS isolates (Figure 6.4A) from Michigan 

and those tested by the National Antimicrobial Resistance Monitoring System (NARMS) (33) 

revealed that resistance frequencies varied by antibiotic, although no significant differences were 

observed. For Enteritidis isolates, resistance to tetracycline was lower in Michigan isolates (n=1, 

1.4%) than those tested by NARMS (n=48, 3.0%) (Figure 6.4B), although this difference was not 

significant. Additionally, frequency of resistance to ampicillin and tetracycline were higher in 

Typhimurium isolates tested by NARMS than in Michigan isolates (Figure 6.4C). However, 

resistance to trimethoprim-sulfamethoxazole was higher in Typhimurium isolates from Michigan 

(n=2, 5.3%) than isolates tested by NARMS (n=21, 1.7%), although this difference was not 

statistically significant. 

Epidemiological associations with antibiotic resistant NTS infections 

To identify factors associated with resistant NTS infections, we conducted univariate and 

multivariate analyses using resistance to at least one (>1) antibiotic as the dependent variable. The 

univariate analysis demonstrated that the odds of resistance was significantly higher in 

Typhimurium isolates (OR: 4.5; 95% CI: 1.27-16.22) and other NTS serovars (OR: 4.6; 95% CI: 

1.47-14.20) compared to Enteritidis serovars (Table 6.9). Since the frequencies of resistance >1 

antibiotic was similar for Typhimurium and other NTS serovars, they were grouped together for 

the subsequent multivariate analysis. Outbreak-associated strains were also 6.6 times (95% CI: 



236 

 

1.06-40.49) more likely to be resistant; however, the sample size was small and prevented 

inclusion in the multivariate analysis.  

Higher resistance frequencies were also observed in counties with low antibiotic 

prescribing rates (n=26, 16.9%) compared to counties with high rates (n=4, 10.3%), although this 

difference was not statistically significant. Furthermore, frequencies of antibiotic resistant 

infections were higher in urban areas (n=15, 17.6%) than in rural areas (n=15, 13.9%). Variation 

in the frequency of resistant infections was also observed by season with the lowest frequencies 

occurring in the summer months (n=10, 10.3%) compared to winter, spring and fall (n=20, 19.8%) 

(OR: 2.1; 95% CI:0.95-4.86)).  

Importantly, higher frequencies of antibiotic resistant infections were observed in 

hospitalized patients with longer hospital stays (n=6, 26.09%) compared to those patients with 

short hospital stays (n=5, 13.89%), however, no significant difference in these frequencies were 

observed. Multivariate analysis using forward regression indicated that all serovars other than 

Enteritidis were more likely to be resistant to at least one antibiotic (OR: 4.3; 95% CI: 1.18-15.62) 

than S. Enteritidis, and resistant NTS infections were also more likely to occur in winter, spring 

and fall (OR:3.5; 95% CI:1.23-9.72) than in summer. 

DISCUSSION 

In 2017, FoodNet reported the incidence of infection for Salmonella to be 16.0 per 100,000 

people; the incidence rate for Enteritidis was 2.6 per 100,000 while for Typhimurium it was 1.4 

per 100,000 (34). As an important food pathogen in the US, it is crucial to conduct continuous 

surveillance of NTS in order to form informed policies to reduce the disease burden. Since, 

Michigan is not one of the ten states included in the FoodNet surveillance network, our study is 
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one of the few that aims to determine factors associated with clinical NTS infections using a subset 

of NTS isolates recovered from clinical cases in Michigan. Additionally, this study is the first to 

determine antimicrobial resistance profiles and predictors of resistance in NTS using isolates 

collected from an active surveillance system in Michigan.  

Interestingly, Younus et al. described the incidence and risk factors of S. Enteritidis 

infections using isolates from 1995-2001 collected by the Michigan Department of Community 

Health (35). This study identified children below the age of 4 years to be at a higher risk for S. 

Enteritidis infection. Thus, to build on this study and to determine risk factors for other NTS 

serovars, we conducted a multinominal logit regression to identify predictors of serovars 

Enteritidis and Typhimurium using isolates collected from the time-period 2011-2014. Our study 

identified drinking bottled water at home as a significant risk factor for acquiring both Enteritidis 

and Typhimurium infections. While drinking water from private wells that have been contaminated 

with human and animal feces (36) and unchlorinated ground water (37) have been associated with 

Salmonella infections, no study, to our knowledge, has identified bottled water as a risk factor of 

Salmonella infections. However, in 2016, Norovirus contamination of bottled water has been 

linked to an outbreak in Spain (38). Additionally, bottled water was also found to be a risk factor 

for Campylobacter infections in Cardiff, United Kingdom and has been suggested as a potential 

vehicle of transmission. People who drank bottled water and cold tap water were more likely to 

have been positive for Campylobacter than those who did not (39). Additionally, Salmonella spp. 

have also been isolated from bottled water in Bangladesh, having serious public health 

implications (40). While residence was not identified as significant predictor of NTS serovars in 

the multinominal logit regression, it is interesting to note that the frequency of Enteritidis cases 

were higher in urban areas compared to rural regions. Previous studies have documented a lower 
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prevalence of Enteritidis serovars compared to other serovars, such as Typhimurium, in the farm 

environment. Thomas et al. observed extremely low frequencies of S. Enteritidis isolated from 

tributaries located in rural areas in Canada (41). Additionally, low frequencies of S. Enteritidis 

were isolated from animals in Alberta (42); thus, providing some insights into whether other 

Salmonella serovars may be more widespread in the environment than Enteritidis. In addition, we 

found that the association between Typhimurium infections and animal contact approached 

statistical significance. Furthermore, we found that animal contact in rural areas is associated with 

NTS cases. Indeed, this observation has been recognized by many studies conducted worldwide. 

A study in Canada suggested that living on a livestock farm was an independent risk factor for 

acquiring S. Typhimurium DT104 infections (14). Furthermore, using phenotypic and genotypic 

methods, Hendriksen et al identified an indistinguishable S. Typhimurium DT104 isolate 

responsible for infecting a child and animals living on the same farm (43). The identification of 

animal contact as a factor strongly associated with NTS infections in Michigan is important as it 

highlights the need to practice strategies, such as frequent handwashing, aimed to prevent and 

control salmonellosis.  

The incidence of antimicrobial drug resistant NTS in the US is estimated to be 1.93 per 

100,000 person-years between 2004 and 2012 (44). Our study found high frequencies of resistance 

to antibiotics such as ampicillin and tetracycline. While tetracycline is not widely used in human 

medicine, it is an important antibiotic used routinely in veterinary medicine. The observation of 

tetracycline resistance NTS isolates in clinical cases may shed light on how antibiotic use in the 

farm environment may affect antibiotic resistance in clinical isolates. Indeed, antimicrobial drugs 

are widely used in food animals; an estimated 13 x 106 kilograms are used for therapeutic and sub-

therapeutic purposes in animals in the US annually (45). Furthermore, many studies allude to the 
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association between antibiotic use in food animals and antibiotic resistance in humans. One such 

study reported finding identical antimicrobial resistance patterns in E. coli isolates from livestock 

and their farming families (46), highlighting the importance of elucidating the effects of 

agricultural antibiotic use on human health. While we did not detect any significant differences in 

frequencies between tetracycline resistant and susceptible cases that had animal contact as an 

exposure, it is important to consider that resistant bacteria from the farm environment can spread 

to humans through contamination of food products and water (47-51). Interestingly, we did not 

detect any resistance to ciprofloxacin among the NTS isolates. This is in accordance with several 

studies worldwide where extremely low frequencies to ciprofloxacin are reported (52, 53). In the 

US, no ciprofloxacin resistance was observed in NTS isolates from non-human sources (54). To 

prevent increasing frequencies of resistance to fluroquinolones, in 2005, the FDA prohibited the 

use of the fluoroquinolone enrofloxacin in poultry. Thus, to maintain low frequencies of resistance 

to fluroquinolones and employ these drugs as an important line of defense against NTS infections, 

it is imperative to practice judicious antibiotic use in both clinical and agricultural settings. 

Additionally, our study also observed differences in frequencies of resistance based on 

serovars of NTS. Multivariate logistic regression identified serovar Enteritidis as a protective 

factor when resistance to at least one antibiotic was set as the dependent variable, with significantly 

higher frequencies of resistance observed in Typhimurium and other NTS serovars. Serovar 

dependent differences in resistance have been observed in NTS isolates in different geographic 

locations. Soler et al. found higher levels of resistance to serovars such as Typhimurium and Hadar 

than in Enteritidis isolates from Spain (53). Additionally, Voss-Rech et al. conducted a meta-

analysis to determine the profile and temporal evolution of antibiotic resistant NTS in Brazil using 

research articles published between 1995 and 2014. They reported lower frequencies of antibiotic 
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resistance in S. Enteritidis compared to other NTS serovars in Brazil (55). While this significant 

difference in resistance levels between Enteritidis and other non-typhoidal serovars has not been 

explained yet, studies have attempted to explain this observation. Zhang et al. observed that 

ciprofloxacin resistant S. Typhimurium isolates were more competitive than ciprofloxacin resistant 

S. Enteritidis isolates (56). In addition, many studies have documented certain NTS serovars such 

as Kentucky, Typhimurium and Heidelberg to be multidrug resistant (57-59) while serovars such 

as Enteritidis, Montevideo, Infantis, and Mbandaka were observed to be pansusceptible or resistant 

to few antimicrobials (60, 61). Serovars such as Kentucky and Heidelberg have been shown to 

have a mutation in the methyl mismatch repair (MMR) system which may allowing for genetic 

heterogeneity (62) and this genome plasticity has been offered as an explanation for higher 

frequencies of antibiotic resistance (63). Thus, a difference in fitness between different serovars, 

genetic plasticity and dissimilar resistance mechanisms could explain the differing frequencies of 

resistance in NTS serovars worldwide. Furthermore, our study identified season as a predictor of 

antibiotic resistant infections, with more resistant infections occurring in fall, winter and spring. 

Prior studies have noted correlations between seasonality and antibiotic resistance frequencies. 

One such study observed higher frequencies of fluoroquinolone resistance in Campylobacter in 

winter and spring compared to summer; they attributed this difference to higher consumption of 

poultry products contaminated with resistant bacteria in the winter and more frequent exposure to 

susceptible Campylobacter through other sources during the summer months (64). In addition, our 

previous study also detected higher resistance frequencies in Shiga Toxin Producing E. coli 

(STEC) isolates in winter and spring compared to summer and fall (65). Interestingly, correlations 

between seasonal variations in antibiotic prescription and antibiotic resistance have been 

previously described (66, 67). These data suggest that many factors may influence this seasonal 
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variation in antibiotic resistance; however, further studies looking specifically at the state of 

Michigan are warranted to understand the factors driving antibiotic resistance in Michigan. CDC 

estimates that, in 2015, 918-1016 antibiotics per 1000 people were prescribed in Michigan (68). 

The high community antibiotic use, along with agricultural use of antibiotics, is likely a driving 

force behind high frequencies of antibiotic resistance in Michigan.  

Prior studies have suggested that antibiotic resistant infections may be associated with 

severe disease outcomes such as mortality, hospitalizations and increased hospital stay (22, 65, 69, 

70). Interestingly, in our study higher frequencies of antibiotic resistant isolates were isolated from 

patients that were hospitalized (n=12, 18.7%) compared to those who were not hospitalized (n=17, 

13.8%), although this difference was not significant (p value=0.38) (data not shown). While we 

did not identify antibiotic resistant NTS infections to be a predictor of hospitalization, we did 

observe an association between antibiotic resistance in NTS and the length of hospitalization. 

Notably, the mean hospital stay was 5.91 days (n=11) for patients hospitalized with isolates 

resistant to at least one antibiotic compared to the mean hospital stay of 4.02 days when patients 

were infected with pansusceptible isolates (data not shown).  Therefore, among the patients that 

were hospitalized, those who were infected with resistant NTS isolates had significantly longer 

hospital stays than those patients that were infected with pansusceptible isolates (Student’s t-test 

p value <0.05). On comparison of cases between tetracycline resistant and tetracycline susceptible 

infections, the mean hospital stay was 4.15 days for patients hospitalized with tetracycline 

susceptible NTS infections, compared to a hospital stay of 6 days for patients infected with 

tetracycline resistant isolates (Student’s t-test p value=0.068) (Table 6.10). Notably, the mean 

hospital stay was 6.2 days for patients infected with ampicillin resistant NTS infections, which 

was significantly longer than the mean hospital stay of 4 days when patients were infected with 
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ampicillin susceptible isolates (Student’s t-test p value <0.05) (Table 6.10). The longer length in 

hospital stay could be attributed to the fact that resistant infections may take longer to clear than 

susceptible infections when the patient is on antibiotic therapy. Furthermore, increased hospital 

stay could be due to the requirement for increased surgical interventions to control the infection 

(70); several studies have observed an increased need for surgery when patients are battling 

antibiotic resistant infections (69, 71).  It is also important to note, however, that numerous factors 

such as pathogen factors, host factors and treatment options may play an important role in 

influencing severe disease outcomes such as hospitalizations and longer hospital stays (70). For 

instance, patient factors such as age, gender and underlying co-morbidities may affect disease 

outcomes. Indeed, Bogan et al. identified comorbidities to be important factors for in-hospital 

mortality due to carbapenem-resistant Enterobacteriaceae infections (72). Also, the presence of 

genes encoding virulence and antibiotic resistance on the same genetic element may also provide 

insight into the association between disease severity and antibiotic resistance. Indeed, Srisanga et 

al. detected positive associations between virulence and resistance genes such as blaPSE-1/orgA and 

sul1/tolC in S. enterica isolates (73). It is interesting to note that using isolates from FoodNet and 

NARMS, Varma et al. determined the odds of hospitalization with bloodstream NTS infection is 

significantly higher in those patients infected with resistant isolates than those infected with 

pansusceptible strains (22). Since we did not have data on the invasiveness of Michigan NTS 

strains, we were unable to determine if the observation seen in Varma et al.’s study holds true for 

Michigan. Furthermore, it is important to consider that the genetic diversity of NTS isolates in 

different geographical locations may also play a role in determining virulence and resistance 

profiles. It is quite possible that certain phylogenetic lineages of NTS circulating in Michigan are 

more likely to be associated with antibiotic resistance and virulence; further studies are required 
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to gain insights into this hypothesis. We did, however, identify patient residence as a predictor of 

hospitalization. We found that patients living in urban areas are more likely to be hospitalized with 

NTS infections than their rural counterparts. This has also been observed by Salinas et al. in 

Mexico, as they noted that people living in rural areas were less likely to visit physicians and also 

less likely to have been hospitalized (74). They attributed this difference to the lower likelihood of 

rural residents having health coverage. Furthermore, financial limitations and absence of hospitals 

could serve as alternate explanations for this observation. 

To add to the problem of resistance, the emergence of multidrug resistant NTS is a huge 

public health burden as it limits the repertoire of antibiotics that can be used to treat these 

infections. Many studies worldwide have documented the rise of MDR Salmonella. Antibiotic 

resistance frequencies as high as 57.4% were observed in clinical and zoonotic S. Typhimurium 

strains isolated in Malaysia (75). Furthermore, an alarming increase in the prevalence of multidrug 

resistant NTS isolates from 1995 (12.4%) to 2015 (27.3%) has been reported in Australia (76). In 

the US, MDR Salmonella infections decreased from 1996 (17%) to 2008 (9.5%); however, an 

increase in MDR frequency was observed in 2015 (12%) (54). In our study, over the four-year 

period, 7.5% NTS isolates were multidrug resistant; however, we noted an increasing trend in 

prevalence of multidrug resistant NTS from 2011-2014 in Michigan, even though no significant 

differences in the proportion of cases were observed each year. Prior studies have attributed an 

increase in MDR isolates to international travel and import of food products (76, 77); however, we 

did not find international travel to be associated with MDR infections (data not shown); although 

a larger sample size of isolates needs to be tested to make further conclusions. Taken together, 

these observations have important implications for the treatment and control of multidrug resistant 

infections and the formation of policies to reduce the prevalence of MDR in Michigan. 
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Although the isolates analyzed in this study were collected as part of the ERIN active 

surveillance system, it is important to note that gastrointestinal illnesses are severely under-

reported since not all individuals with gastrointestinal illnesses will seek medical care and stool 

samples are collected for only a fraction of individuals who seek medical care. Thus, it is possible 

that true resistance frequencies for NTS may be different from our findings. However, to ensure 

that the ERIN surveillance network is representative of the enteric infections occurring in 

Michigan, we previously confirmed that the frequency of ERIN cases was similar to those 

identified throughout the state of Michigan between 2011 and 2014 (78).   

Since NTS are important enteric pathogens, continuous surveillance and monitoring of 

NTS infections is warranted to reduce its immense health burden. Additionally, routine testing of 

antimicrobial susceptibilities and determination of resistance profiles is important in order to aid 

medical personnel and public health officials determine and modify course of treatment of NTS 

infections. Furthermore, elucidating the risk factors of NTS and resistant NTS infections may help 

in the development of disease management policies and antibiotic use standards in order to curb 

the spread of NTS infections. Thus, the overall goal of this study is to help in the development of 

diagnostic guidelines and targeted intervention strategies, thereby aiding in overall disease 

management. 
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Table 6.1. Characteristics of non-typhoidal Salmonella (NTS) cases in Michigan (2011-

2014) 

Characteristic No. of cases‡ Percentage (%) of 
cases 

Demographic data   
Sex 
     Male 
     Female 

 
104 
92 

 
53.1% 
46.9% 

Age group (years) 
    < 2 
    3 – 10 
    11 – 18 
    19 – 52 
    >53 

 
17 
32 
22 
82 
44 

 
8.6% 
16.2% 
11.2% 
41.6% 
22.3% 

Race 
     Caucasian 
     African American 
     Other 

 
125 
33 
11 

 
73.9% 
19.5% 
6.5% 

Residence (counties in Michigan) 
     Clinton 
     Ingham 
     Livingston 
     Macomb 
     Oakland 
     Washtenaw 
     Wayne 
     Others 

 
11 
40 
6 
3 
18 
23 
38 
54 

 
5.7% 
20.7% 
3.1% 
1.5% 
9.3% 
11.9% 
19.7% 
27.9% 

Hospital 
    Detroit Medical Center 
    Sparrow Hospital 
    Spectrum Health 
    University of Michigan Hospital 

 
46 
73 
21 
58 

 
23.3% 
36.9% 
10.6% 
29.3% 

Epidemiological data   
Travel 
     No travel 
     Domestic travel 
     International travel 

 
102 
44 
20 

 
61.8% 
27.3% 
12.9% 

Animal Contact 
    Any animal  
    Reptile 
    Livestock 
    Birds/poultry 
    Domestic 
    Others 

 
94 
13 
8 
18 
83 
22 

 
63.1% 
8.5% 
5.3% 
11.8% 
54.6% 
15.3% 

Food consumption 
    Turkey 
    Chicken 
 

 
42 
111 

 

 
79.2% 
84.7% 
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Table 6.1 (cont’d) 
  
    Beef 
    Pork 
    Deli meat 
    Raw fruits 
    Raw leafy greens 
    Raw vegetables 

 
88 
78 
83 
52 
104 
88 

 
91.6% 
90.7% 
61.9% 
88.1% 
75.4% 
90.7% 

Water at home 
     Any well 
     Any municipal 
     Only bottled 
     Filtered/ Reverse osmosis 

 
24 
103 
22 
1 

 
16.0% 
68.7% 
14.7% 
0.7% 

Clinical Outcomes 
    Case hospitalization 
    Abdominal pain 
    Body ache 
    Diarrhea 
    Bloody diarrhea 
    Chills 
    Fatigue 
    Headache 
    Nausea 
    Vomiting 
     Fever 

 
65 
130 
57 
172 
70 
71 
84 
54 
92 
65 
106 

 
34.6% 
78.8% 
36.1% 
97.7% 
43.7% 
44.4% 
52.2% 
34.2% 
56.4% 
40.6% 
69.3% 

 

The percentages are based on the number of cases for which information was available. Counts 

for sex, age group, race, water at home are mutually exclusive for each category; counts for 

travel, animal contact and food consumption are repeated across categories as they are reported. 

‡ Total number of cases varies between variables due to the difference in missing data. 
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Table 6.2. Univariate analysis of risk factors in rural cases (n=108) compared to urban 

cases (n=85) 

 

Variables 

 

Rural 

 

Urban 

 

Univariate analysis: rural vs. urban 

Total cases % Total cases % OR 95% CI† p value‡ 

        

Food consumption        

    Turkey  23/32 71.9% 19/21 90.5% 0.3 0.05-1.39 0.17 

    Chicken 63/80 78.7% 48/51 94.1% 0.2 0.06-0.84 0.02 

    Beef 49/56 87.5% 39/40 97.5% 0.2 0.02-1.52 0.13 

    Pork 

    Deli meat  

    Raw fruits 

44/51 

46/78 

32/38 

86.3% 

58.9% 

84.2% 

34/35 

37/56 

20/21 

97.1% 

66.1% 

95.2% 

0.2 

0.7 

0.3 

0.02-1.57 

0.36-1.51 

0.03-2.38 

0.13 

0.40 

0.40 

    Raw leafy greens 

    Raw vegetables 

63/83 

49/56 

75.9% 

87.5% 

41/55 

39/41 

74.5% 

95.1% 

1.1 

0.3 

0.49-2.36 

0.07-1.83 

0.86 

0.29 

    Peanut butter 41/83 49.4% 18/49 36.7% 1.7 0.82-3.46 0.16 

        

Animal contact        

    Any animal 

contact 

61/87 70.1% 33/62 53.2% 2.1 1.05-4.06 0.03 

    Reptiles 9/92 9.8% 4/60 6.7% 1.5 0.44-5.17 0.57 

    Livestock 

    Birds 

    Domestic animals 

    Other animals 

8/92 

15/92 

55/91 

19/85 

8.7% 

16.3% 

60.4% 

22.3% 

0/59 

3/60 

28/61 

3/59 

0.0% 

5.0% 

45.9% 

5.1% 

Undefined 

3.7 

1.8  

5.4 

Undefined 

1.02-13.39 

0.93-3.47 

1.51-19.11 

0.02 

0.04 

0.08 

0.004 

        

Water source at 

home 

       

    Well 17/90 18.9% 8/60 13.3% 1.5 0.61-3.77 0.37 

            

 

† 95% confidence interval (CI) for odds ratio (OR) 

‡ p value was calculated by Chi-square test and Fisher’s exact test was used for variables <5 in at 

least one cells. 

 

 

 

 



249 

 

Table 6.3. Univariate analysis of the frequency of hospitalizations due to non-typhoidal 

Salmonella (NTS) infections among patients in Michigan, 2011-2014 

Characteristic Total strains* No (%) hospitalized 
OR 

(95% CI)† 
p value‡ 

Outbreak associated 

           Yes 

           No 

 

7 

38 

 

2 (28.6%) 

11 (28.9%) 

 

0.9 (0.16-5.84) 

1.0 

 

1.0 

Sex 

            Male 

            Female  

 

98 

89 

 

35 (35.7%) 

30 (33.7%) 

 

1.0 

0.9 (0.50-1.67) 

 

- 

0.77 

Age in years 

            0-10 

           11-59 

            ≥ 60 

 

47 

111 

30 

 

14 (29.8%) 

36 (32.4%) 

15 (50%) 

 

0.4 (0.16-1.09) 

0.5 (0.21-1.09) 

1.0 

 

0.07 

0.07 

- 

Patient race 

           Caucasian 

           Other 

 

122 

44 

 

44 (36.1%) 

20 (45.4%) 

 

0.7 (0.34-1.36) 

1.0 

 

0.27 

- 

Residence 

            Urban 

            Rural 

 

82 

104 

 

34 (41.5%) 

30 (28.8%) 

 

1.7 (0.95-3.22) 

1.0 

 

0.07 

Abdominal pain 

           Yes 

           No 

 

130 

35 

 

48 (36.9%) 

10 (28.6%) 

 

1.5 (0.65-3.31) 

1.0 

 

0.36 

- 

Body ache 

           Yes 

           No 

 

57 

101 

 

18 (31.6%) 

37 (36.6%) 

 

0.8 (0.40-1.59) 

1.0 

 

0.52 

- 

Bloody diarrhea 

           Yes 

           No 

 

70 

90 

 

28 (40.0%) 

26 (28.9%) 

 

1.6 (0.85-3.18) 

1.0 

 

0.14 

- 

Fatigue 

           Yes 

           No 

 

84 

77 

 

30 (35.7%) 

26 (33.8%) 

 

1.1 (0.57-2.09) 

1.0 

 

0.79 

- 

Headache 

           Yes 

           No 

 

54 

104 

 

19 (35.2%) 

35 (33.6%) 

 

1.1 (0.54-2.13) 

1.0 

 

0.85 

- 

Nausea 

           Yes  

           No 

 

92 

71 

 

39 (42.4%) 

19 (26.8%) 

 

2.0 (1.03-3.93) 

1.0 

 

0.04 

- 

Vomiting 

          Yes 

          No 

 

65 

95 

 

29 (44.6%) 

28 (29.5%) 

 

1.9 (0.99-3.72) 

1.0 

 

0.049 

- 

Fever 

         Yes 

         No 

 

105 

47 

 

40 (38.1%) 

14 (29.8%) 

 

1.4 (0.69-3.04) 

1.0 

 

0.32 

- 

 

* Depending on the variable examined, the number of isolates does not add up to the total 

(n=198) because of missing data.  

† 95% confidence interval (CI) for odds ratio (OR) 
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Table 6.3 (cont’d) 

‡ p value was calculated by Chi-square test and Fisher’s exact test was used for variables <5 in at 

least one cells. 
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Table 6.4. Multivariate logistic regression analysis of the frequency of hospitalizations due 

to non-typhoidal Salmonella (NTS) infections among patients in Michigan, 2011-2014 

 

Characteristic 

Multivariate analysis  

 

OR 

 

95% CI € 

 

p value‡ 

 

Sex: Female  0.6 0.28-1.19 0.13 

Age in years: ≥ 60 2.2 0.87-5.64 0.10 

Residence: Urban 2.4 1.17-5.05 0.012 

Bloody Diarrhea: Yes 2.2 1.00-4.65 0.13 

Vomiting: Yes 1.4 0.64-2.99 0.41 

Nausea: Yes 2.2 

 

1.02-4.59 

 

0.029 

 

 

£ Logistic regression was performed using forward selection while controlling for variables that 

yielded significant (P≤0.05) and strong (P≤0.20) associations with hospitalization in the 

univariate analysis (Table S2). Hosmer and Lemeshow Goodness-of-Fit test (p= 0.9561). All 

variables were tested for collinearity by analyzing the Eigen values and condition numbers. 

€ Wald 95% confidence intervals (CI) 

 

 

 

 

 

 



252 

 

Table 6.5. Univariate analysis to identify risk factors for Salmonella enterica serovar 

Enteritidis infections 

Characteristic 
Total 

strains* 
No (%) Enteritidis OR (95% CI†) p value‡ 

Pathogen factors     

Outbreak associated 

           Yes 

           No 

 

7 

31 

 

0 (0.0%) 

16 (51.6%) 

 

Undefined 

1.0 

 

0.014 

- 

Demographics factors     

Residence 

           Urban  

           Rural 

 

70 

83 

 

40 (57.1%) 

31 (37.3%) 

 

2.2 (1.17-4.28) 

1.0 

 

0.014 

- 

Age in years 

            0-10 

           11-59 

            ≥ 60 

 

37 

93 

27 

 

15 (40.5%) 

44 (47.3%) 

13 (48.1%) 

 

0.7 (0.27-1.99) 

0.9 (0.41-2.28) 

1.0 

 

0.54 

0.94 

- 

Sex 

            Male 

            Female  

 

82 

74 

 

37 (45.2%) 

35 (47.3%) 

 

1.0 

1.1 (0.58-2.05) 

 

- 

0.78 

Race 

           Caucasian 

           Other 

 

92 

41 

 

39 (42.4%) 

23 (56.1%) 

 

0.6 (0.27-1.21) 

1.0 

 

0.14 

- 

Epidemiological factors     

Season 

            Winter, Spring, Fall 

            Summer  

 

78 

79 

 

38 (48.7%) 

34 (43.0%) 

 

1.0 

0.8 (0.42-1.49) 

 

0.47 

- 

Domestic travel in the past month 

           Yes 

           No 

36 

91 

11 (30.6%) 

45 (49.4%) 

0.4 (0.19-1.02) 

1.0 

0.053 

- 

Animal contact 

           Yes 

           No 

 

70 

48 

 

31 (44.3%) 

20 (41.7%) 

 

1.1 (0.53-2.34) 

1.0 

 

0.78 

- 

Livestock contact 

            Yes 

            No 

 

1 

117 

 

0 (0.0%) 

52 (44.4%) 

 

Undefined 

 

1.0 

- 

Other animal contact 

            Yes 

            No 

 

13 

100 

 

5 (38.5%) 

44 (44.0%) 

 

0.8 (0.24-2.60) 

1.0 

 

0.77 

- 

Domestic animal contact 

           Yes 

           No 

 

62 

58 

 

24 (38.7%) 

28 (48.3%) 

 

0.7 (0.33-1.39) 

1.0 

 

0.29 

- 

Poultry consumption 

           Yes 

           No 

 

88 

7 

 

40 (45.4%) 

1 (14.3%) 

 

5.0 (0.58-43.28) 

1.0 

 

0.13 

- 

Chicken consumption 

           Yes 

           No 

 

83 

18 

 

37 (44.6%) 

5 (27.8%) 

 

2.1 (0.68-6.40) 

1.0 

 

0.29 

- 

Beef and pork consumption 

           Yes 

           No 

 

86 

7 

 

40 (46.5%) 

1 (14.3%) 

 

5.2 (0.60-45.19) 

1.0 

 

0.12 

- 
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Table 6.5 (cont’d)     

     

Water at home 

           Any Municipal 

           Any Well 

           Bottled 

            

 

81 

19 

17 

 

 

30 (37.0%) 

10 (52.6%) 

11 (64.7%) 

 

 

1.0 

1.9 (0.69-5.17) 

3.1 (1.04-9.29) 

 

 

- 

0.21 

0.03 

 

 

† 95% confidence interval (CI) for odds ratio (OR) 

‡ p value was calculated by Chi-square test and Fisher’s exact test was used for variables <5 in at 

least one cells. 
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Table 6.6. Univariate analysis to identify risk factors for Salmonella enterica serovar 

Typhimurium infections 

Characteristic 
Total 

strains* 

No (%) 

Typhimurium 
OR (95% CI†) p value‡ 

Pathogen factors     

Outbreak associated 

           Yes 

           No 

 

7 

23 

 

0 (0.0%) 

8 (34.8%) 

 

Undefined 

1.0 

 

0.14 

- 

Demographics factors     

Residence 

           Urban  

           Rural 

 

43 

77 

 

13 (30.2%) 

25 (32.5%) 

 

0.9 (0.40-2.02) 

1.0 

 

0.80 

- 

Age in years 

            0-10 

           11-59 

            ≥ 60 

 

33 

73 

17 

 

11 (33.3%) 

24 (32.9%) 

3 (17.6%) 

 

2.3 (0.55-9.87) 

2.3 (0.59-8.72) 

1.0 

 

0.33 

0.26 

- 

Sex 

            Male 

            Female  

 

65 

56 

 

20 (30.8%) 

17 (30.4%) 

 

1.0 

0.9 (0.45-2.13) 

 

- 

0.96 

Race 

           Caucasian 

           Other 

 

84 

21 

 

31 (36.9%) 

3 (14.3%) 

 

3.5 (0.96-12.88) 

1.0 

 

0.067 

- 

Epidemiological factors     

Season 

            Winter, Spring, Fall 

            Summer  

 

62 

61 

 

22 (35.5%) 

16 (26.2%) 

 

1.0 

0.6 (0.29-1.39) 

 

0.27 

- 

Domestic travel in the past month 

           Yes 

           No 

33 

70 

8 (24.2%) 

24 (34.3%) 

0.6 (0.24-1.56) 

1.0 

0.30 

- 

Animal contact 

           Yes 

           No 

 

63 

33 

 

24 (38.1%) 

5 (15.1%) 

 

3.4 (1.17-10.14) 

1.0 

 

0.02 

- 

Livestock contact 

          Yes 

          No 

 

8 

89 

 

7 (87.5%) 

24 (26.9%) 

 

18.9 (2.21-162.26) 

1.0 

 

0.0013 

- 

Other animal contact 

         Yes 

         No 

 

17 

76 

 

9 (52.9%) 

20 (26.3%) 

 

3.1 (1.07-9.28) 

1.0 

 

0.032 

- 

Domestic animal contact 

         Yes 

         No 

 

59 

39 

 

21 (35.6%) 

9 (23.1%) 

 

1.8 (0.74-4.60) 

- 

 

0.19 

- 

Poultry consumption 

           Yes 

           No 

 

74 

7 

 

26 (35.1%) 

1 (14.3%) 

 

3.2 (0.37-28.47) 

1.0 

 

0.41 

- 

Chicken consumption 

           Yes 

           No 

 

72 

15 

 

26 (36.1%) 

2 (13.3%) 

 

3.7 (0.77-17.56) 

1.0 

 

0.13 

- 

Beef and pork consumption 

           Yes 

           No 

 

68 

7 

 

22 (32.3%) 

1 (14.3%) 

 

2.87 (0.32-25.31) 

1.0 

 

0.43 

- 
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Table 6.6 (cont’d)     

     

Water at home 

           Any Municipal 

           Any Well 

           Bottled 

            

 

71 

15 

11 

 

 

20 (28.2%) 

6 (40.0%) 

5 (45.4%) 

 

 

1.0 

1.7 (0.53-5.39) 

2.1 (0.58-7.75) 

 

 

- 

0.36 

0.29 

 

 

† 95% confidence interval (CI) for odds ratio (OR) 

‡ p value was calculated by Chi-square test and Fisher’s exact test was used for variables <5 in at 

least one cells. 
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Table 6.7. Multinominal logistic regression to identify the risk factors of Salmonella 

enterica serovar Enteritidis and Salmonella enterica serovar Typhimurium infections in 

Michigan, 2011-2014 

Characteristic, by serovar Multinominal Logistic Regression£ 

Odds Ratio 95% CI€ p value‡ 

Enteritidis    

  Sex: Female 

  Age in years: >60 

  Patient Race: Caucasian 

  Residence: Urban 

  Domestic travel: Yes 

  Animal contact: Yes 

  Water at home: Bottled 

  Chicken consumption: Yes 

2.9 

0.6 

0.4 

1.6 

0.5 

1.8 

6.1 

1.6 

1.04-8.12 

0.18-2.33 

0.15-1.41 

0.59-4.69 

0.16-1.54 

0.63-4.96 

1.25-30.18 

0.36-7.07 

0.04 

0.51 

0.17 

0.34 

0.23 

0.28 

0.02 

0.53 

    

Typhimurium    

  Sex: Female 

  Age in years: >60 

  Patient Race: Caucasian 

  Residence: Urban 

  Domestic travel: Yes 

  Animal contact: Yes 

  Water at home: Bottled 

  Chicken consumption: Yes 

 

1.6 

0.2 

3.6 

1.1 

0.5 

3.5 

6.9 

3.7 

0.52-5.22 

0.03-1.03 

0.62-20.79 

0.34-3.48 

0.12-1.38 

0.99-12.13 

1.23-39.29 

0.59-22.78 

0.39 

0.054 

0.15 

0.88 

0.15 

0.052 

0.03 

0.16 

 

£ Multinominal logistic regression was performed using variables found to have significant 

(P≤0.05) and strong (P≤0.20) associations with the serovars Enteritidis and Typhimurium in the 

univariate analysis (Tables S4 and S5). Confounding factors such as age and sex were also 

included in the analysis. All models used ‘all other Salmonella serovars’ as reference group.  

The likelihood ratio chi square value of 30.89 with a p value of 0.014 indicates that the variables 

fit in the model significantly better than a null model (likelihood ratio chi sq=2.31, p value=0.68) 

€ Wald 95% confidence intervals (CI) 
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Table 6.8. Multidrug resistance in non-typhoidal Salmonella (NTS) in Michigan (2011-

2014) 

Resistance Pattern No. (%) of Resistant Strains (n=198) 

No resistance detected 168 (84.84%) 

Resistance to 1 antimicrobial class 9 (4.5%) 

Resistance to >2 antimicrobial class 21 (10.60%) 

Resistance to >3 antimicrobial class 15 (7.5%) 

Resistance to >4 antimicrobial class 4 (2.02%) 
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Table 6.9. Univariate and multivariate analysis to identify factors associated with antibiotic 

resistance in 198 clinical non-typhoidal Salmonella (NTS) in Michigan, 2011-2014 

Characteristic 
Total 

strains* 

No (%) >1 

resistance 
OR (95% CI†) p value‡ 

Pathogen factors     

Serovar 

            Enteritidis 

            Typhimurium 

            Other 

 

72 

38 

 85 

 

4 (5.6%) 

8 (21.05%) 

18 (21.18%) 

 

1.0  

4.5 (1.27-16.22) 

 4.6 (1.47-

14.20) 

 

- 

0.021 

0.005 

Outbreak associated 

           Yes 

           No 

 

7 

39 

 

3 (42.9%) 

4 (10.3%) 

 

6.6 (1.06-40.49) 

1.0 

 

0.06 

- 

Demographics factors     

Residence 

           Urban  

           Rural 

 

85 

108 

 

15 (17.6%) 

15 (13.9%) 

 

1.3 (0.61-2.89) 

1.0 

 

0.47 

- 

Age in years 

            0-10 

           11-59 

            ≥ 60 

 

49 

117 

31 

 

8 (16.3%) 

19 (16.2%) 

3 (9.7%) 

 

1.8 (0.44-7.47) 

1.8 (0.49-6.56) 

1.0 

 

0.51 

0.57 

- 

Sex 

            Male 

            Female  

 

104 

92 

 

17 (16.3%) 

12 (13.0%) 

 

1.0 

0.8 (0.34-1.71) 

 

- 

0.51 

Race 

           Caucasian 

           Other 

 

125 

44 

 

19 (15.2%) 

5 (11.4%) 

 

1.4 (0.49-4.0) 

1.0 

 

0.62 

- 

Antibiotic Prescription rates by 

county 

           High 

           Low 

 

39 

154 

 

4 (10.3%) 

26 (16.9%) 

 

0.6 (0.18-1.72) 

1.0 

 

0.46 

- 

Epidemiological and other 

factors 

    

Length of hospital stay 

            Short (1-4 days) 

            Long (=>5 days) 

 

36 

23 

 

5 (13.89%) 

6 (26.09%) 

 

1.0 

2.2 (0.58-8.24) 

 

- 

0.31 

Season 

            Fall 

            Winter 

            Spring 

            Summer 

 

42 

22 

37 

97 

 

12 (28.57%) 

2 (9.09%) 

6 (16.22%) 

10 (10.31%) 

 

3.5 (1.36-8.87) 

0.9 (0.18-4.28) 

1.7 (0.56-5.02) 

1.0 

 

0.0067 

1.0 

0.34 

- 
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Table 6.9 (cont’d)     

     

Domestic travel in the past 

month 

           Yes 

           No 

 

 

44 

117 

 

 

9 (20.4%) 

13 (11.1%) 

 

 

2.0 (0.81-5.22) 

1.0 

 

 

0.12 

- 

Animal contact 

           Yes 

           No 

 

91 

57 

 

11 (12.1%) 

10 (17.5%) 

 

0.6 (0.25-1.64) 

1.0 

 

0.35 

- 

Poultry consumption 

           Yes 

           No 

 

116 

8 

 

15 (12.9%) 

1 (12.5%) 

 

1.0 (0.12-9.05) 

1.0 

 

1.0 

- 

Beef and pork consumption 

           Yes 

           No 

 

110 

8 

 

18 (16.4%) 

1 (12.5%) 

 

1.4 (0.16-11.82) 

1.0 

 

1.0 

- 

Water at home 

           Any municipal 

           Any well 

           Only bottled 

            

 

103 

25 

22 

 

 

14 (13.6%) 

5 (20.0%) 

4 (18.2%) 

 

 

1.0 

1.6 (0.51-4.92) 

1.4 (0.42-4.79) 

 

 

- 

0.53 

0.52 

 

Characteristic Multivariate Analysis 

OR 95% CI € p value‡ 

Sex: Female 1.0 0.39-2.66 0.97 

Age in years: ≥ 60 0.7 0.15-0.69 0.69 

Serovar: Serovars excluding 

Enteritidis 

4.3 1.18-15.62 0.02 

Season: Winter, Fall and 

Spring 

3.5 1.23-9.72 0.018 

Domestic travel: Yes 1.9 0.74-5.24 0.17 

 

* Depending on the variable examined, the number of isolates does not add up to the total 

(n=198) because of missing data.  

† 95% confidence interval (CI) for odds ratio (OR) 

‡ p value was calculated by Chi-square test and Fisher’s exact test was used for variables <5 in at 

least one cells. 

£ Logistic regression was performed using forward selection while controlling for variables that 

yielded significant (P≤0.05) and strong (P≤0.20) associations with hospitalization in the 

univariate analysis. The variable outbreak associated cases was not included in the multivariate  
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Table 6.9 (cont’d) 

analysis due to the high number of missing data. Hosmer and Lemeshow Goodness-of-Fit test 

(P= 0.8353). All variables were tested for collinearity. 

€ Wald 95% confidence intervals (CI) 
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Table 6.10. Characteristic of cases with resistant and susceptible non-typhoidal Salmonella 

(NTS) infections in Michigan, 2011-2014 

Variable 

No. (%) 

cases* 

 

 

Tetracycline 
 

Ampicillin 

No (%) 

TETR  

 

No (%) 

TETS  

p 

value‡ 

No (%) 

AMPR  

No (%) 

AMPS  

p value‡ 

        

Rural 

residence 

108 (54.8%) 12 (11.1%) 96 (88.9%) 0.69 12 (12.9%) 96 (88.9%) 0.69 

        

Animal 

contact 

91 (61.5%) 9 (9.9%) 82 (90.1%) 0.9 9 (9.9%) 82 (90.1%) 0.44 

        

International 

travel (past 

month) 

  

20 (12.9%) 

 

2 (10.0%) 

 

18 (90.0%) 

 

1.0 

 

3 (15.0%) 

 

17 (85.0%) 0.71 

Domestic 

travel (past 

month) 

44 (27.3%) 6 (13.6%) 

 

38 (86.4%) 0.25 5 (11.4%) 39 (88.6%) 1.0 

        

Hospitalization  64 (34.2%) 7 (10.9%) 57 (89.1%) 0.93 

 

10 (15.6%) 54 (84.4%) 0.24 

Mean days in 

hospital 

4 (n=59) 6 (n=7) 4.15 (n=52) 0.068† 6.2 (n=10) 4 (n=49) 0.0107† 

        

Abdominal 

pain 

130 (78.8%) 15 (11.5%) 115 

(88.5%) 

0.53 14 (10.8%) 116 (89.2%) 0.30 

        

Body ache 57 (36.1%) 5 (8.8%) 52 (91.2%) 1.0 6 (10.5%) 51 (89.5%) 0.79 

        

Bloody 

diarrhea 

70 (43.7%) 8 (11.4%) 62 (88.6%) 0.43 8 (11.4%) 62 (88.6%) 0.95 

        

Chills 71 (44.4%) 7 (9.9%) 64 (90.1%) 0.85 8 (11.3%) 63 (88.7%) 0.99 

        

Fatigue 84 (52.2%) 10 (11.9%) 74 (88.1%) 0.38 11 (13.1%) 73 (86.9%) 0.59 

        

Headache 54 (34.2%) 6 (11.1%) 48 (88.9%) 0.62 5 (9.3%) 49 (90.7%) 0.61 

        

Nausea 92 (56.4%) 8 (8.7%) 84 (91.3%) 0.41 10 (10.9%) 82 (89.1%) 0.53 

        

Vomiting 65 (40.6%) 6 (9.2%) 59 (90.8%) 0.96 7 (10.8%) 58 (89.2%) 0.87 

        

Fever 106 (69.3%) 11 (10.4%) 95 (89.6%) 1.0 12 (11.3%) 94 (88.7%) 1.0 
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Table 6.10 (cont’d) 

*The % frequency reported from total cases and the number of cases that were available for each 

variable are specified. 

‡From Chi-square test or Fisher's exact test († Student's t-test for independent means). 
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Figure 6.1. Antibiotic resistance frequencies in non-typhoidal Salmonella (NTS) strains in 

Michigan (n=198). Abbreviations: TIM2, Ticarcillin / clavulanic acid constant 2; TET, 

Tetracycline; MIN, Minocycline; SXT, Trimethoprim / sulfamethoxazole; PIP, Piperacillin; 

GEN, Gentamicin; FAZ, Cefazolin; TAZ, Ceftazidime; A/S2, Ampicillin / sulbactam 2:1 ratio; 

AMP, Ampicillin; AXO, Ceftriaxone 
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Figure 6.2. Frequency of antibiotic resistance in 195 clinical non-typhoidal Salmonella 

(NTS) isolates by serovar 
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Figure 6.3. Trends in antimicrobial resistance over time observed in non-typhoidal 

Salmonella (NTS) isolates in Michigan, 2011-2014. Mantel-Haenszel chi-square was used to 

determine the trend and to calculate the p values. Abbreviations: AMP, Ampicillin; TET, 

Tetracycline; SXT, Trimethoprim / sulfamethoxazole; CEPH, Cephalosporin; GEN, Gentamicin; 

MDR, Multidrug resistance (resistance to >3 antimicrobial class) 
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Figure 6.4. Frequency of resistance to various antimicrobials among non-typhoidal 

Salmonella (NTS) isolates in Michigan compared to those reported by the National 

Antimicrobial Resistance Monitoring System (NARMS) (79), 2011-2014. A) Resistance 

frequencies in all NTS serovars; B) Resistance frequencies in Enteritidis; C) Resistance 

frequencies in Typhimurium. Abbreviation: AMP, ampicillin; TET, tetracycline; SXT, 

trimethoprim-sulfamethoxazole; CIP, ciprofloxacin; GEN, gentamicin 
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Despite increased efforts to control the emergence and spread of antibiotic resistance, the 

global burden of antibiotic resistance infections is immense. Indeed, the ‘Review on Antimicrobial 

Resistance’ estimated that approximately 700,000 deaths worldwide are attributed to drug resistant 

infections alone (1). Importantly, this figure is expected to increase considerably by the year 2050, 

with approximately 10 million deaths projected to occur worldwide due to drug resistance (1). In 

the US, 2 million people acquire antibiotic resistant bacterial infections resulting in approximately 

23,000 deaths every year (2). The CDC considers antibiotic resistance in numerous enteric 

pathogens such as non-typhoidal Salmonella, Campylobacter and Shigella to be of particular 

concern (2). To control the spread of antibiotic resistance in enteric pathogens, it is imperative to 

conduct continuous surveillance of resistance in both clinical and agricultural settings, identify 

risk factors of resistant infections to design targeted management and intervention strategies, and 

implement genomic tools to track and detect antibiotic resistance in a timely manner. Considering 

the importance of enteric pathogens such as Shiga toxin-producing E. coli (STEC) and non-

typhoidal Salmonella (NTS) and the emergence of antibiotic resistance in these pathogens both in 

the US and worldwide, this study was undertaken to examine antibiotic resistance and factors 

associated with resistance in STEC and NTS isolates collected in Michigan. 

The work in this dissertation offers insights into the overall frequencies of antibiotic 

resistance and increasing rates of resistance in STEC and NTS over large periods of time in 

Michigan. STEC and NTS isolates from patients were collected in collaboration with the Michigan 

Department of Health and Human Services and examined for resistance to clinically relevant 

antibiotics. In Chapter 3, which is a descriptive epidemiological study looking at STEC isolates 

from 2001-2014, we identified an increasing trend in antibiotic resistance, particularly to 

ampicillin and trimethoprim-sulfamethoxazole. Notably, significantly higher frequencies of 
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resistance were observed in 2010-2014 than in 2001-2009, indicating the emergence of antibiotic 

resistant STEC in recent years in Michigan. Similarly, as shown in Chapter 6, an increasing trend 

in ampicillin, tetracycline and multi-drug resistant NTS from 2011-2014 was also observed in 

Michigan. These findings highlight the importance of continuous monitoring of antibiotic 

resistance, worldwide. Surveillance of antibiotic resistance in a population is of paramount public 

health importance to guide the actions of clinicians, veterinarians and policy makers in the 

decision-making and action initiatives to combat the emergence of antibiotic resistance.   

The negative impacts of antibiotic resistant infections on patient health outcomes have been 

well documented. According to the WHO, antibiotic resistant infections are more likely to result 

in severe disease outcomes, longer hospitalizations and higher risks of death compared to 

pansusceptible isolates (3). To this end, we sought to examine whether antibiotic resistant STEC 

and NTS in Michigan resulted in severe disease outcomes. Indeed, when compared to patients 

infected with pansusceptible NTS isolates, patients infected with antibiotic resistant NTS isolates 

had significantly longer mean hospital stays. Not only is this concerning due to the negative impact 

on patient health, but also due to the increased cost of patient care. Furthermore, in Chapter 2, we 

identified antibiotic resistant STEC to be independently associated with hospitalizations, which 

could indicate that antibiotic resistance resulted in more severe disease outcomes. This finding has 

important implications in the control of antibiotic resistant STEC, and additional variables such as 

hospitalization length, duration of illness etc. should be analyzed. Since our study is the first to 

identify this association in STEC, the examination of a larger set of STEC isolates from multiple 

geographical locations is warranted to determine if this finding is also observed in STEC isolates 

from other geographical regions. A matched case-control study, where hospitalized STEC cases 

are age, sex-matched with non-hospitalized STEC cases, may be an appropriate approach to 
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identify whether antibiotic resistant STEC infections are more likely to result in hospitalizations.  

Furthermore, it is also possible to identify mechanisms by which antibiotic resistant infections 

result in severe disease outcomes. For instance, whole genome sequencing of antibiotic resistant 

STEC strains may identify co-occurrence of resistance and virulence genes on the same mobile 

genetic element. The use of long-read sequencing (4) may aid in the identification of the precise 

location of resistance genes and virulence genes on mobile genetic elements using databases such 

as PlasmidFinder (5) or annotation of cassette and integron data (ACID) (6). Additionally, 

differences in disease severity and pathogenesis between antibiotic resistant and susceptible 

isolates can be identified using in vitro and in vivo models. For example, quantification of 

adherence and invasiveness of resistant and susceptible isolates in MAC-T bovine epithelial cells 

(7) or other cell lines (8) can be performed using association and invasive assays. The use of in 

vivo mouse models can also be used to study differences in pathogenicity by measuring morbidity, 

mortality and histopathological changes in the kidney and intestine (8) between resistant and 

susceptible STEC infections.  

With differences observed in antibiotic resistance frequencies in serotypes of STEC and 

serovars of NTS, future work should involve further exploration into these serotype/serovar 

specific differences contributing to antibiotic resistance. One avenue of exploration could look at 

fitness differences between antibiotic resistant serotypes/serovars. As hypothesized in other 

studies, certain antibiotic resistant serotypes or serovars may have fitness benefits thus resulting 

in higher prevalence of certain serotypes/serovars (9). This could be achieved by conducting 

fitness experiments looking at differences in bacterial growth and bacterial competition between 

antibiotic resistant serotypes/serovars. Genome plasticity due to mutations in the methyl mismatch 

repair (MMR) system has also been offered as a possible explanation for differing antibiotic 
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resistance frequencies by serotype/serovars (10). Identification of such mutations in repair systems 

in isolates examined in this study may also shed light on serotype/serovars specific variations in 

antibiotic resistance. 

There is a scarcity in information about genes conferring resistance to various antibiotics 

in STEC isolates and phylogenetic lineages of strains that may be associated with antibiotic 

resistance. However, the work shown here demonstrated a diversity in antibiotic resistance 

mechanisms and genes present in STEC isolates in Michigan. Most resistance genes were 

identified to be horizontally acquired, which is concerning due to ease of transmission of these 

genes to other strains belonging to the same or different pathogenic bacterial genera. Importantly, 

we also observed co-occurrence of multiple antibiotic resistance genes, likely on mobile genetic 

elements, highlighting the ease with which multi-drug resistant STEC strains can emerge in 

Michigan. We also examined the applicability of using whole genome sequencing for detection of 

antibiotic resistance. Overall, we observed high correlation between phenotypic and genotypic 

antibiotic susceptibility results. However, one STEC isolate that was phenotypically resistant to 

ampicillin was not identified to have any known antibiotic resistance genes. The use of other 

antibiotic resistance databases such as CARD and ARG-ANNOT or the use of gene prediction 

tools for identification of novel genes (11) may aid in the identification of the genes responsible 

for resistance in this isolate. Moreover, future studies should investigate the resistome of the 

human gut using samples collected from the ERIN study, which would in turn shed light on 

horizontal gene transfer of ARGs between commensal gut microorganisms and enteric pathogens 

such as STEC and NTS. Indeed, the importance of the human gut microbiome in the transfer of 

ARGs has been noted and the use patient resistome data to guide antibiotic therapy has been 

considered (12, 13). 
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Lastly, the work provided in this dissertation also determined antibiotic resistance 

frequencies in STEC isolated from cattle in Michigan (Chapter 5). Since the increasing importance 

of the intersection of human, animal and environmental health is being recognized (14, 15), we 

sought to employ this ‘One Health’ approach and integrate the sectors of human and animal health 

to study antibiotics resistance in STEC. The detection of the emergence and spread of antibiotic 

resistance in animal reservoirs is crucial to control the spread of resistance in clinically relevant 

pathogens, since many of these pathogens have animal reservoirs. High frequencies of resistance 

to both tetracycline and trimethoprim-sulfamethoxazole were observed; interestingly, resistance 

was only observed in beef herds and not dairy cattle. These findings warrant further investigations 

into herd and farm specific practices such as cleaning methods, disease prevention strategies, etc. 

Furthermore, determining the frequencies of antibiotic resistant STEC in environmental samples 

in proximity to these farms may also provide additional clues into transmission of antibiotic 

resistance. Since, little is known about the emergence of antibiotic resistant STEC and resistance 

genes in the cattle reservoir, identifying factors associated with resistant infections will help in the 

development of effective control strategies. Although unexplored in this dissertation, a 

comparative analysis between antibiotic resistant STEC isolates from humans and cattle may 

provide valuable information about transmission dynamics of antibiotic resistance between 

humans and cattle and shed light on antibiotic resistant phylogenetic lineages that are shared 

between humans and cattle. This can be accomplished by creating phylogenetic trees using seven 

loci MLST scheme from both cattle and human STEC isolates and examining the associations 

between phylogenies and antibiotic resistance using statistical methods. Interestingly, we did not 

observe any resistance to ampicillin in STEC isolates from cattle (Chapter 5), unlike what was 

observed for human derived isolates (Chapters 2 and 3), suggesting that different antibiotic 
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resistant STEC phylogenies may be circulating in the clinical and agricultural environment. Since 

in this study, samples from cattle were collected based on convenience, future studies could focus 

on sampling efforts applied proportionally according to the number of beef and dairy farms in 

counties, thus ensuring that cattle sampled are representative of the state of Michigan and antibiotic 

frequency data is generalizable.  

Overall, high frequencies of antibiotic resistance were observed in STEC and NTS in 

Michigan. In addition to resulting in numerous foodborne illnesses worldwide, the widespread 

dissemination of antibiotic resistance in STEC and NTS is alarming as efficacy of treatment of 

bacterial illnesses in limited, and, in some instances, resulting in severe disease outcomes. As seen 

in our study, since many resistance genes were found to be those that are horizontally acquired, 

the acquisition of resistance genes by other clinically relevant pathogens is of great concern. A 

better understanding of the prevalence and risk factors of antibiotic resistant isolates from both 

humans and cattle will aid in disease management. The increasing rates of antibiotic resistance in 

both STEC and NTS in Michigan, call for the need of continuous surveillance to detect the 

emergence and spread of antibiotic resistance.  

 

 

 

 

 

 



283 

 

 

 

 

 

 

 

 

 

 

 

 

REFERENCES 

 

 

 

 

 

 

 

 

 

 

 



284 

 

REFERENCES 

 

1. O'Neill J. Antimicrobial Resistance : Tackling a crisis for the health and wealth of 

nations. Review on Antimicrobial Resistance. 2014:1-16. 

 

2. Centers for Disease Control and Prevention. Antibiotic resistance threats. 2013. 

 

3. World Health Organization. Antimicrobial resistance:  Global Report on Surveillance. 

2014. 

 

4. Wick RR, Judd LM, Gorrie CL, Holt KE. Completing bacterial genome assemblies with 

multiplex MinION sequencing. Microb Genom. 2017;3(10):e000132. doi: 

10.1099/mgen.0.000132.  

 

5. Carattoli A, Zankari E, García-Fernández A, Voldby Larsen M, Lund O, Villa L, Møller 

Aarestrup F, Hasman H. In silico detection and typing of plasmids using PlasmidFinder 

and plasmid multilocus sequence typing. Antimicrob Agents Chemother 

2014;58(7):3895-903. doi: 10.1128/AAC.02412-14.  

 

6. Joss MJ, Koenig JE, Labbate M, Polz MF, Gillings MR, Stokes HW, Doolittle WF, 

Boucher Y. ACID: annotation of cassette and integron data. BMC bioinformatics. 

2009;10:118. doi: 10.1186/1471-2105-10-118.  

 

7. Abu-Ali GS, Ouellette LM, Henderson ST, Lacher DW, Riordan JT, Whittam TS, 

Manning SD. Increased Adherence and Expression of Virulence Genes in a Lineage of 

Escherichia coli O157:H7 Commonly Associated with Human Infections. PLOS ONE. 

2010;5(4):e10167. doi: 10.1371/journal.pone.0010167. 

 

8. Mohawk KL, O'Brien AD. Mouse models of Escherichia coli O157:H7 infection and 

shiga toxin injection. J Biomed Biotechnol. 2011;2011:258185- doi: 

10.1155/2011/258185.  

 

9. Zhang CZ, Ren SQ, Chang MX, Chen PX, Ding HZ, Jiang HX. Resistance mechanisms 

and fitness of Salmonella Typhimurium and Salmonella Enteritidis mutants evolved 

under selection with ciprofloxacin in vitro. Sci Rep. 2017;7(1):9113. doi: 

10.1038/s41598-017-09151-y.  

 

10. Dhanani AS, Block G, Dewar K, Forgetta V, Topp E, Beiko RG, Diarra MS. Genomic 

Comparison of Non-Typhoidal Salmonella enterica Serovars Typhimurium, Enteritidis, 

Heidelberg, Hadar and Kentucky Isolates from Broiler Chickens. PLoS One. 

2015;10(6):e0128773. doi: 10.1371/journal.pone.0128773.  

 



285 

 

11. Klasberg S, Bitard-Feildel T, Mallet L. Computational Identification of Novel Genes: 

Current and Future Perspectives. Bioinform Biol Insights. 2016;10:121-31. doi: 

10.4137/BBI.S39950.  

 

12. van Schaik W. The human gut resistome. Philos Trans R Soc Lond B Biol Sci. 

2015;370(1670):20140087-. doi: 10.1098/rstb.2014.0087.  

 

13. Bengtsson-Palme J, Angelin M, Huss M, Kjellqvist S, Kristiansson E, Palmgren H, 

Larsson DGJ, Johansson A. The Human Gut Microbiome as a Transporter of Antibiotic 

Resistance Genes between Continents. Antimicrob Agents Chemother. 

2015;59(10):6551. 

 

14. Ryu S, Kim BI, Lim J-S, Tan CS, Chun BC. One Health Perspectives on Emerging 

Public Health Threats. J Prev Med Public Health. 2017;50(6):411-4. doi: 

10.3961/jpmph.17.097.  

 

15. Centers for Disease Control and Prevention. One Health Basics. 2017. 

 

 

 

 


