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Introduction
Antibiotic resistance (ABR) poses an urgent public
health risk. High rates of ABR have been noted in
all regions of the globe by the World Health Organization.1 ABR develops when bacteria are exposed to
antibiotics either during treatments in humans or animals or through environmental sources contaminated
with antibiotic residues (Figure, Panel A). Spread
beyond those administered antibiotics occurs through
direct contact with the infected or colonized person
or animal, through contact or ingestion of retail meat
or agricultural products contaminated with ABR
organisms, or through the environment. ABR bacteria spread from individuals to populations and across
countries (Figure, Panel B).

Antibiotic Use in Human Medicine
It is well described that use of antibiotics in human
medicine results in ABR organisms that can disseminate internationally. In a 2013 report, the Centers for
Disease Control and Prevention (CDC) labeled Clostridium difficile, carbapenem-resistant Enterobacteriaceae, and drug-resistant Neisseria gonorrheae as
the most urgent ABR threats in the U.S.2 Those three
compelling examples, however, support the need for
worldwide mitigating actions.
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A recent report of C. difficile genetic epidemiology describes a perfect storm between antibiotic
resistance, antibiotic use, and global spread. 3 The
study used whole genome sequencing to evaluate the
worldwide spread of fluoroquinolone-resistant C.
difficile 027/NAP1/BI in health care facilities. This
specific hypervirulent C. difficile strain is associated
with significant morbidity and mortality. The investigators found that there were two genetically distinct
lineages, both with mutations conferring high-level
fluoroquinolone resistance. One lineage, FQR1, originally emerged in the northeastern U.S. and was subsequently transmitted to the Republic of Korea and
Switzerland. The second lineage, FQR2, was found
to have rapidly disseminated across continents, starting in North America and traveling to continental
Europe, the UK and Australia. Acquisition of fluoroquinolone resistance is considered to be the key
element driving the global spread of these lineages,
fueled by liberal use of fluoroquinolones and international travel.4
Carbapenem-resistant Enterobacteriaceae (CRE)
mediated by New Delhi metallo-beta-lactamase-1
(NDM-1) was first reported in 20085 and is another
example of clinically important ABR driven by antibiotic use and disseminated by international travel
across continents. Enterobacteriaceae are bacteria well
known for their propensity to develop resistance and
to cause serious, including fatal, disease. Infections
caused by Enterobacteriaceae containing extendedspectrum beta-lactamases (ESBL), e.g., CTX-M, were
described prior to NDM-1. ESBL limit the utility of
many antibiotics; carbapenems are often the drugs
of last resort. The emergence of CRE mediated by
NDM-1 has further limited therapeutic options to a
critical level.6
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Figure
Development and Spread of Antibiotic Resistance

Figure The development of antibiotic-resistant organisms (A) through human and non-human use
of antibiotics is followed by spread (B) from local to global environments.

Illustration by Nathaniel Barlam

NDM-1 was initially identified from a man who
traveled from his residence in Sweden to New Delhi,
India and was hospitalized for treatment of an infection. On his first day back in Sweden, a highly resistant Klebsiella pneumoniae isolate was grown from
his urine. Subsequently an Escherichia coli isolate was
grown from stool; both species were found to carry
NDM-1. Molecular studies confirmed that the NDM-1
gene was located on transferable plasmids (extrachromosomal genetic material) in the K. pneumoniae
and E.coli isolates, supporting the concept that resistance spread between the species. Further studies
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have identified NDM-1-positive Enterobacteriaceae
in almost every continent.7 Travel, including medical
tourism, is a key feature of the international spread of
these highly resistant bacteria within health care facilities.8 Importantly, hospitals are not the only reservoir
for NDM-1 bacteria; studies have demonstrated that
samples of pooled water from streets as well as from
drinking water can also be positive for the bacteria.
N. gonorrheae causes gonorrhea, a common and
clinically important sexually transmitted disease. Until
now, the bacteria have been extremely susceptible to
fluoroquinolones, and these infections were relatively
13
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easy to treat. However, fluoroquinolone resistance in
N. gonorrheae is spreading worldwide and impacting
choices for therapy. Soaring rates of antibiotic resistance have been reported in every continent, with evidence of high-level fluoroquinolone resistance (MICs
of ciprofloxacin >1.0 mg/L).9 The story progresses
even further with emergence of multi-drug resistant
N. gonorrheae, further restricting treatment options.
Treatment failure due to antibiotic resistance has led
to a change in CDC guidelines that now recommend
an injectable agent, ceftriaxone, in combination with
either azithromycin or doxycycline.

Antibiotic Use in Food-Producing Animals

genetic material between bacteria (mobile genetic elements or MGE). Six studies supported WBT between
poultry meat and humans. Transfer of MGE between
bacteria from different species of animals (poultry, pigs,
and cattle) and human E. coli was found in 13 geographically diverse studies. Seventeen studies did not support
WBT, although 8 of those studies did find MGE-mediated transmission. Three of 4 observational epidemiological studies found ABR transmission between FPA
and human E. coli. Overall, the literature supports a
connection, but further study is needed to quantify the
frequency and magnitude of the issue.13
ABR bacteria in FPAs can also spread directly to
farmers and then to the community. A study in the
1980s examined the spread of nourseothricin, an agent
used to medicate pigs that has no equivalent in human
medicine. The farmers had nourseothricin-resistant
E. coli in their gut, as did the members of that community. In addition, nourseothricin-resistant E. coli UTIs

Development and spread of ABR bacteria is also
promoted by use in food-producing animals (FPA).
In food-animal production, antibiotics are not only
administered to treat sick animals, but also given
routinely to prevent illness (prophylaxis) or promote
growth. That nontherapeutic antibiotic use is given for much of the
animal’s life, often at sub-inhibiNew research emphasizes how sub-inhibitory
tory doses which particularly select
levels of antibiotics are an important contributor
for ABR (see below). ABR bacteria
that develop in FPAs reach human
to ABR by selecting for pre-existing resistant
hosts through several pathways.
strains, by generating genetic and phenotypic
ABR Salmonella, Campylobacter,
variability, and by acting as signaling molecules
enterococci, and E. coli commonly
contaminate retail meats10 and are
to influence bacterial activities such as biofilm
linked to human infections. Those
formation and gene expression. These resistant
meats are distributed both locally
strains grow as well as organisms that are fully
and globally. For example, a Swiss
study identified and characterized
susceptible to antibiotics; thus, resistance imparts
24 ESBL-producing Enterobacteno fitness cost.
riaceae from both domestic and
imported poultry meat.11 A study
from the UK cultured chicken
breasts for E. coli and identified isolates producing the
were identified.14 In a more recent example, a Danish
CTX-M ESBL enzyme. One of 62 UK samples constudy compared farms with and without high 3rd and
tained this enzyme compared with 10 of 27 imported
4th generation cephalosporin use for the presence of
samples. The South American poultry meat contained
ESBL-producing isolates in humans and pigs. NineCTX-M-2, the dominant genotype in human infecteen of 195 human participants were colonized, and
tions in South America but a rare cause to date of
18 of those 19 had direct animal contact. In 10 farms,
those infections in the UK.12
the same resistance gene was detected in both pig and
There is strong evidence that contaminated meats
human feces; in four farms, the isolates were proven
contribute to ABR Salmonella and Campylobacter
identical in pigs and humans by many scientific methgastroenteritis, but whether they cause extra-intestiods, i.e., enzyme analysis, phylotype, PFGE type and
nal infections, such as urinary tract infections (UTIs)
multilocus sequence typing.15
caused by E. coli, is more controversial. A recent systematic review examined the evidence that extra-intesAntibiotic-Resistant Bacteria and
tinal human infections with ESBL E. coli originated
the Environment
from FPAs. The authors reviewed evidence for both
Resistant bacteria contaminate the environment due
transmission of the ABR bacterial organisms (whole
to industrial sources and large farming operations.
bacterium transmission or WBT) and transfer of ABR
For example, researchers sampled river sediment
14
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upstream and downstream from a treatment plant
that processed human, animal, and industrial waste.
The samples downstream from the plant contained
a marked increase in genes encoding the plasmidmediated ESBL enzyme, CTX-M, in multiple species including E. coli and Aeromonas. They also demonstrated that the gene could be transferred easily
between different bacterial species abundant in waste
effluent.16 In addition to ABR bacteria, actual antibiotic drug residues are commonplace as 20-80% of
antibiotics are excreted in active forms into the environment from urine and feces.17 Drug residues are
found in waste water and sludge from farming operations but also in rivers, lakes, and drinking water. ABR
bacteria and antibiotic drug residues have also been
found in flies18 and dust19 originating from industrial
farms.
New research emphasizes how sub-inhibitory levels
of antibiotics are an important contributor to ABR by
selecting for pre-existing resistant strains, by generating genetic and phenotypic variability, and by acting
as signaling molecules to influence bacterial activities such as biofilm formation and gene expression.
These resistant strains grow as well as organisms that
are fully susceptible to antibiotics; thus, resistance
imparts no fitness cost. The minimal concentration
of antibiotic that selects for specific resistance mutations in different bacterial species can be 10- to 100fold lower than the minimal concentration of the drug
needed to treat the infection. Thus, antibiotic levels
in the nanogram per milliliter range, a level comparable to the residues found in the environment, can
promote resistance.20

Infection and Asymptomatic Colonization
in Returning Travelers
When spread of ABR bacteria results in overt infection, there are opportunities for containment through
proper treatment, infection control, and surveillance.
However, ABR infections can persist and spread
due to asymptomatic colonization. An outbreak of
carbapenem-resistant K. pneumoniae at the U.S.
National Institutes of Health Clinical Center resulted
in 18 infections and 11 deaths, more than three weeks
after the index patient was discharged. The authors
determined the ability of the organism to silently colonize patients in the hospital contributed to the ongoing outbreak.21
Strong evidence shows that people can become
asymptomatically colonized with resistant pathogens
after international travel. In a recent study, German
travelers were studied for fecal colonization with ABR
Enterobacteriaceae before and after travel to one of
53 different countries. ESBL-producing E. coli and K.
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pneumoniae were present in 6.8% of study volunteers
pre-travel but post-travel, 30.4% were colonized with
ESBL E. coli and 8.6% were colonized with ESBL K.
pneumoniae. Travel to India and SE Asia had the highest acquisition rates for those ABR bacteria. Although
half the individuals had a clinical bout of gastroenteritis associated with the travel, the rest were totally
asymptomatic. Colonization persisted for six months
in 8.6%.22 In another study conducted in the Netherlands with a similar pre- and post-travel design,
metagenomics DNA was extracted from fecal samples
of volunteers. ESBL Enterobacteriaceae increased
from 9% pre-travel to 33.6% post-travel, while quinolone-resistance genes qnrB and qnrS increased from
6.6% and 8.2% pre-travel to 36.9% and 55.7% posttravel, respectively.23 Fecal colonization is of special
interest because of the potential for MGE transfer of
ABR among the diverse bacterial species within the
gut microbiome. Colonization with other ABR bacteria, such as methicillin-resistant Staphylococcus
aureus, in travelers has also been reported.24

Summary
Resistant bacteria selected by medical, agricultural,
and industrial use spread globally through travelers,
the export of animals and retail products, and the environment. Resistant bacterial strains may not persist if
there is no selective pressure from local antibiotic use.
However, this is not true for most ABR bacteria, where
low fitness cost of the resistance and co-selection of
other markers linked on MGE sustain those bacteria.25 Thus, it is essential that nations work together to
identify how to reduce emergence and amplification
of resistant bacteria through sensible antibiotic treatment guidelines and restrictions. Concerted efforts for
surveillance — to understand when new threats are
brought across borders — and infection control — to
minimize the spread and risk for outbreaks of ABR
organisms — require global cooperation and solutions.
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