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- c resistance is a serious public health proble nnually, 63,000 people
die in the'U.S.ﬂamntibiotic-resﬁfé fections®Multidrug resistant
(MDR) infections can helm a wounded patie before an‘effective antibiotic'

““w.is determined and administered,®8nd gsing the wrong antibiotic can increase the'

T —— opportunity for the infection to do so. The economic toll'iISimmenseas wellextended
“hospital stays, lost productivity, and the need for additio

And the toll on military readiness iS'ntold. Every military commander asks’
“what are we up against here?” but when thﬁemy is a pathogen,"NRL'S# o oJ[:
Resistance Determinant Microarray (ARDM) cafi provide the answer,'and'with a one-
. day turnaround. ARDM'’s singular ability is deterﬁin’ing the genetic-based antibic

resistance of a sample without knowing in advance the bacterial species being
assayed. Using a small reader and minimal specialized equipment, ADRM is able to
simultaneously detect hundreds of antibiotic genes and produce results of the assays
with relative speed. .-.‘
Working with Walter Reed Army Institute of Research, Mercy Hospital (Sierra
« Leone), and Naval Medical Research Unit-3 (Cairo), NRL researchers have used the
ARDM to study antibiotic resistance on a geographical scale, and have made some
startling discoveries: there are geographical differences in the resistance genes, and
. even worse, some of those genes confer resistance to entire classes of antibiotics.
ADRM is proving invaluable as a surveillance tool in forward laboratories; knowing in
- advance of treatment the antibiotic resistance of the pathogens likely to be encountered
will help save lives.
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tify resistance potential in less than a day, we have developed the Antimicrobial Resistance Determinant Microarray

The emergence and spread of antibiotic resistance present a serious challenge to modern day public health. To iden-

(ARDM) to provide DNA-based analysis for over 250 resistance genes, including those for last-resort antibiotics
used to treat war trauma-associated infections. The breadth of the ARDM’s content has allowed us to detect rare, emerging,
or unexpected resistance genes without prior knowledge of bacterial species. A collaborative study with Walter Reed Army
Institute of Research, Mercy Hospital (Sierra Leone), and Naval Medical Research Unit-3 (Cairo) showed geographic differ-
ences in resistance genes that can be used to track the prevalence and spread of antimicrobial resistance. More concerning
was the presence of several genes conferring resistance to entire classes of antibiotics. This information is critical in steer-
ing medical personnel towards strategies with the highest chances of success when treating individuals deployed to those

regions.

INTRODUCTION

The emergence and spread of antibiotic resistance
presents a serious challenge to modern day public
health. Resistant organisms are implicated in more
than 63,000 deaths in the United States per year, with
European Union estimates of economic losses ranging
1.5 billion € per year in lost productivity, additional
treatments, and extended hospital stays.! Military
readiness is also affected by the prevalence of resistant
bacterial pathogens. Infectious diarrhea affects between
25% and 80% of deployed personnel at least once dur-
ing deployment, with drug resistant strains on the rise.
Furthermore, an alarming increase in the number of
multidrug resistant (MDR) infections has been noted in
military personnel wounded in Operations Iraqi Free-
dom (OIF), New Dawn (OND), and Enduring Freedom
(OEF). Estimates of MDR in non-diarrheal pathogens
have exceeded 80% within some military treatment
facilities.>

Currently, the standard approach for treating bac-
terial infections with antibiotic compounds is empiri-
cal. If the pathogens causing infection are not sensitive
to the applied therapy, the delay in application of an
effective treatment may cause the infection to become
worse and possibly spread. Moreover, the growth of
resistant strains may be encouraged due to decreased
competition from sensitive strains, or from the stress-
induced exchange/transfer of resistance genes. Thus,
it is very important to have a full picture of the an-
timicrobial resistance status of both clinical isolates
and local baseline patterns of resistance to aid medical
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personnel in making timely, more effective therapeutic
decisions.

Despite these long-standing needs, there does not exist
a single comprehensive surveillance tool that can rap-
idly generate antimicrobial resistance profiles. Standard
microbiological methods involving growth in the pres-
ence of antibiotics may take several days until results
are available. More rapid molecular methods, such as
polymerase chain reaction (PCR), are limited by the
number of individual or multiplexed reactions that

can be performed simultaneously and require a priori
knowledge. On the other hand, DNA microarrays,
which consist of an array of spatially localized oligo-
nucleotide probes and use nucleic acid hybridization to
enable the simultaneous interrogation of hundreds to
thousands of genetic elements, provide unprecedented
high-throughput analysis capabilities for the detection
of antibiotic resistance genes in a single test.

THE ANTIMICROBIAL RESISTANCE
DETERMINANT MICROARRAY (ARDM)

Scientists at the Naval Research Laboratory’s
Center for Bio/Molecular Science and Engineering have
developed the ARDM to provide the military’s forward
laboratories with the capability to detect hundreds of
antibiotic resistance genes simultaneously using a small
reader and minimal specialized equipment. The ARDM
chip has been designed to test four samples for 278
different resistance genes at the same time. Each of the
four subarrays on the chip harbors 2,240 different DNA
oligonucleotide “capture” probes immobilized on an



array of microelectrodes. Furthermore, each of the 278
resistance genes targeted by the ARDM is represented
by 10 unique probes that were designed to hybridize to
conserved and nonconserved portions of each targeted
gene. In this manner, identical, closely related, and less
conserved versions of the resistance determinants can
be detected. Genes represented on the ARDM include
those conferring resistance to 12 different families of
antibiotics and are derived from species most common-
ly associated with hospital-acquired infections and war
wound infections from Iraq and Afghanistan, as well as
the most often encountered diarrheal pathogens (Fig.
1). A key advantage of the ARDM’s broad coverage is
elimination of any need for a priori knowledge of what
might be present (which is required for PCR).
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breadth of the ARDM’s content, allows us to detect
rare, unexpected, or emerging resistance genes without
knowing or assuming what might be present.

GLOBAL SURVEILLANCE OF ANTIBIOTIC
RESISTANCE

We have conducted studies to determine the preva-
lence and spread of resistance determinants in multiple
geographic regions to monitor the global evolution of
MDR in militarily relevant pathogens. For this purpose,
we have initiated collaborative studies with the Walter
Reed Army Institute of Research/Multidrug Resistant
Organism Surveillance Network (WRAIR/MRSN),
Mercy Hospital (Bo, Sierra Leone), and Naval Medi-

Four sub-arrays (2240 probes each)

FIGURE 1

Clockwise, from right: ARDM chip with reader in the background; false-color image of the signals from four samples ana-
lyzed on the same chip (four subarrays/chip); pie chart of resistance gene content on each subarray [2,240 oligonucleotide
probes; shown are different classes of antimicrobial compounds and mechanisms of resistance]. (Photo courtesy of Dr.

Joel Golden, NRL)

Extracted DNA samples to be analyzed on the
ARDM are processed using an unbiased amplification
method, fragmented for efficient hybridization to the
microarray probes, and then labeled with a tag that
allows the bound DNA to be detected. After hybridiza-
tion to the microarray, the DNA-DNA hybridization
duplexes are detected electrochemically using a small,
brick-sized reader that is commercially available. The
time-to-result ranges from 11 to 24 hours depending
on the length of hybridization, and beyond the small
reader, only standard microbiological lab equipment
is needed for all processing steps. Furthermore, the
unbiased amplification method, combined with the

cal Research Unit-3 (NAMRU-3; Cairo, Egypt). Of the
samples obtained from WRAIR/MRSN, approximately
20% were Acinetobacter isolates from war wounds. All
of the samples collected to date have been selected for
their resistance to common antibiotics, and DNA from
each sample was extracted, processed, and analyzed on
the ARDM to determine its unique genetic profile for
antibiotic resistance.

We observed clear differences in resistance deter-
minant profiles when assessing samples taken from
different geographic regions (Fig. 2), with each region
presenting with a different set of antibiotic classes for
which resistance genes were encountered. The most
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obvious difference was the broader spectrum of resis-
tance genes from samples collected in Sierra Leone;
resistance genes for 11 different classes of antibiotics
were observed within this population. Multidrug efflux
pumps and determinants directed against glycopeptides
such as vancomycin — not detected in the other two
populations — were observed in the Sierra Leonean
samples. On the other hand, a gene conferring resis-
tance to quinolone antibiotics such as ciprofloxacin was
detected in samples from Egypt but not in the other
populations. Conversely, a much lower percentage of
OIF/OEF samples possessed chloramphenicol resis-
tance determinants, but genes conferring resistance

to macrolides, lincosamides, and streptogramins were
detected in samples from this region only.

Notable differences:
« Lactams

« Tetracyclines

* Chloramphenicol

« Quinolones

+ Glycopeptides

Q

Sierra Leone s @y

FIGURE 2

Diamino
i oyrimidine

six or more genes conferring aminoglycoside resistance.
Importantly, we unexpectedly observed the armA gene
in one of the WRAIR/MRSN samples; this gene confers
resistance to the entire class of aminoglycoside antibiot-
ics and has clear implications when considering chemo-
therapeutic countermeasures.

The majority of samples from all three popula-
tions also carried at least one gene conferring resistance
to B-lactam antibiotics but the overall distribution of
specific f-lactamase genes varied (Table 1). Due to
their cost, broad clinical spectrum, and low toxicity,
B-lactams are generally considered as the starting point
for treatment of Gram-negative bacterial infections.

As expected, the Acinetobacter samples from WRAIR/
MRSN harbored Acinetobacter-specific f-lactamases
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Geographic profiles of antibiotic resistance gene content. Bubble size indicates the percentage of
samples from each site harboring at least one gene that confers resistance for each class of antimi-

crobial compound.

Genes directed against aminoglycosides such as
gentamicin and amikacin were common throughout
the three sample sets tested. At least 80% of all tested
samples contained at least one aminoglycoside resis-
tance gene, and over half possessed three or more;
moreover, a small number of samples from Sierra Le-
one and WRAIR/MRSN (approximately 5%) harbored
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such as blagx .51 and blagx a-23, which confer resis-
tance to the most potent lactam antibiotics such as
imipenem and meropenem. On the other hand, the ma-
jority of Egyptian strains possessed genes for extended-
spectrum {-lactamases (ESBLs), which hydrolyze all
third-generation cephalosporins.* The possession of
multiple ESBLs with overlapping specificities made



TABLE 1 — Resistance Determinants Detected in >10% Isolates Tested

WRAIR NAMRU-3 Sierra Leone

B-lactam resistance determinants

Acinetobacter-specific ESBL families: blargy, ESBL family: blatgy
Carbapenemases: blaOXA_51, blaOXA_l, blaOXA_g, blaSH\/,
blagxa-s blacrx-1, blacrxm-o

Aminoglycoside resistance determinants

aac(C1), aadAl family aac(3)-111, aac(6)-ib family aac(6)-ib family, aadA 1

aadB, aphAl aadAl family family
strd, strB aadB, aphAl aadB, aphAl
strd, strB strd, strB

Macrolide resistance determinants

macA, macB macA, macB
mphA/mphK mphA/mphK
Tetracycline resistance determinants
tet39, tetA, tetB tet39, tetA, tetB tet39, tetd, tetB
tetS, tetX

Multidrug resistance efflux pumps
veaM
Chloramphenicol resistance determinants
catAl/cat4 family catAl/cat4 family

Quarternary ammonium compound resistance determinants

qacEAI qacEAI qacEAI
Sulfonamide resistance determinants
sull, sulll sull, sulll sull, sulll

Trimethoprim resistance determinants

dfiAl, fold dfidl, dfiAl4, dfiAl7 dfidl, dfiA14, dfi20
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many of these Egyptian isolates virtually untreatable
with standard B-lactam antibiotics. A significant num-
ber of the isolates from Sierra Leone harbored genes for
only one of the ESBLs, blarg), but were negative for
the other ESBLs detected in the Egyptian samples.

The carriage of tetracycline resistance determi-
nants also varied between the three regions. Whereas
the Egyptian samples harbored four different genes,
those from WRAIR/MRSN were limited to only three
of those. Almost 80% of the Sierra Leonean samples
harbored tetracycline resistance genes, with over half
of them positive for the presence of multiple genes,
including two additional determinants. The high
prevalence of multiple tetracycline determinants clearly
distinguishes this region from the others tested here, as
well as other Gram-negative bacterial populations iso-
lated throughout the world.> Perhaps more importantly,
the ARDM detected the presence of the tetX gene in the
Sierra Leonean isolates. The fetX gene encodes an en-
zyme that hydrolyzes all known tetracycline antibiotics,
including the most recently approved third-generation
glycylcycline antibiotic, tigecycline. Although the tetX
gene had previously never been found in any Gram-
negative human pathogens, our results confirmed its
presence in 21% of the hospital isolates collected from
Sierra Leone.® Therefore, its presence in a large number
of samples from clinical infections was both surprising
and alarming, as it may portend the eventual failure of
all tetracycline antibiotics in this region. The ability of
the ARDM to detect an unexpected resistance deter-
minant in samples where it otherwise might be missed
speaks to the impact of the broad-based surveillance
capability enabled by this technology.

DETECTION OF GENETIC ASSEMBLAGES

Bacteria exchange genetic information — including
antibiotic resistance genes — through lateral transmis-
sion of clusters of genes, or genetic assemblages. The
ARDM’s broad coverage allowed us to deduce the likely
presence of different genetic assemblages by identify-
ing clusters of characteristic resistance genes. Integrons
are genetic elements that capture antibiotic resistance
gene “cassettes” through site-specific recombination;
in this study, we observed assemblages indicative of
two types of integrons. Class 1 integrons (markers -
sull, qacEAI) were found in approximately half of the
samples from Egypt and WRAIR/MRSN, but at a much
lower rate amongst the Sierra Leone sample collection.
Class 2 integrons (markers - dfrAl, sat2, aadAl), on
the other hand, were observed in only approximately
7% of the WRAIR/MRSN samples. Furthermore, genes
corresponding to several Acinetobacter-specific resis-
tance islands, potential hotspots for the integration of
resistance genes, were observed in two of the Egyptian
samples (AbaR3 [seven markers] and AbaR6/7 [four
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markers]). The presence and types of such genetic as-
semblages can not only help epidemiologists track the
spread of related species, but can indicate the potential
efficacy of different antibiotic combination therapies,
which are now common practice for the treatment of
MDR infections.

SUMMARY

In collaboration with researchers from NAMRU-3,
WRAIR/MRSN, and Mercy Hospital, we have tested
over 120 MDR bacteria from different geographic
regions using NRLs Antimicrobial Resistance Determi-
nant Microarray. In doing so, we identified significant
differences in overall patterns of resistance, as well as
in the individual genes present within each population.
Of particular concern were both the presence of genes
responsible for resistance to last-resort antibiotics and
co-localization of genes directing resistance to the an-
tibiotics most commonly used in combination therapy.
While the ARDM is not intended as a diagnostic test,
our studies have demonstrated its utility as a surveil-
lance tool, enabling detection of unexpected resistance
determinants (e.g., tetX, armA) with obvious and high
potential impact. The single-test screening and surveil-
lance capabilities that are afforded by the ARDM can
lead to more effective therapeutic decisions, decreased
use of inappropriate antimicrobials, and early detection
of emerging drug-resistant pathogens, thus decreasing
the threat of MDR infections to military personnel de-
ployed to these regions. On the merits of these findings,
we have expanded our surveillance efforts in the form
of ongoing collaborations with Naval Medical Research
Unit-2 (NAMRU-2; Phnom Penh, Cambodia), Naval
Medical Research Unit-6 (NAMRU-6; Lima, Peru),
the Centers for Disease Control and Prevention (CDC;
Atlanta, Georgia), the University of Chicago hospital
pavilion (Chicago, Illinois) and the Landstuhl Regional
Medical Center (Germany).

ACKNOWLEDGMENTS

The authors gratefully acknowledge Dr. David A.
Stenger for establishing the necessary infrastructure
and overseeing the collaboration with Mercy Hospital
in Bo, Sierra Leone, LT Stephen E. Lizewski and CDR
Michael G. Stockelman for their technical expertise,
and Dr. Joel Golden for the photograph of the ARDM.

[Sponsored by ONR and the Defense Medical Research
and Development Program (Intramural Applied Research
and Advanced Technology Development Award)]

References

!'World Health Organization. The Evolving Threat of Antimicro-
bial Resistance - Options for Action (2012).

2].W. Sanders, D.W. Isenbarger, S.E. Walz, L.W. Pang, D.A. Scott,
C. Tamminga, B.A. Oyofo, W.C. Hewitson, J.L. Sanchez, C.



Pitarangsi, P. Echeverria, and D.R. Tribble, “An Observational
Clinic-Based Study of Diarrheal Illness in Deployed United
States Military Personnel in Thailand: Presentation and Out-
come of Campylobacter Infection,” The American Journal of
Tropical Medicine and Hygiene 67, 533-538 (2002).

3 MLJ. Zapor, D. Erwin, G. Erowele, and G. Wortmann, “Emer-
gence of Multidrug Resistance in Bacteria and Impact on
Antibiotic Expenditure at a Major Army Medical Center Caring
for Soldiers Wounded in Iraq and Afghanistan,” Infect. Control
Hosp. Epidemiol. 29, 661-663 (2008).

4T Leski, G. Vora, B. Barrows, G. Pimentel, B. House, M. Nick-
lasson, M. Wasfy, M. Abdel-Maksoud, and C.R. Taitt, “Molecu-

THE AUTHORS

lar Characterization of Multidrug Resistant Hospital Isolates
Using the Antimicrobial Resistance Determinant Microarray,’
PloS ONE 8(7), 69507.

5 M. Tucker, P. Petersen, A. Howe, M. Orlowski, S. Mullen, K.
Chan, P. Bradford, and C. Jones, “Occurrence of Tetracycline
Resistance Genes among Escherichia Coli Isolates from the
Phase 3 Clinical Trials for Tigecycline,” Antimicrob. Agents
Chemother. 51, 3205-3211 (2007).

®T.A. Leski, U. Bangura, D.H. Jimmy, R. Ansumana, S. Lizewski,
D.A. Stenger, C.R. Taitt, and G.J. Vora, “Multidrug-Resistance
tet(X)-Containing Hospital Isolates in Sierra Leone,” Int. J. Anti-
microb. Agents, 42, 83-86 (2013).

¢

CHRIS ROWE TAITT is a Research Biologist in the Center
for Bio/Molecular Science and Engineering. She earned
degrees from Dartmouth College (A.B., biology), Cor-

nell University (M.S., pomology), and the Johns Hopkins
University (Ph.D., biology/biochemistry). She became a
federal employee in 1998 and has been involved in biosensor
development/evaluation and development of nontraditional
methods and materials for biochemical detection. She was
recognized for her contributions in the area of rapid peptide-
based screening by the 2010 Navy Top Scientists and Engi-
neers Award. Her current research focuses on development
and testing of new materials and systems for rapid detection,
classification, and biochemical/molecular characterization of
pathogenic microbes.

TOMASZ A. LESKI is a research biologist in the Laboratory
for Biosensors and Biomaterials (Code 6910) in the Center
for Bio/Molecular Science and Engineering. He graduated
from Warsaw University where he got his Master’s degree
and subsequently obtained his Ph.D. in medical microbiol-
ogy from Warsaw Medical University. Since 2000 he pursued
his postdoctoral training at the Rockefeller University in
New York. He joined NRL in 2004 where he initially worked
on laser-based optical chromatography for separation of
biological particles and then on application of high density
resequencing microarrays for detection of biothreat agents.
He currently works on application of microarray technolo-
gies for detection of bacterial resistance to antibiotics.

featured research | 2013 NRL REVIEW

111



GARY J. VORA is the deputy laboratory head of the Laboratory for Biosensors and Bio-
materials (Code 6910) in the Center for Bio/Molecular Science and Engineering. He joined
the NRL in 2002 as a National Research Council Postdoctoral Fellow after obtaining his
Ph.D. in microbiology from the University of Massachusetts, Amherst, and his B.S. in biol-
ogy from Indiana University, Bloomington. Since becoming a federal employee in 2005,

he has developed and led a number of multidisciplinary programs that have focused on
the microbiological sciences. His current interests include bacterial systems and synthetic
biology, biomolecular analyses of marine biofouling communities, and the molecular
epidemiology of bacterial pathogens.

112 2013 NRL REVIEW | featured research



