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A B S T R A C T

National one health monitoring programs for antimicrobial-resistant enteric pathogens often include Escherichia
coli as a sentinel for resistance to antimicrobials with Gram-negative activity. The purpose of this study was to
investigate if antimicrobial resistance for E. coli can predict resistance in Salmonella when they occur together in
the same surveillance sample of raw retail meat or food animal cecal contents collected by the National
Antimicrobial Resistance Monitoring System (NARMS). One colony of each bacterium was isolated from each
culture-positive sample and assayed for antimicrobial susceptibility by broth microdilution using the standard
NARMS panel of 14 antimicrobial agents. A total of 1305 raw retail meats and 348 slaughter animal cecal
samples contained both bacteria. Likelihood ratios were used to assess the extent to which antimicrobial re-
sistance in E. coli coincides with resistance in Salmonella from the same sample. Results showed that for 8 out of
10, and 5 out of 10 antimicrobials tested in retail meat and cecal respectively, there was a statistically significant
increase in the probability of finding Salmonella resistant to a particular antimicrobial when E. coli from the same
sample was resistant to the same drug. Among those 8 and 5, likelihood ratios show that E. coli resistant pre-
dicted Salmonella resistance to ceftriaxone, ceftiofur, cefoxitin, and amoxicillin-clavulanic acid in retail meat,
and to gentamicin, ceftriaxone and amoxicillin-clavulanic acid in cecal samples. Although E. coli is used as a
sentinel for integrated antimicrobial resistance surveillance, these results suggest that E. coli may have limited
value as the sole predictor of antimicrobial resistance in Salmonella except for beta lactams antimicrobials.

1. Introduction

Human infections with antimicrobial-resistant Salmonella represent
an important public health problem worldwide (CDC, 2013). Food
producing animals and their meat products are well known as im-
portant sources of antimicrobial-resistant Salmonella infecting humans
(Angulo, Nargund, & Chiller, 2004; Brown et al., 2017; Gieraltowski
et al., 2016; Kawakami et al., 2016). Some studies suggest that infec-
tions caused by antimicrobial resistant Salmonella strains may be as-
sociated with longer recovery times and poorer health outcomes than
those caused by susceptible organisms (Molbak, 2005; Varma et al.,
2005). Integrated monitoring of resistance in Salmonella from food
animal sources is central to public health efforts to combat resistant

bacteria in the food chain (WHO, 2010). In the United States, integrated
monitoring of Salmonella is done through the National Antimicrobial
Resistance Monitoring System (NARMS). NARMS and other integrated
monitoring programs also include commensal (non-pathogenic) Es-
cherichia coli (CIPARS, 2015; DANMAP, 2017; NARMS, 2017) because
they are established markers of fecal contamination, ubiquitous in food-
producing animals, easy to cultivate, and readily acquire resistance
mechanisms to combat agents with activity against Gram-negative or-
ganisms (Tyson, Hsu, et al., 2019). They are also known reservoirs of
antimicrobial resistance genes (ARGs) that can be transferred hor-
izontally to and from other closely related bacteria (Poole, Callaway,
et al., 2017; WHO, 2017). E. coli is considered good indicators of the
selective pressure imposed by antimicrobial use in food animals
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(Aarestrup et al., 1998) and have been hypothesized to be potential
predictors of emerging resistance in pathogenic bacteria that cannot be
recovered from meat or animal samples (Tadesse et al., 2012). Fur-
thermore, annual trends indicate a possible correlation between Sal-
monella and E. coli resistance ( NARMS, 2017).

Through horizontal gene exchange, commensal E. coli strains may
share acquired resistance traits with pathogens such as Salmonella or
pathogenic E. coli, particularly in environments such as the gastro-
intestinal tract, where enormous species diversity and density allow for
conjugation-mediated exchange of ARGs between bacterial populations
(Huddleston, 2014). As such, studies have shown that multidrug-re-
sistance (MDR) plasmids and transmissible genetic elements can be
transferred between E. coli and Salmonella both in vitro and in vivo
(Blake, Hillman, Fenlon, & Low, 2003; Poole and Crippen, et al., 2009;
Card et al., 2017; Poole, Callaway, et al., 2017). Some studies have
assessed the association between resistance phenotypes in E. coli and
Salmonella recovered from the same food animal herds on-farm
(Rosengren et al., 2008; Varga et al., 2008). By taking advantage of the
large data set from the U.S. National Antimicrobial Resistance Mon-
itoring System (NARMS), this study evaluates the hypothesis that E. coli
can serve as an indicator of antimicrobial resistance (AMR) in Salmo-
nella when they are recovered from the same sample of retail meat or
the food animal intestine.

2. Materials and methods

2.1. Retail meat samples

A total of 24,806 retail meats samples were collected from 4 sur-
veillance sites, Georgia, Maryland, Oregon, and Tennessee, that parti-
cipated in the NARMS retail meat program at different time points
between 2002 and 2015 (NARMS, 2017) isolated both E. coli and Sal-
monella. Standard microbiological methods were used by each of the
sites to isolate Salmonella and E. coli from retail meats (NARMS, 2017).
Of these meats, 1305 tested positive for both E. coli and Salmonella. Of
the 1305 samples, 52.8% (n = 689), 37.8% (n = 493), 5.1% (n = 67),
and 4.3% (n = 56) were from ground turkey (GT), chicken (CB), pork
chop (PC) and ground beef (GB) respectively.

2.2. Animal cecal samples

Cecal samples were collected in NARMS by the United States
Department of Agriculture (USDA) Food Safety Inspection Service
(FSIS) from animal slaughter facilities throughout the country between
2013 and 2015 using published methods (NARMS, 2017). A total of
6489 cecal samples were collected, of which 348 tested positive for
both E. coli and Salmonella. Of the 348 samples, 51.4% (n = 179),
36.2% (n = 126), 9.7% (n = 34) and 2.5% (n = 9) were from swine,
cattle, chicken and turkey, respectively.

2.3. Antimicrobial susceptibility testing

Retail meat isolates were sent to the U.S. Food and Drug
Administration (FDA) Center for Veterinary Medicine (CVM) and cecal
isolates were tested by the USDA-FSIS for serotype and antimicrobial
susceptibility. Antimicrobial minimum inhibitory concentrations (MIC)
of antimicrobial for Salmonella and E. coli were determined via the
Sensititre™ automated antimicrobial susceptibility system using
NARMS Gram-negative panels CMV2AGNF and CMV3AGNF (Trek
Diagnostic Systems, Westlake, OH). Results were interpreted per the
CLSI MIC Interpretive Standards (M100-S29), except for streptomycin
and azithromycin, which lack interpretive criteria. A NARMS-estab-
lished breakpoint of ≥32 μg/ml was used for both agents. For the
purposes of this analysis, isolates with MICs in the intermediate sus-
ceptibility range were considered susceptible. The following anti-
microbials were tested: amoxicillin-clavulanic acid (AMC), ampicillin
(AMP), azithromycin (AZM), cefoxitin (FOX), ceftiofur (TIO), cef-
triaxone (AXO), chloramphenicol (CHL), ciprofloxacin (CIP), genta-
micin (GEN), nalidixic Acid (NAL), streptomycin (STR), sulfamethox-
azole/sulfisoxazole (SUL/FIS), tetracycline (TET), and trimethoprim-
sulfamethoxazole (SXT). As the proportion of isolates with resistance to
ciprofloxacin, nalidixic acid, azithromycin, or trimethoprim-sulfa-
methoxazole was very low (<1%), we excluded these antimicrobials
from our E. coli - Salmonella resistance analysis in retail meat. However,
for the cecal samples analyzed, nalidixic acid was included and cef-
tiofur excluded.

2.4. Statistical analyses

To assess how often resistance to antimicrobial drugs in E. coli co-
incide with resistance in Salmonella when both are present in the same
sample, the likelihood ratio for a positive result +LR( ), and the like-
lihood ratio for a negative result (LR ) were computed using the sen-
sitivity and specificity of the test, for each antimicrobial drug con-
sidered in the study (Parikh, Mathai, Parikh, Chandra Sekhar, &
Thomas, 2008). From the two LRs measures, positive and negative
posttest probabilities of Salmonella resistance were computed and
changes in positive or negative posttests probabilities from the pretest
probabilities were derived (Jaeschke, Meade, Guyatt, Keenan, & Cook,
1997; McGee, 2002; Pewsner et al., 2004; Spitalnic, 2004; Šimundić,
2009).

2.5. LRs used as diagnostic

To use LRs as diagnostic indicator, it was characterized into 4
groups as previously described (Attia, 2003; Haneline, 2007) and
summarized in Table 1.

While E. coli is not used as a diagnostic indicator for Salmonella,
the cutoffs used provide valuable criteria for practical interpretation
of various LRs application. Due to small sample size in some in-
stances, in additional to these cutoffs, 95% CIs were also considered

Table 1
Interpretation of LRs when used as diagnostic indicator.

+LR LR Interpretation

> 10 <0.1rowhead Associated with a large and conclusive change in the probability of a given diagnosis.
5<LR+ ≤ 10 0.2 > LR- ≥ 0.1rowhead Associated with a moderate and usually important change in the probability of a given diagnosis.
<2 LR+ ≤ 5rowhead 0.5 > LR- ≥ 0.2rowhead Associated with a small but sometimes important change in the probability of a given diagnosis.
<1 LR+ ≤ 2rowhead 1 > LR- ≥ 0.5rowhead Changes the probability of a given diagnosis to a small and rarely important degree
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for indicator classification. If the LRs point estimate fell in a given
category but the lower bound of the 95%CI extended into a different
category, the class corresponding to the most conservative category
was reported.

Point estimates of the LRs and their 95% Cis were calculated.
Furthermore, the pretest, positive posttest, negative posttest prob-
abilities were computed, and the changes in positive and negative
probabilities evaluated. The above estimates were first of all evaluated
for all retail meat or cecal isolates combined; then stratified by the three
most prominent Salmonella serotypes (S. Heidelberg, S. Saintpaul, and
S. Typhimurium) and finally, stratified by meat types (retail meats) and
host species (intestinal cecal content). The analysis was completed
using SAS (version 9.4, SAS Institute Inc., Cary, NC). The 95% CIs were
calculated using the Clopper-Pearson exact method (Clopper & Pearson,
1934).

3. Results

3.1. Resistance prediction for isolates from all retail meats combined

Among the 1305 retail meat isolates, +LR varied between 1.11 and
8.40 (Table 2). The pretest probability (overall Salmonella resistance
prevalence) varied between 2.1% and 49.6% and the positive posttest
probability varied between 3.6% and 54.4%. The highest changes in
positive probabilities from the pretest probabilities were associated
with beta-lactams (AXO, TIO, FOX, AMP, and AMC). This antimicrobial
class had an increase of 13.3–38.0 percentage points (pp) in positive
posttest probabilities. The results suggest that in a sample harboring
resistant E. coli isolate, the probability of finding a Salmonella isolate
resistant to the same drug increased, for TET (4.8, pp), STR (3.1, pp),
GEN (6.8, pp), TIO (38, pp), AXO (35.5, pp), FOX (25.5, pp), AMP
(13.3, pp), and AMC (18.6, pp).

Table 2
LR+, LR- (pretest, positive posttest, negative posttest, and the change in positive and negative) probabilities estimates from overall retail meat samples (N = 1305)
and cecal samples (N = 348). Numbers in parentheses indicate 95% confidence interval.
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The odds of finding a resistant Salmonella significantly decreased
when E. coli was susceptible for all the drugs evaluated except SUL/FIS
and CHL. The probability of finding a resistant Salmonella when E. coli
from the same sample is susceptible decreased for TET (8.1, pp), STR
(3.0, pp), GEN (2.9, pp), AXO (1.5, pp), TIO (1.5, pp), FOX (1.5, pp),
AMP (6.8, pp), and AMC (1.4, pp), from the pretest probabilities
(Table 2).

3.2. Resistance prediction by meat type

This study also evaluated if the use of E. coli as a predictor of
Salmonella susceptibility varied by meat type derived from different
animal sources. Since this reduces the number of samples analyzed in
each group, there were fewer significant results compared to the overall
data. In retail chickens, and ground turkey, significant +LR and LR were
associated with beta lactams antimicrobials (Table 3).

There was no significant increase or decrease in probability for
isolates from ground beef or pork chops.

3.3. Resistance prediction for isolates from animal intestinal cecal contents

Overall, among the 348 cecal samples evaluated, the odds of
Salmonella being resistant when E. coli from the same sample was re-
sistant significantly increased for all antimicrobial drugs evaluated,
except for streptomycin and chloramphenicol (Table 2). The odds of
obtaining a resistant Salmonella were: TET (1.23), SUL/FIS (1.94), GEN
(10.44), AXO (11.23), FOX (9.72), AMP (2.14) and AMC (18.83) and
corresponding increases in positive probability were 4.4, pp, 10.3, pp,
15.7, pp, 22.1, pp, 14.7, pp, 12.5, pp, 18.7, pp, respectively. However,
in cecal samples where E. coli were susceptible, the probability of
finding a resistant Salmonella was significantly reduced only for SUL/
FIS by 2.4, pp. The test was also applied on cecal samples stratified by

source (cattle, swine, turkey, chicken), but there were no significant
results to report except AMP, and AMC (Table 3).

3.4. LRs as diagnostic indicator

LRs are the ratios of probabilities and range between 0 and infinity.
The higher the value, the stronger the evidence supporting the diag-
nostic of interest. LRs between 0 and 1 indicate evidence again the
diagnostic of interest and the value of 1 shows lack of diagnostic value.
When LRs are used as diagnostic indicator, they are categorized into
four categories (described in the method section). In the current ana-
lysis, positive likelihood ratios ( +LR ) showed moderate and important,
small but important, small and rare important changes in probability of
Salmonella resistance when E. coli from the same retail meat sample is
resistant to 1) AXO, TIO and to 2) FOX, AMC, and to 3) TET, FIS, STR,
NAL, GEN, CHL, and AMP respectively. While most drugs in this latter
category have statistically significant increases in probabilities, since
the LRs are less than 2, there is not a strong indicator of accuracy of
prediction. In retail meat samples, analysis of 3 most predominant
serotypes, Heidelberg, Saintpaul, and Typhimurium indicated small but
important change in the probability of Salmonella resistance when E.
coli from the same sample is resistant to FOX in S.Saintpaul and GEN in
S.Typhimurium. When retail samples were stratified by sources, it be-
came clear that the change in probability of Salmonella resistance when
E. coli from the same retail meat sample is resistant to beta lactams may
have been driven by poultry samples (see Table 3). In cecal samples the
positive likelihood ratio indicated small but important changes in
probabilities for only AMC, AXO, and GEN. In both samples, and for all
the drugs, LRs indicated small and no important changes in the prob-
ability of Salmonella resistant when E. coli from the same sample is
susceptible (Table 2).

Table 3
LR+, LR− (pretest, positive posttest, negative posttest, and the change in positive and negative) probabilities estimates from retail chicken (n = 493, cecal chicken
(n = 34) and retail ground turkey (n = 689). Numbers in parentheses indicate 95% confidence interval.
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4. Discussion

Because of their ubiquitous presence in humans and food-producing
animals, and their ability to serve as reservoirs of ARGs, commensal E.
coli are used by many AMR surveillance programs as indicators of the
selective pressures imposed by antimicrobial use in food animals. As
such, E. coli have also been used as proxies for emerging or endemic
antimicrobial resistance in Salmonella, as pathogenic organisms may
not be always present and in large numbers in healthy animals.
Likelihood ratios LR( s) were used to test if the resistance of Salmonella
can be predicted in the presence of E. coli resistance derived from the
same food or animal cecal sample. Unlike sensitivity and specificity
which are population characteristics, LRs do not vary with population
or settings and are among the best measures of diagnostic accuracy
(Projahn et al., 2018; Rosengren et al., 2008; Šimundić, 2009). Al-
though it is interesting to know the sensitivity and the specificity of the
test, it also of great importance to know how a given test result alters
the probability of a given diagnosis (Poole and Crippen, et al., 2009).
The method was applied to 10 antimicrobial agents and two sample
types (animal cecal and retail meats) tested through the NARMS pro-
gram. To claim that E. coli resistance predicts Salmonella resistance
suggests a bigger LR+ coupled with a high proportion of Salmonella
resistant isolates in all E. coli resisting isolates or positive posttest
probability. The analysis of positive posttest probabilities indicated that
this probability significantly increased for 8 out of the 10 and for 5 out
of 10 antimicrobials evaluated in retail meat and cecal samples re-
spectively (Table 2). However, the LR+s indicated that this increase in
probability led to important prediction of Salmonella resistance when E.
coli from the same sample is resistant to 4 drugs (AXO, TIO, FOX, and
AMC) in retail meat and for 3 drugs (GEN, AXO and AMC) in cecal
samples. Limited prediction ability of this test is reflected in the number
of false negatives or the number of E. coli susceptible isolates among all
Salmonella resistant isolates and the number of false positives or the
number of E. coli resistant isolates among all Salmonella susceptible
isolates. If E. coli resistance is a good predictor of Salmonella resistance,
then both the above derived numbers would be small compared to true
positive or true negative results.

When the NARMS samples from retail and intestinal cecal content
are compared, it seems logical that in the cecal samples taken at
slaughter, AMR in E. coli could serve as better indicators/predictor of
AMR in Salmonella as populations of these microorganisms may have
been exposed to the same preharvest conditions and pressures. The
samples collected at retail however, are further away from the point of
slaughter and both Salmonella and E. coli populations could be influ-
enced by post slaughter cross contamination and pressures. During
carcass fabrication, further processing, packaging and retail distribu-
tion, multiple factors including cold chain management and interven-
tions lead to differential survival of Salmonella and E. coli populations
that may have come from different preharvest sources due to cross
contamination (Projahn et al., 2018). As a result, AMR in E. coli re-
trieved from retails samples are expected to have a less predictive re-
lationship with AMR in Salmonella. However, this is not what this study
showed, which was a surprising finding, although this may be attrib-
uted to the larger number of isolates from retail samples, which pro-
vided greater statistical power to the data.

The results of this study showed It that E. coli resistance provides
limited capabilities to predict Salmonella resistance except for beta-
lactam antibiotics, and this finding was consistent across meat type, and
samples source (retail or ceca samples). It is possible that this is because
of the presence of resistance determinants to beta-lactam antibiotics in
a given niche can be easily transferred between these bacteria including
E. coli and Salmonella. For instance, the beta-lactamase-encoding gene

blaCMY-2 is present in both retail E. coli and Salmonella in the United
States (Tyson, McDermott, et al., 2015; McDermott et al., 2016). This
gene encodes resistance to all of the beta-lactams on the NARMS panels
that were used during the sample timeframe of this study. Although this
study did not look at the genetic features of bacteria, a single horizontal
gene transfer event between E. coli and a Salmonella could result in
resistance to several members of this class. Similar horizontal transfer
of resistance may account for the usefulness of E. coli as a proxy for
Salmonella resistance to additional antimicrobials, although there are
likely to be some Salmonella serotype-specific barriers to such cases.
This analysis also revealed that Salmonella resistance to chlor-
amphenicol cannot be predicted by E. coli resistance to this drug, re-
gardless of source type. Among other considerations, it is also possible
that chloramphenicol resistance genes in the isolates evaluated were
more likely to be chromosomal in Salmonella (as in the case of Salmo-
nella Typhimurium DT104) and plasmid mediated in E. coli. Ad-
ditionally, disparate findings, where E. coli were resistant to a drug, but
Salmonella were not, could indicate that plasmid transfer had not yet
occurred, but these instances may highlight the potential for resistance
transfer. Future genomics studies to investigate the resistance me-
chanisms of both E. coli and Salmonella could help us better understand
the resistance mechanisms and potential dynamics of resistance trans-
mission between these species. The limitation of E. coli resistance as
sole predictor of Salmonella resistance to antimicrobial drugs may be
due to the complexity of the dynamics of drugs resistance in Salmonella.

In Salmonella, there are a large number and a variety of plasmids
that have the potential to move across the diverse genetic background
of numerous Salmonella serotypes in a controlled fashion often ex-
hibiting differential capacities to acquire antimicrobial resistance
genes. These plasmids also are shared with other organisms in the an-
imal or human gut and environment, making it difficult to fully dif-
ferentiate the pressures driving resistance trends in different bacteria
tracked in one health surveillance systems. However, these findings do
not negate that E. coli holds potential value as a sentinel for the in-
tegrated surveillance of resistance in the food chain of a country or a
region. Because E. coli is prevalent in animals and their derived food
products, E. coli provide valuable data on resistance trends in samples
that lack the comparatively rare pathogenic genera (CIPARS, 2015). In
addition, E. coli lacks intrinsic resistance to most antimicrobials used to
treat foodborne enteric infections, and therefore provide a general in-
dication of selection pressures for resistance to common medically-
important agents. E. coli also acquires resistance horizontally through
the same means as Salmonella, including being limited by plasmid in-
compatibility (Mutai, Waiyaki, Kariuki, & Muigai, 2019). Furthermore,
E. coli may be a more sensitive indicator of resistance than Salmonella,
which has apparent serotype-dependent barriers in the capacity for
accepting and maintaining horizontally acquired resistance determi-
nants (CIPARS, 2015). The way it acquires resistance is similar, al-
though as in Salmonella. Overall, AMR in E. coli is relatively easy to
include in an AMR surveillance system and may provide a snap-shot of
the potential environmental stressors including antimicrobial use
especially when specific pathogens of interest may not be present.

Disclaimer

The views expressed in this article are those of the authors and do
not necessarily reflect the official policy of the Department of Health
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U.S. Government. Reference to any commercial materials, equipment,
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E. Nyirabahizi, et al. Food Control 115 (2020) 107280

5



Acknowledgments

The authors would like to thank the participating states and local
health departments that collect samples and submit isolates for NARMS
studies. We would also like to acknowledge the following individuals:
Sonya Bodeis-Jones, Stuart Gaines, and Sherry Ayers for their role in
antimicrobial susceptibility testing of E. coli and Salmonella; and Anna
Nevius for her comments and suggestions. This work was funded by
U.S. Food and Drug Administration.

References

Aarestrup, F. M., Bager, F., Jensen, N. E., Madsen, M., Meyling, A., & Wegener, H. C.
(1998). Resistance to antimicrobial agents used for animal therapy in pathogenic-,
zoonotic- and indicator bacteria isolated from different food animals in Denmark: A
baseline study for the Danish integrated antimicrobial resistance monitoring pro-
gramme (DANMAP). Acta Pathologica, Microbiologica et Immunologica Scandinavica:
Acta Pathologica, Microbiologica et Immunologica Scandinavica, 106(8), 745–770.
https://doi.org/10.1111/j.1699-0463.1998.tb00222.x.

Angulo, F. J., Nargund, V. N., & Chiller, T. C. (2004). Evidence of an association between

use of anti-microbial agents in food animals and anti-microbial resistance among
bacteria isolated from humans and the human health consequences of such re-
sistance. Journal of veterinary medicine. B, Infectious diseases and veterinary public
health, 51(8–9), 374–379. https://doi.org/10.1111/j.1439-0450.2004.00789.x.

Attia, J. (2003). Diagnostic tests: Moving beyond sensitivity and specificity: Using like-
lihood ration to help interpret diagnostic tests. Australian Prescriber, 26(5), 111–113.

Blake, D. P., Hillman, K., Fenlon, D. R., & Low, J. C. (2003). Transfer of antibiotic re-
sistance between commensal and pathogenic members of the Enterobacteriaceae
under ileal conditions. Journal of Applied Microbiology, 95(3), 428–436. https://doi.
org/10.1046/j.1365-2672.2003.01988.x.

Brown, A. C., Grass, J. E., Richardson, L. C., Nisler, A. L., Bicknese, A. S., & Gould, L. H.
(2017). Antimicrobial resistance in Salmonella that caused foodborne disease out-
breaks: United States, 2003-2012. Epidemiology and Infection, 145(4), 766–774.
https://doi.org/10.1017/S0950268816002867.

Card, R. M., Cawthraw, S. A., Nunez-Garcia, J., Ellis, R. J., Kay, G., Pallen, M. J., et al.
(2017). An in vitro chicken gut model demonstrates transfer of a multidrug resistance
plasmid from Salmonella to commensal Escherichia coli. mBio, 8(4), https://doi.org/
10.1128/mBio.00777-17 e00777-17.

CDC (2013). Antibiotic resistance threats in the United States. Retrieved from http://
www.cdc.gov/drugresistance/threat-report-2013/pdf/ar-threats-2013-508.pdf#
page=112.

CIPARS (2015). The Canadian integrated program for antimicrobial resistance surveil-
lance. Retrieved from https://www.canada.ca/en/public-health/services/
surveillance/canadian-integrated-program-antimicrobial-resistance-surveillance-

E. Nyirabahizi, et al. Food Control 115 (2020) 107280

6

https://doi.org/10.1111/j.1699-0463.1998.tb00222.x
https://doi.org/10.1111/j.1439-0450.2004.00789.x
http://refhub.elsevier.com/S0956-7135(20)30196-1/sref3
http://refhub.elsevier.com/S0956-7135(20)30196-1/sref3
https://doi.org/10.1046/j.1365-2672.2003.01988.x
https://doi.org/10.1046/j.1365-2672.2003.01988.x
https://doi.org/10.1017/S0950268816002867
https://doi.org/10.1128/mBio.00777-17
https://doi.org/10.1128/mBio.00777-17
http://www.cdc.gov/drugresistance/threat-report-2013/pdf/ar-threats-2013-508.pdf#page=112
http://www.cdc.gov/drugresistance/threat-report-2013/pdf/ar-threats-2013-508.pdf#page=112
http://www.cdc.gov/drugresistance/threat-report-2013/pdf/ar-threats-2013-508.pdf#page=112
https://www.canada.ca/en/public-health/services/surveillance/canadian-integrated-program-antimicrobial-resistance-surveillance-cipars/cipars-reports.html#ar
https://www.canada.ca/en/public-health/services/surveillance/canadian-integrated-program-antimicrobial-resistance-surveillance-cipars/cipars-reports.html#ar


cipars/cipars-reports.html#ar.
Clopper, C., & Pearson, E. (1934). The use of confidence or fiducial limits illustrated in the

case of the binomial. Biometrika, 26(4), 404–413. https://doi.org/10.2307/2331986.
DANMAP (2017). Use of antimicrobial agents and occurrence of antimicrobial resistance

in bacteria from food animals, food and humans in Denmark. Retrieved from https://
www.danmap.org/-/media/arkiv/projekt-sites/danmap/danmap-reports/danmap-
2017/danmap2017.pdf?la=en.

Gieraltowski, L., Higa, J., Peralta, V., Green, A., Schwensohn, C., Rosen, H., et al. (2016).
National outbreak of multidrug resistant Salmonella Heidelberg infections linked to a
single poultry company. PloS One, 11(9), e0162369. https://doi.org/10.1371/
journal.pone.0162369.

Haneline, M. T. (2007). A review of the use of likelihood ratios in the chiropractic lit-
erature. Journal of chiropractic medicine, 6(3), 99–104. https://doi.org/10.1016/j.
jcme.2007.04.008.

Huddleston, J. R. (2014). Horizontal gene transfer in the human gastrointestinal tract:
Potential spread of antibiotic resistance genes. Infection and Drug Resistance, 7,
167–176. https://doi.org/10.2147/IDR.S48820.

Jaeschke, R. Z., Meade, M. O., Guyatt, G. H., Keenan, S. P., & Cook, D. J. (1997). How to
use diagnostic test articles in the intensive care unit: Diagnosing weanability using f/
Vt. Critical Care Medicine, 25(9), 1514–1521. https://doi.org/10.1097/00003246-
199709000-00018.

Kawakami, V. M., Bottichio, L., Angelo, K., Linton, N., Kissler, B., Basler, C., et al. (2016).
Notes from the field: Outbreak of multidrug-resistant Salmonella infections linked to
pork–Washington, 2015. MMWR. Morbidity and mortality weekly report, 65(14),
379–381. https://doi.org/10.15585/mmwr.mm6514a4.

McDermott, F. P., Tyson, H. G., Kabera, C., Chen, Y., Li, C., Folster, P. J., et al. (2016). The
use of whole genome sequencing for detecting antimicrobial resistance in non-
typhoidal Salmonella. Antimicrobial Agents and Chemotherapy, 60, 5515–5520.

McGee, S. (2002). Simplifying likelihood ratios. Journal of General Internal Medicine,
17(8), 646–649. https://doi.org/10.1046/j.1525-1497.2002.10750.x.

Mølbak, K. (2005). Human health consequences of antimicrobial drug-resistant
Salmonella and other foodborne pathogens. Clinical Infectious Diseases: An Official
Publication of the Infectious Diseases Society of America, 41(11), 1613–1620. https://
doi.org/10.1086/497599.

Mutai, W. C., Waiyaki, P. G., Kariuki, S., & Muigai, A. (2019). Plasmid profiling and
incompatibility grouping of multidrug resistant Salmonella enterica serovar Typhi
isolates in Nairobi, Kenya. BMC Research Notes, 12(1), 422. https://doi.org/10.1186/
s13104-019-4468-9.

NARMS (2017). National antimicrobial resistance monitoring system - enteric bacteria
(NARMS): NARMS integrated report 2015Rockville, Maryland: U.S. Department of
Health and Human Services, Food & Drug Administration. Available at: http://www.
fda.gov/AnimalVeterinary/SafetyHealth/AntimicrobialResistance/
NationalAntimicrobialResistanceMonitoringSystem/default.htm.

Parikh, R., Mathai, A., Parikh, S., Chandra Sekhar, G., & Thomas, R. (2008).
Understanding and using sensitivity, specificity and predictive values. Indian Journal
of Ophthalmology, 56(1), 45–50. https://doi.org/10.4103/0301-4738.37595.

Pewsner, D., Battaglia, M., Minder, C., Marx, A., Bucher, H. C., & Egger, M. (2004). Ruling
a diagnosis in or out with "SpPIn" and "SnNOut": A note of caution. BMJ, 329(7459),
209–213. https://doi.org/10.1136/bmj.329.7459.209.

Poole, T. L., Callaway, T. R., Norman, K. N., Scott, H. M., Loneragan, G. H., Ison, S. A.,
et al. (2017). Transferability of antimicrobial resistance from multidrug-resistant
Escherichia coli isolated from cattle in the USA to E. coli and Salmonella Newport
recipients. Journal of global antimicrobial resistance, 11, 123–132. https://doi.org/10.
1016/j.jgar.2017.08.001.

Poole, T., & Crippen, T. (2009). Conjugative plasmid transfer between Salmonella en-
terica Newport and Escherichia coli within the gastrointestinal tract of the lesser
mealworm beetle, Alphitobius diaperinus (Coleoptera: Tenebrionidae). Poultry
Science, 88(8), 1553–1558. https://doi.org/10.3382/ps.2008-00553.

Projahn, M., Pacholewicz, E., Becker, E., Correia-Carreira, G., Bandick, N., & Kaesbohrer,
A. (2018). Reviewing interventions against enterobacteriaceae in broiler processing:
Using old techniques for meeting the new challenges of ESBL E. coli? BioMed Research
International, 7309346. https://doi.org/10.1155/2018/7309346 2018.

Rosengren, L. B., Waldner, C. L., Reid-Smith, R. J., Checkley, S. L., McFall, M. E., & Rajić,
A. (2008). Antimicrobial resistance of fecal Escherichia coli isolated from grow-finish
pigs in 20 herds in Alberta and Saskatchewan. Canadian journal of veterinary research
= Revue canadienne de recherche veterinaire, 72(2), 160–167.

Šimundić, A. M. (2009). Measures of diagnostic accuracy: Basic definitions. EJIFCC,
19(4), 203–211.

Spitalnic, S. (2004). Test properties 2: Likelihood ratios, bayes' formula, and receiver
operating characteristic curves. Hospital Physician, 40(10), 53–58.

Tadesse, D. A., Zhao, S., Tong, E., Ayers, S., Singh, A., Bartholomew, M. J., et al. (2012).
Antimicrobial drug resistance in Escherichia coli from humans and food animals,
United States, 1950-2002. Emerging Infectious Diseases, 18(5), 741–749. https://doi.
org/10.3201/eid1805.111153.

Tyson, G. H., Li, C., Hsu, C. H., Bodeis-Jones, S., & McDermott, P. F. (2019). Diverse
fluoroquinolone resistance plasmids from retail meat E. coli in the United States.
Frontiers in Microbiology, 10, 2826. https://doi.org/10.3389/fmicb.2019.02826.

Tyson, G. H., McDermott, P. F., Li, C., Chen, Y., Tadesse, D. A., Mukherjee, S., et al.
(2015). WGS accurately predicts antimicrobial resistance in Escherichia coli. Journal
of Antimicrobial Chemotherapy, 70(10), 2763–2769. https://doi.org/10.1093/jac/
dkv186.

Varga, C., Rajić, A., McFall, M. E., Reid-Smith, R. J., Deckert, A. E., Pearl, D. L., et al.
(2008). Comparison of antimicrobial resistance in generic Escherichia coil and
Salmonella spp. cultured from identical fecal samples in finishing swine. Canadian
journal of veterinary research = Revue canadienne de recherche veterinaire, 72(2),
181–187.

Varma, J. K., Molbak, K., Barrett, T. J., Beebe, J. L., Jones, T. F., Rabatsky-Ehr, T., et al.
(2005). Antimicrobial-resistant nontyphoidal Salmonella is associated with excess
bloodstream infections and hospitalizations. Journal of Infectious Diseases, 191(4),
554–561. https://doi.org/10.1086/427263.

WHO (2010). Tackling foodborne antimicrobial resistance globally through integrated
surveillance. Retreived from http://apps.who.int/iris/bitstream/handle/10665/
75200/9789241502634_eng.pdf?sequence=1.

WHO (2017). Integrated surveillance of antimicrobial resistance in foodborne bacteria:
Application of a one health approach guidance from the WHO advisory group on integrated
surveillanec of antimicrobial resistance (AGISAR). World Health Organization. License:
CC BY-NC-SA 3.0 IGO https://apps.who.int/iris/handle/10665/255747.

E. Nyirabahizi, et al. Food Control 115 (2020) 107280

7

https://www.canada.ca/en/public-health/services/surveillance/canadian-integrated-program-antimicrobial-resistance-surveillance-cipars/cipars-reports.html#ar
https://doi.org/10.2307/2331986
https://www.danmap.org/-/media/arkiv/projekt-sites/danmap/danmap-reports/danmap-2017/danmap2017.pdf?la=en
https://www.danmap.org/-/media/arkiv/projekt-sites/danmap/danmap-reports/danmap-2017/danmap2017.pdf?la=en
https://www.danmap.org/-/media/arkiv/projekt-sites/danmap/danmap-reports/danmap-2017/danmap2017.pdf?la=en
https://doi.org/10.1371/journal.pone.0162369
https://doi.org/10.1371/journal.pone.0162369
https://doi.org/10.1016/j.jcme.2007.04.008
https://doi.org/10.1016/j.jcme.2007.04.008
https://doi.org/10.2147/IDR.S48820
https://doi.org/10.1097/00003246-199709000-00018
https://doi.org/10.1097/00003246-199709000-00018
https://doi.org/10.15585/mmwr.mm6514a4
http://refhub.elsevier.com/S0956-7135(20)30196-1/sref17
http://refhub.elsevier.com/S0956-7135(20)30196-1/sref17
http://refhub.elsevier.com/S0956-7135(20)30196-1/sref17
https://doi.org/10.1046/j.1525-1497.2002.10750.x
https://doi.org/10.1086/497599
https://doi.org/10.1086/497599
https://doi.org/10.1186/s13104-019-4468-9
https://doi.org/10.1186/s13104-019-4468-9
http://www.fda.gov/AnimalVeterinary/SafetyHealth/AntimicrobialResistance/NationalAntimicrobialResistanceMonitoringSystem/default.htm
http://www.fda.gov/AnimalVeterinary/SafetyHealth/AntimicrobialResistance/NationalAntimicrobialResistanceMonitoringSystem/default.htm
http://www.fda.gov/AnimalVeterinary/SafetyHealth/AntimicrobialResistance/NationalAntimicrobialResistanceMonitoringSystem/default.htm
https://doi.org/10.4103/0301-4738.37595
https://doi.org/10.1136/bmj.329.7459.209
https://doi.org/10.1016/j.jgar.2017.08.001
https://doi.org/10.1016/j.jgar.2017.08.001
https://doi.org/10.3382/ps.2008-00553
https://doi.org/10.1155/2018/7309346
http://refhub.elsevier.com/S0956-7135(20)30196-1/sref27
http://refhub.elsevier.com/S0956-7135(20)30196-1/sref27
http://refhub.elsevier.com/S0956-7135(20)30196-1/sref27
http://refhub.elsevier.com/S0956-7135(20)30196-1/sref27
http://refhub.elsevier.com/S0956-7135(20)30196-1/sref28
http://refhub.elsevier.com/S0956-7135(20)30196-1/sref28
http://refhub.elsevier.com/S0956-7135(20)30196-1/sref29
http://refhub.elsevier.com/S0956-7135(20)30196-1/sref29
https://doi.org/10.3201/eid1805.111153
https://doi.org/10.3201/eid1805.111153
https://doi.org/10.3389/fmicb.2019.02826
https://doi.org/10.1093/jac/dkv186
https://doi.org/10.1093/jac/dkv186
http://refhub.elsevier.com/S0956-7135(20)30196-1/sref33
http://refhub.elsevier.com/S0956-7135(20)30196-1/sref33
http://refhub.elsevier.com/S0956-7135(20)30196-1/sref33
http://refhub.elsevier.com/S0956-7135(20)30196-1/sref33
http://refhub.elsevier.com/S0956-7135(20)30196-1/sref33
https://doi.org/10.1086/427263
http://apps.who.int/iris/bitstream/handle/10665/75200/9789241502634_eng.pdf?sequence=1
http://apps.who.int/iris/bitstream/handle/10665/75200/9789241502634_eng.pdf?sequence=1
https://apps.who.int/iris/handle/10665/255747

	Evaluation of Escherichia coli as an indicator for antimicrobial resistance in Salmonella recovered from the same food or animal ceca samples
	Introduction
	Materials and methods
	Retail meat samples
	Animal cecal samples
	Antimicrobial susceptibility testing
	Statistical analyses
	LRs used as diagnostic

	Results
	Resistance prediction for isolates from all retail meats combined
	Resistance prediction by meat type
	Resistance prediction for isolates from animal intestinal cecal contents
	LRs as diagnostic indicator

	Discussion
	Disclaimer
	Acknowledgments
	References




