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Abstract 27 

Antibiotic selection pressure and genetic associations may lead to the co-occurrence of resistance and 28 

virulence in individual pathogens. However, there is a lack of rigorous epidemiological evidence that 29 

demonstrates co-occurrence of resistance and virulence at the population level.  Using samples from a 30 

population-based case-control study in 25 villages in rural Ecuador, we characterized resistance to 12 31 

antibiotics among pathogenic (n=86) and commensal (n=761) E. coli isolates, classified by the 32 

presence or absence of known diarrheagenic virulence factor genes.  Prevalence of resistance to 33 

single and multiple antibiotics was significantly higher in pathogenic compared to commensal 34 

isolates.  Using a generalized estimating equation, antibiotic resistance was independently associated 35 

with virulence factor carriage, case status and antibiotic use (OR = 3.0, 95% CI (1.7 – 5.1); OR = 2.0, 36 

95% CI (1.3 – 3.0); OR = 1.5, 95% CI (0.9 – 2.5) respectively). Virulence factor carriage was more 37 

strongly related to antibiotic resistance than antibiotic use for all antibiotics examined, with the 38 

exception of fluoroquinolones, gentamicin, and cefotaxime.  This study provides epidemiological 39 

evidence that antibiotic resistance and virulence factor carriage are linked in E. coli populations in a 40 

community setting.  Further, these data suggest that, while the co-occurrence of resistance and 41 

virulence in E. coli is partially due to antibiotic selection pressure, it is also genetically determined.  42 

These findings should be considered when developing strategies for treating infections and 43 

controlling for antibiotic resistance.       44 
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Introduction 45 

Antimicrobial resistance is a major public health problem, identified by the World Health 46 

Organization (WHO) as one of the most pressing issues in global health (1). In the United States, 47 

more than two million people per year acquire bacterial infections resistant to antibiotics, resulting in 48 

at least 23,000 deaths and expenditures of $20 – 35 billion annually (2). Elsewhere, losses to Gross 49 

Domestic Product (GDP) from antibiotic resistance are estimated at 0.4% to 1.6% (3).  Antibiotic 50 

resistance can occur in any bacteria, but is of direct concern among pathogens, because of the 51 

resulting increased duration of care, cost of treatment, and morbidity and mortality (4,5). Although 52 

selection due to antibiotic use is considered a major factor associated with increased antibiotic 53 

resistance among pathogens, studies on the molecular mechanisms of resistance and virulence 54 

suggest a genetic association.  For example, genes for both resistance and virulence can be co-55 

localized in the genome, indicating co-selection (6).  While these mostly laboratory-based studies 56 

suggest a plausible ecological and biological link, there is a lack of rigorous epidemiological 57 

evidence demonstrating this link between antibiotic resistance and virulence in human populations. 58 

Pathogenic E. coli and Shigellae are responsible for an estimated 840,000 cases of disease per 59 

year in the U.S. (7), and 583,500 deaths globally (8).  Most E. coli found in the human gut are 60 

commensals that do not cause disease. A minority of E. coli, however, possess virulence factors that 61 

are markers of specific pathotypes, which can cause either intestinal or extra-intestinal infections (9).  62 

Diarrheagenic E. coli are among the best-characterized pathogenic E. coli and can be identified by the 63 

presence of specific virulence gene markers (9,10). Because these E. coli strains are capable of 64 

causing disease, they are considered more virulent than commensal E. coli strains, even though 65 

colonization by diarrheagenic E. coli does not always result in disease (10).  Some studies have 66 

documented relationships (both positive and negative) between antibiotic resistance and virulence in 67 
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E. coli causing extraintestinal infections, but much less is known about this relationship in 68 

diarrheagenic E. coli (11,12,13). 69 

Selection pressure and genetic mechanisms both contribute to the positive correlation between 70 

virulence and antibiotic resistance. Antibiotic use is associated with increased antibiotic resistance 71 

(16,17) and antibiotics are used frequently to treat diarrhea and other conditions in humans (14) and 72 

animals (15) – but generally only when symptoms occur.  Therefore, strains with great pathogenicity 73 

– those that are more likely to cause symptoms following colonization – have a greater probability of 74 

being exposed to antibiotic therapy than nonpathogenic strains and have a greater probability of 75 

developing resistance. The use of antibiotics to treat infections could also impact the development of 76 

resistance in commensal stains of the hosts.  Reducing the use of antibiotics, and therefore reducing 77 

selection pressure, is considered an important strategy for controlling resistance levels (18).  This 78 

strategy could reduce the resistant bacterial population and thus reduce co-occurrence of resistance 79 

and virulence.  Genes that determine virulence and antibiotic resistance often occur on mobile genetic 80 

elements and occasionally are co-regulated (for reviews see Martinez and Baquero (6) and Beceiro et 81 

al. (19)). Plasmids are known to be major vectors for the spread of both antibiotic resistance and 82 

virulence genes.  For example, the same plasmid within E. coli has been observed to carry both 83 

resistance genes (e,g, to tetracycline, streptomycin, and sulfonamides) as well as virulent genes (e.g., 84 

heat-labile and heat-stable enterotoxin) (20,21).  Similarly, virulence genes such as enterotoxin and 85 

Shiga toxin are found on transposons (22,23), genetic elements often associated with antibiotic 86 

resistance genes. Additionally, antibiotic pressure plays a role in the dissemination of mobile genetic 87 

elements some of which carry virulence genes (24). 88 

While the genetics underlying resistance and virulence strongly suggest a linkage between 89 

these two traits, to the best of our knowledge, no population-based study has examined the 90 

population-level association between antibiotic exposure and variability in antibiotic resistance levels 91 
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by pathogenicity.  In hospital settings, high rates of antibiotic resistance commonly are observed 92 

amongst pathogenic bacteria (2), but population-based epidemiological studies can provide insight 93 

into how much this occurs in the community setting. Here, we take advantage of a unique and 94 

extensive dataset of pathogenic and commensal E. coli isolates from villages in rural Ecuador to 95 

examine co-occurrence of antibiotic resistance and virulence and to assess whether virulence and 96 

antibiotic resistance among E. coli have emerged as a coupled phenomenon in the general population. 97 

Using symptomatic status and antibiotic exposure data from humans, along with information on 98 

genotype and the presence of resistance and virulence genes, we assess whether antibiotic resistance 99 

is associated with virulence of E .coli.  100 

 101 

Materials and Methods 102 

Study design and population 103 

As part of an ongoing study of the effect of environmental changes on diarrheal diseases in a 104 

rural region of northern coastal Ecuador (25), we conducted a series of case control studies in 25 105 

communities in the northern Ecuadorian province of Esmeraldas between 2009 and 2010. All 106 

households within each village were recruited, except in the larger town of Borbón, where a random 107 

sample of 400 households (out of approximately 5,000) was recruited. Each community was visited 108 

for 15 days, and stool samples were collected from all identified cases and 10% of randomly selected 109 

controls. Cases were defined using the WHO definition of three or more loose stools in a 24-hour 110 

period; controls were defined as individuals without diarrhea in the previous six days. Individual 111 

antibiotic usage was ascertained via a structured interview within the previous week, before the onset 112 

of diarrhea. Informed consent was obtained from all households, and all study protocols were 113 

approved by the University of Michigan and Trinity College Institutional Review Boards, and the 114 

Universidad San Francisco de Quito Bioethics Committee. 115 
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E. coli isolation, antimicrobial susceptibility testing and genotyping 116 

Stool samples were cultured within 48 hours on MacConkey media. After 24 hours of 117 

incubation, five lactose positive colonies were randomly selected and tested for β-glucoronidase 118 

activity to identify E. coli using Chromocult agar (Merck, Darmstadt, Germany). Suspected lactose 119 

negative E. coli colonies were confirmed using API ® 20 E (BioMérieux, Marcy l’Etoile, France).  120 

The first randomly identified lactose positive E. coli (or lactose negative E. coli if no lactose positive 121 

E. coli was identified) from each sample was tested for antibiotic susceptibility to 12 antibiotics 122 

(Table 1) using the disc-diffusion method and was genotyped using a binary typing method based on 123 

presence or absence of 28 genes (Table 1) described previously (33,34).  Nine of these were virulence 124 

genes, which we used to identify six diarrheagenic E. coli pathotypes: enterotoxigenic (ETEC), 125 

enteroinvasive (EIEC), enteropathogenic (EPEC), Shiga-toxigenic/enterohemorrhagic (STEC/EHEC), 126 

enteroaggregative (EAEC), and diffuse adherent E. coli (DAEC) according to published criteria 127 

(10,28). Three genes were used to categorize isolates into one of the four main E. coli phylogenetic 128 

groups: A, B1, B2 or D (29).  In addition to the 28 genes used for genotyping, we screened for the 129 

presence of three antibiotic resistance genes (tetA, tetB, and qnrB) as well as the intl1 gene, the 130 

marker for class 1 integron and its associated resistance genes (Table 1). The presence or absence of 131 

all 32 genes was determined using a high-throughput dot-blot hybridization on the Library-on-a-Slide 132 

(LOS) array platform developed in our laboratory using PCR-amplified DNA fragments internal to 133 

each of these genes as the hybridization probes (35).  134 

Statistical analysis 135 

Clinical and Laboratory Standards Institute (CLSI) standards (27) were used to determine 136 

susceptibility profiles, and isolates with intermediate clinical susceptibility were classified together 137 

with sensitive isolates. Because the probability of sampling of cases and controls was not equal, a 138 

weighted prevalence was calculated for antibiotic resistance in overall samples using the unbiased 139 
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Horvitz-Thompson estimator (36).  Chi-square tests were used for group comparisons or trend 140 

analyses.  Associations between various antibiotic resistance outcomes (e.g., resistance to single 141 

antibiotic, any antibiotic, and multiple antibiotics) and three main predictors of interest a) isolate 142 

virulence factor carriage, b) case status, and c) reported antibiotic use were evaluated using 143 

generalized linear models (PROC GENMOD; SAS, version 9.1; SAS Institute, Cary, NC). Model 144 

outcomes were at the isolate level and were adjusted for clustering of samples within villages and 145 

households using generalized estimating equation (GEE) method implemented in PROC GENMOD. 146 

The other predictors of interest (i.e., virulence factor carriage, case status or antibiotic use) were 147 

controlled for as covariates in each model, as they could influence the level of resistance seen in E. 148 

coli collected.   149 

 150 

Results  151 

A total of 847 E. coli isolates were collected from 137 cases and 710 controls. Prevalence of 152 

resistance varied by antibiotic (Table 2), antibiotic class (Table S1) and case control status (Table S2).  153 

Diarrheagenic virulence factors for E. coli were identified in 86 of 847 isolates; these 86 were 154 

classified into five diarrheagenic E. coli pathotypes: 17 ETEC, 17 EPEC, 1 EIEC, 25 EAEC and 26 155 

DAEC. No STEC/EHEC were identified.  The weighted prevalence of diarrheagenic pathotypes 156 

ranged from 0.1% for EIEC to 2.8% for EAEC (Table S3). Overall, diarrheagenic E. coli were 157 

isolated significantly more often from cases than controls (21.9% vs. 7.9%; OR = 3.3, 95% C.I.: 2.0 – 158 

5.3 for any pathotype).  Likewise, case isolates had generally higher resistance prevalence than 159 

control isolates for most antibiotics (Table S2).   160 

For eight of the twelve antibiotics examined, resistance prevalence among pathogenic E. coli 161 

(defined as having one or more virulence factors present) was significantly higher than the prevalence 162 

among commensal E. coli (defined as having no virulence factors present), regardless of whether or 163 
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not they were isolated from cases or controls (Table 3).  For five of the eight antibiotics (tetracycline, 164 

ampicillin, sulfisoxazole, sulfamethoxazole /trimethoprim, and cephalothin) the prevalence of 165 

resistance ranged from 1.2 to 2.5 times higher in pathogenic versus commensal E. coli.  Whereas for 166 

three of the eight antibiotics (streptomycin, chloramphenicol and amoxicillin/clavulanate) the 167 

prevalence of resistance ranged from 5.0 to 17.8 higher in pathogenic versus commensal in cases 168 

while ranged from 2.7 to 4.7 higher in controls.  The prevalence of resistance to the remaining four 169 

antibiotics was low, most were from controls, and from commensal E. coli.   170 

Compared to commensal isolates, pathogenic isolates were more likely to be resistant to 171 

multiple antibiotics. Among isolates resistant to at least one antibiotic, pathogens were resistant to an 172 

average of five antibiotics, versus three for commensals. A significantly higher percentage of 173 

pathogenic compared to commensal isolates were resistant to five or more antibiotics (p<0.001), and 174 

a significantly higher percentage of commensal compared to pathogenic isolates were resistant to two 175 

or fewer antibiotics (p<0.001) (Figure 1).  The prevalence ratio comparing pathogenic to commensal 176 

isolates increased with increasing number of antibiotics to which isolates were resistant (p<0.001). 177 

A total of 105 unique antibiotic resistance profiles (specific combinations of resistance to the 178 

12 antibiotics tested) were observed and 66 were observed only 1 or 2 times.  The most common 179 

profile of multiple resistance were to ampicillin-tetracycline-sulfisoxazole- streptomycin-180 

trimethoprim/sulfamethoxazole (3.3%), occurring two and half times more frequent in pathogens 181 

compared to commensals (p=0.027).  182 

Case status was associated with more frequent use of antibiotics during the week before the 183 

onset of diarrhea.  21.5% percent of the cases vs. 6.1% of the controls reported antibiotic use during 184 

the week before onset of diarrhea, most commonly beta-lactam (12.6% of all cases and 4.1% of all 185 

controls) and sulfa drugs (3.0% of all cases and 0.6% of all controls).  186 

Predicting antibiotic resistance  187 
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Separate generalized linear models were fitted using the GEE method for different resistance 188 

outcomes, including resistance to any antibiotic, multi-drug resistance (to three or more antibiotics), 189 

and specific individual antibiotics or combination of antibiotics (Table 4). Virulence factor carriage, 190 

case status, and antibiotic use were each independently associated with any resistance and multi-drug 191 

resistance (Table 4); virulence factor carriage was the strongest predictor of resistance (highest ORs 192 

observed).  Virulence factor carriage was also the only consistent predictor of resistance for all but 193 

one outcome modeled (fluoroquinolone resistance).  Resistance to gentamicin and cefotaxime were 194 

not modeled due to very low prevalence.  Antibiotic use was the weakest predictor of resistance. 195 

When we modeled the use of specific antibiotic classes instead of any antibiotic use we did not 196 

observe an increase in the strength of the associations to resistance. 197 

Association between resistance genes and virulence factor genes 198 

Genes tetA, tetB and intl1 (marker for class 1 integron presence and its associated resistance 199 

genes) were strongly associated with the expected phenotype resistance to tetracycline and 200 

sulfa/trimethoprim. Odds ratios (95% C.I.) for tetA-tetracycline resistance, tetB- tetracycline 201 

resistance, intl1-sulfa resistance and intl1-sulfa and trimethoprim resistance were 66.6 (33.4 - 148.6), 202 

31.2 (14.9 - 74.1), 13.2 (8.6 - 20.8), and 9.8 (6.5 - 14.7), respectively. The association of the qnrB 203 

gene with quinolone resistance was not as strong as others but was still statistically significant (OR = 204 

5.1, 95% C.I.: 1.6 - 13.8). The association of resistance genes to any virulence factor gene was 205 

positive and statistically significant for genes tetA (OR = 1.7, 95% C.I.: 1.0 - 2.8) and intl1 (OR = 2.5, 206 

95% C.I.: 1.5 - 4.1) but was not statistically significant for tetB (OR = 1.6, 95% C.I.: 0.8 - 2.9). The 207 

qnrB gene had a negative but not statistically significant association with virulence factor genes (OR 208 

= 0.2, 95% C.I.:  0.0 - 1.1).  209 

Phylogenetic lineages and genotype diversity of pathogenic and commensal E. coli 210 
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All phylogroups were represented, but pathogenic isolates (25%) were approximately twice as 211 

likely to belong to the D group as commensal isolates (12%) (p=0.0002). The difference between 212 

pathogenic and commensal isolates in the other phylogroups was not as large: A group (39% versus 213 

52%, p=0.046); B1 group (18% versus 27%, p=0.082); and B2 group (13% versus 8%, p=0.088). 214 

Significant differences in phylogroup distribution were seen for ampicillin, cephalothin, sulfisoxazole, 215 

and sulfamethoxazole–trimethoprim resistance, but not for other antibiotics (Table 5). Antibiotic 216 

resistance in phylogroup D was higher than other groups for a number of antibiotics, as was 217 

resistance to multiple antibiotics. 218 

A total of 199 unique genotypes were identified in commensal E. coli and 54 in pathogenic E. 219 

coli. However, there was no difference in Simpson’s diversity index (37) between the two groups 220 

measured using the Simpson diversity index (pathogen: 0.985, 95% C.I.: 0.977-0.992; commensal: 221 

0.984, 95% C.I.: 0.981-0.987). 222 

 223 

Discussion  224 

The interplay between antibiotic resistance and virulence can have profound effects on the 225 

evolution of bacterial pathogens and our ability to combat them. Our analysis of a large population 226 

sample of E. coli isolates from rural Ecuador provides epidemiological evidence that resistance and 227 

virulence phenotypes are linked in a community setting. As expected due to selection pressure, we 228 

found higher odds of both any- and multi-drug resistance in E. coli isolates from individuals reporting 229 

use of antibiotics.  However, when we controlled for antibiotic use, we found higher rates of 230 

resistance in isolates collected from individuals with symptomatic diarrhea, and when we controlled 231 

for both antibiotic use and symptomatic status, we found higher rates of resistance from strains of E. 232 

coli with diarrheagenic virulence genes present (Table 4). These data suggest that both selection 233 

pressure and genetic association are involved in the co-occurrence of resistance and virulence.  234 
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Selection Pressure: Diarrhea cases reported more frequent use of antibiotics in the week prior to the 235 

onset of diarrhea than controls (21.5% vs. 6.1%), and antibiotic use was associated with some of the 236 

resistance outcomes examined (Table 4).  These data provide evidence that selection pressure is 237 

occurring in our study population. While only oral rehydration therapy is recommended in most cases 238 

of diarrhea, antibiotic therapy is often used to treat acute infectious gastroenteritis (38).  Surveys of 239 

participating villages found antibiotics available in 16 of 19 study villages, but oral rehydration 240 

sachets in only 6 of 19. Moreover, ethnographic interviews revealed that a common household 241 

remedy used in the area for treatment of diarrhea involves mixing oxytetracycline with lemon juice 242 

and water (39). 243 

 The observation that people with diarrhea had more frequent use of antibiotics before the 244 

onset of diarrhea is also interesting.  This may suggest that antibiotic use predisposes individuals to 245 

the development of diarrhea by disrupting the GI flora and allowing overgrowth or colonization of a 246 

resistant pathogen. 247 

Genetic Association: The most striking observation in our multivariate analysis was that the 248 

presence of diarrheagenic virulence genes was an independent and much stronger predictor of 249 

antibiotic resistance than was individual antibiotic use. Furthermore, after controlling for antibiotic 250 

use and symptomatic status, the presence of a virulence gene was more strongly associated with 251 

antibiotic resistance than was symptomatic status (Table 4). Consistent with previous reports of co-252 

occurrence of virulence and resistance genes (11,40,41), we observed a positive correlation between 253 

three resistance genes (tetA, tetB, and intl1) and the presence of any virulence gene, although only 254 

correlations of the intl1 and tetA genes were statistically significant.   255 

We also observed that isolates in phylogenetic group D were more strongly associated with 256 

multidrug resistance, and pathogenic isolates were twice as likely than commensal isolates to belong 257 

to phylogenetic group D.  This is consistent with previous observations by other researchers (42).  258 
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The propensity for a phylogroup to be overrepresented in both virulent and resistant E. coli may 259 

suggest an ancient genetic link between virulence and resistance, because phylogroups diverged 260 

millions of years ago (43), long before human use of antibiotics. Alternatively, some phylogroups 261 

might have more genome plasticity and therefore are better at incorporating resistance genes over 262 

time through horizontal gene transfer.  At least in our study population, there was a stronger effect 263 

observed for a genetic association than for selection via recent antibiotic use. 264 

Resistance to Specific Antibiotics: High prevalence of antibiotic resistance in human diarrheagenic 265 

E. coli infections has been reported in other countries (16,44).  The highest resistance frequencies 266 

observed for pathogenic E. coli in our study were to the commonly used antibiotics ampicillin (90% 267 

in cases and 62.5% in controls) and sulfamethoxazole–trimethoprim (80% in cases and 51.8% in 268 

controls) (Table 3). This finding is similar to what has been described from Peru (85% and 79%, 269 

respectively) (16) and Mexico (73% and 65%) (44). 270 

Our analysis extends these studies by showing that pathogenic E. coli isolates were associated 271 

with higher prevalence of resistance than commensal E. coli isolates, across most antibiotics 272 

examined.  However, pathogenic E. coli were less resistant to fluoroquinolones. Consistent with the 273 

fluoroquinolone result, the qnrB gene was negatively correlated with virulence genes. A similar 274 

inverse relationship between quinolone resistance and virulence has been shown in uropathogenic E. 275 

coli (11).  Although the qnr family of genes confer only low-level fluoroquinolone resistance, they 276 

provide selective advantage in the presence of these antibiotics (45). Soto reported quinolone 277 

resistance associated with increased virulence in P. aeruginosa but decreased virulence in E. coli (46).  278 

Two reasons have been proposed to explained the negative relationship between resistance to 279 

quinolones and virulence: 1) mutations in DNA-gyrase reduce DNA supercoiling that interferes with 280 

the expression of certain virulence factors (46); and 2) exposure to quinolones induces elimination of 281 

virulence genes containing pathogenicity islands by a SOS-dependent pathway, a common bacteria 282 
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stress response mechanism (46). Negative associations have also been observed between virulence 283 

potential and CTX-M beta-lactamases production in E. coli (12,13). 284 

Study Limitations: Our ability to show the linkage between specific virulence and resistance genes 285 

is limited since we only examined four resistance gene elements, and we lacked power to examine 286 

individual virulence genes. Additionally, pathogenic E. coli were identified by detecting the presence 287 

of marker genes without confirming the expression of the virulence phenotypes.  However, we 288 

previously demonstrated that these genotypically identified pathotypes were associated with 289 

symptomatic diarrhea even after taking into account the detection of rotavirus and Giardia in the 290 

samples in the same study region (25) and showed their virulence phenotypes in the in vitro 291 

laboratory assay (47).  Furthermore, while the diarrheagenic pathotypes we identified as pathogenic E. 292 

coli are well recognized (10), E. coli we defined as commensal might include unrecognized 293 

pathogenic E. coli. Such potential misclassification would have resulted in an underestimation of the 294 

difference between pathogenic and commensal E. coli resistance levels.  295 

Conclusions: Our population-based study showed a strong correlation between virulence and 296 

antibiotic resistance in communities in northern coastal Ecuador.   While antibiotic use contributed to 297 

the selection of resistance, the link between virulence and resistance was also independent of 298 

selection pressure.   This suggests that reducing the use of antibiotics will not necessarily reduce 299 

resistant pathogens in the population.  Maintaining resistance phenotypes in bacteria could also be 300 

influenced by the fitness cost associated with resistance (48) and likelihood of developing 301 

compensatory fitness-improving mutations (49).  These can potentially make it difficult to control 302 

antibiotic resistance in pathogenic E. coli and, more generally, in pathogenic infections.  Further 303 

studies are needed for a more robust understanding of what drives the link between resistance and 304 

virulence so better antimicrobial stewardship can be developed to balance treatment needs while 305 

preserving antibiotic effectiveness. 306 
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Table 1.  Summary of antibiotics tested and genes screened for each E. coli isolate.  A binary string 471 

of 28 bits, representing the presence or absence of 28 genes (excluding the 4 resistance genes) was 472 

used to represent the isolate’s genotype.  473 

Antibiotics tested 
(n=12)   Comment/reference 

 

Amoxicillin/clavulanate, Ampicillin, Cefotaxime, 

Cephalothin, Chloramphenicol, Ciprofloxacin, 

Enrofloxacin, Gentamicin, Streptomycin, 

Sulfamethoxazole/trimethoprim, Sulfisoxazole, 

Tetracycline 

Tested using the disc-diffusion 

method and interpreted as resistant, 

intermediate or susceptible 

according to standard criteria 

(26,27) 

Genes screened 
(n=32) 

   

 Pathogen-specific genes   
  stx1, stx2,  

eae, bfp, 

lt, virF,  

ipaH, aafII,  

afa 

Used to identify six diarrheagenic 

pathotypes: ETEC, EIEC, EPEC, 

STEC/EHEC, EAEC, and DAEC 

according to published criteria 

(10,28) 

    
 Genes for phylogenetic 

grouping 
 Used to categorize isolates into one 

of the four main E. coli phylogenetic 
groups: A, B1, B2 or D (29) 

  chuA  

  yjaA  

  tspE4.C2  

 Resistance genes   
  tetA Tetracycline resistance (30) 

  tetB Tetracycline resistance (30) 

  qnrB Quinolone resistance (31) 

  Intl1 Integron 1 frequently with genes for 

sulfa-trimethroprin resistance (32) 

    
 Others  Additional genes used for 

genotyping (33,34) 
  iucD, c0286, 

c0311, c1600, 

c3389, capII, 

cnf1, fyuA, hly, 

iha, iroN, ompT, 

prs, s3187, sfa, 

usp 
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 474 
 475 
Table 2. Prevalence and 95% confidence interval (CI) of resistance to twelve antibiotics in E. coli 476 

isolated from villagers in northwest Ecuador during 2009 – 2010 477 

 478 

Antibiotic tested Prevalence (%) 
n = 847 95% CI 

Tetracycline 33.6 27.8 - 39.5 
Ampicillin 28.9 22.8 - 34.9 
Sulfisoxazole 27.8 21.7 - 33.9 
Sulfamethoxazole/trimethoprim 23.4 17.1 - 29.7 
Cephalothin 16.7 10.1 - 23.2 
Streptomycin 12.9 6.2 - 19.6 
Chloramphenicol 5.0 0.0 - 12.0 
Amoxicillin/clavulanate 4.7 0.0 - 11.7 
Enrofloxacin 3.1 0.0 - 10.2 
Ciprofloxacin 2.4 0.0 - 9.5 
Gentamicin 2.2 0.0 - 9.4 
Cefotaxime 0.3 0.0 - 7.4 

 479 
  480 
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 481 
Table 3.  Prevalence of resistance to 12 tested antibiotics in E. coli isolated from villagers in 482 

northwestern coastal Ecuador during 2009 – 2010, stratified by case/control status (with and without 483 

diarrhea) and further stratified by whether isolate carried a virulence factor (VF) for diarrheagenic E. 484 

coli. 485 

 486 
 Case ( n =137)  Control ( n = 710)  

 VF+ 
(n = 30) 

VF-
(n = 107) PR (95% CI)  VF+

(n = 56) 
VF- 

(n = 654) PR (95% CI) 

        

Tetracycline 53.3 43.9 1.2 (0.8-1.8)  50.0 32.0 1.6 (1.2-2.1) 

Ampicillin 90.0 41.1 2.2 (1.7-2.8)  62.5 25.5 2.5 (1.9-3.1) 

Sulfisoxazole 86.7 40.2 2.2 (1.6-2.8)  58.9 24.6 2.4 (1.9-3.1) 

Sulfamethoxazole/trimethoprim 80.0 35.5 2.3 (1.6-3.1)  51.8 20.5 2.5 (1.9-3.4) 

Cephalothin 46.7 21.5 2.2 (1.3-3.7)  35.7 14.8 2.4 (1.6-3.6) 

Streptomycin 46.7 9.3 5.0 (2.5-10.1)  30.4 11.3 2.7 (1.7-4.2) 

Chloramphenicol 30.0 4.7 6.4 (2.3-17.7)  17.9 3.8 4.7 (2.4-9.2) 

Amoxicillin/clavulanate 33.3 1.9 17.8 (4.1-77.0)  16.1 3.7 4.4 (2.1-9.0) 

Enrofloxacin 0.0 1.9  -  1.8 3.2 0.6 (0.1-4.1) 

Ciprofloxacin 0.0 1.9  -  1.8 2.4 0.7 (0.1-5.4) 

Gentamicin 0.0 0.0  -  1.8 2.3 0.8 (0.1-5.8) 

Cefotaxime 0.0 0.9  -  0.0 0.3  - 

Note: PR (95% CI) - Prevalence ratio and 95% confidence interval; “-”- PR not calculated due to cells with 0s. 487 
 488 
 489 
  490 
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Table 4. Associations between antibiotic resistance outcomes and a) presence of virulence factor (VF) for 491 

diarrheagenic E. coli, b) case status (with diarrhea), and c) reported antibiotic use in E. coli isolated from villagers 492 

in northwestern coastal Ecuador during 2009 – 2010.   Estimates evaluated using a generalized estimating 493 

equation, controlling for the other two outcomes. (n = 818) 494 

 495 
  Odds ratios (95% CI) 

Resistance Type  a) VF+  b) Case  c) Antibiotic use 
 Any resistance  3.0 (1.7 - 5.1)  2.0 (1.3 - 3.0)  1.5 (0.9 - 2.5) 
       
Multi-resistance*  5.2 (3.2 - 8.5)  2.0 (1.4 - 2.9)  1.7 (1.0 - 2.9) 
       
 Individual/combined 
                      resistance^       

amp  5.7 (3.5 -  9.3)  2.1 (1.4 - 3.0)  2.2 (1.3 - 3.8) 
ceph  3.1 (1.9 - 5.1)  1.4 (0.8 - 2.2)  1.9 (1.0 - 3.4) 

clo  6.2 (3.3 - 11.6)  1.4 (0.7 - 2.8)  1.5 (0.6 - 3.8) 
str  4.2 (2.6 - 7.0)  1.2 (0.7 - 2.0)  0.8 (0.3 - 1.7) 
tet  1.8 (1.1 - 2.8)  1.5 (1.0 - 2.2) 1.7 (1.0 - 2.7) 
sul  5.0 (3.1 - 8.1)  2.1 (1.4 - 3.2)  1.6 (0.9 - 2.7) 
sxt  4.6 (2.9 - 7.3)  2.2 (1.6 - 3.3)  1.7 (1.0 - 2.8) 

cip or eno  0.9 (0.2 - 4.2)  0.4 (0.1- 2.0)  2.9 (0.9 - 9.6) 
amp+tet+sul+sxt  4.3 (2.3 - 7.1)  2.0 (1.3 - 3.2)  2.6 (1.5 - 4.6) 

* Defined as resistance to three or more antibiotics.  ^: amp - ampicillin, ceph - cephalothin, clo - chloramphenicol, str - 496 
streptomycin, tet - tetracycline, sul - sulfisoxazole, sxt – sulfamethoxazole/trimethoprim, cip or eno – ciprofloxacin or 497 
enrofloxacin, amp+tet+sul+sxt - ampicillin and tetracycline and sulfisoxazole and sulfamethoxazole/trimethoprim.  498 
Clustering of samples within villages and households was adjusted in OR estimates.  499 
 500 
 501 
  502 
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 503 
 504 
Table 5.  Percentage resistance to different antibiotics by E. coli phylogroup in E. coli 505 
isolates from villagers in northwestern coastal Ecuador during 2009 – 2010 506 
 507 

Antibiotic 
A 

n=431 
B1 

n=224 
B2

n=76
D

n=116 p-value*

any 47.3 54.9 60.5 68.1 0.0004

amp 27.8 30.8 31.6 51.7 <0.0001

ceph 9.0 24.6 22.4 37.1 <0.0001

clo 4.9 5.8 5.3 9.5 0.31

str 13.2 11.6 17.1 16.4 0.50

tet 33.4 33.5 39.5 44.0 0.15

sul 28.3 28.6 38.2 41.4 0.021

sxt 25.5 21.0 28.9 39.7 0.0026

cip or eno 2.1 5.4 2.6 2.6 0.14

amp+tet+sul+sxt 12.5 13.8 9.2 29.3 <0.0001
      
No. of Abs to 
which isolate is 
resistant     0.0008

None (0) 52.7 45.1 39.5 31.9  
Low (1-2) 17.6 23.7 22.4 23.3  

Medium (3-4) 17.6 15.6 21.1 17.2  
High (≥5) 12.1 15.6 17.1 27.6  

Note: any – resistance to at least one of 12 tested antibiotics, amp - ampicillin, ceph - cephalothin, clo - 508 
chloramphenicol, str - streptomycin, tet - tetracycline, sul - sulfisoxazole, sxt – 509 
sulfamethoxazole/trimethoprim, cip or eno – ciprofloxacin or enrofloxacin, amp+tet+sul+sxt - Ampicillin 510 
and tetracycline and sulfisoxazole and sulfamethoxazole/trimethoprim.  *Chi-square test of independence 511 
was used to test the difference in phylogroup composition between resistant and nonresistant E. coli to 512 
listed antibiotic categories. 513 
 514 

 515 

 516 
 517 
 518 
 519 
 520 
 521 
 522 
 523 
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 524 
 525 
Figure Legend 526 
 527 
Figure 1. Percentage of pathogenic (virulence factor for diarrheagenic E. coli present, indicated in 528 

white) and commensal (no virulence factor for diarrheagenic E. coli present, indicated in grey) E. coli, 529 

by resistance level to no antibiotics (none), 1 antibiotic, 2 antibiotic, 3 antibiotics, 4 antibiotics or ≥5 530 

antibiotics.  *P-value from Mantel-Haenszel chi square for trend. 531 

 532 

  533 
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