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ABSTRACT 
 

Genotypic and antimicrobial resistance gene analysis, and the development of  
rapid diagnostic tests, for ß-lactam-resistant Gram-negative bacteria 

 
by 
 

Nicole Jeanne Tarlton 
 

Doctor of Philosophy in Infectious Diseases and Immunity 
 

University of California, Berkeley 
 

Professor Lee W. Riley, Chair 
 

Bacterial resistance to antimicrobial agents is not new—for millions of years bacteria have 
evolved resistance mechanisms to counteract the antimicrobial agents produced by competing 
bacteria and fungi. The impact of antimicrobial resistance on human health, however, is fairly 
new and was first realized in the 1940s when bacterial resistance to the first clinically used 
antibiotic, penicillin, was discovered. Since then the antimicrobial and antimicrobial resistance 
arms race between scientists and bacteria has ensued, to the point where there is a resistance 
mechanism to virtually every clinically used antibacterial agent. The prevalence of antimicrobial 
resistance is projected to increase, such that scientists fear we are nearing the post-antibiotic era, 
where even simple bacterial infections will be impossible to treat with currently available drugs. 
 
The Centers for Disease Control and Prevention (CDC) and the World Health Organization 
(WHO) strive to educate the community, scientists, medical professionals, and policy makers on 
the problems associated with antimicrobial resistance. In 2013, the CDC released a report—
Antibiotic Resistance Threats in the United States—detailing the organisms and resistance 
mechanisms that require action now. More recently, in 2017, the WHO released a similar priority 
list for antibiotic-resistant bacteria. At the top of the CDC and WHO lists were Gram-negative 
bacteria (GNB) with carbapenem resistance, and also GNB producing extended-spectrum ß-
lactamases (ESBLs). These organisms are GNB with resistance to broad-spectrum ß-lactam 
antibiotics, including resistance to the last-resort ß-lactam drugs, the carbapenems. In its report, 
the CDC described four core actions that should be taken to prevent or slow the spread or 
occurrence of antimicrobial resistance. These included: 1) preventing infections to reduce the 
occurrence and spread of resistance, 2) improving surveillance of antimicrobial-resistant 
infections, 3) improving antibiotic prescribing practices and promoting antimicrobial 
stewardship, and 4) developing new antimicrobial agents and new diagnostic tests for 
antimicrobial-resistant bacteria.  
 
The dissertation, herein, focuses specifically on issues relating to ß-lactam-resistant GNB. It 
addresses the need for better surveillance and understanding of the GNB responsible for ß-
lactam-resistant infections, as well as the need for rapid diagnostic tests that detect ß-lactam-
resistant GNB, specifically in regards to urinary tract infections (UTIs). 
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In the first chapter, we assess the lineages of uropathogenic E. coli (UPEC) causing ß-lactam-
resistant and susceptible community-acquired urinary tract infections (CA-UTIs), to understand 
the contribution of specific lineages, drug-resistance genes, and plasmids to the prevalence and 
dissemination of ß-lactam-resistant CA-UTIs in a community. We analyzed 273 consecutively 
collected UPEC isolated from patients presenting to a university health center with symptoms of 
UTI. UPEC were subtyped by MLST and fimH typing to establish lineage, and were tested by 
PCR and sequencing for carriage of ß-lactamase genes and plasmid incompatibility/replicon 
groups. We found that the distribution of lineages/sublineages among ß-lactam-resistant and 
susceptible UPEC was different, indicating that selective pressure from ß-lactam drugs is not 
exerted equally on UPEC. A limited set of circulating UPEC sequence types, sublineages, ß-
lactamase genes, and Inc type plasmids likely harboring these genes, contributed to a substantial 
proportion of ß-lactam-resistant infections in this community. Understanding factors that affect 
the prevalence and dissemination of antimicrobial resistance may provide insights into strategies 
to slow the spread of resistance, and inform better empirical treatment decisions. Additionally, 
population-based studies like these provide essential information for the development of 
diagnostic tests that target antimicrobial resistance mechanisms. 
 
The development of non-nucleic acid-based strategies for detecting antimicrobial resistance 
directly from urine specimens are the focus of the second and third chapters. In the second 
chapter, we describe our first milestone towards development of a lateral flow assay (LFA) for 
detecting ß-lactam resistance in GNB causing CA-UTIs. The aim of this project is to develop an 
LFA that detects clinically relevant ß-lactamases found in GNB causing CA-UTIs, to create a 
diagnostic test that would inform physicians whether their patients could safely receive narrow-
spectrum ß-lactam drugs for treatment. LFAs are rapid antibody-based tests; as such, extensive 
antibody testing is an essential component in their creation. In this chapter, we describe the 
development of a sensitive and specific anti-CTX-M sandwich ELISA to universally detect the 
CTX-M ß-lactamases. The CTX-M ß-lactamases are a challenging target for antibody-based and 
nucleic acid-based approaches, since these ß-lactamases are a relatively sequence-diverse class 
of enzymes. Sandwich ELISAs represent the first major milestone in our antibody development 
workflow, and the CTX-M ß-lactamases represent one of several important ß-lactamase targets 
for our diagnostic test.  
 
In the third chapter, we investigate the utility of a biochemical-based strategy, DETECT, as a 
diagnostic tool to identify ß-lactamase activity in Gram-negative uropathogens. The aim of this 
project was to develop a rapid diagnostic test that detects the activity of a variety of clinically 
relevant ß-lactamases, to provide physicians with resistance information that would guide the 
selection of appropriate ß-lactam therapy for patients with suspected UTI. In this chapter, we 
stringently studied the first-generation DETECT system to define its capacity to detect different 
classes of ß-lactamases. We found that DETECT was able to identify the activity of expanded-
spectrum beta-lactamases, namely CTX-M and CMY. Insights gained from this work are 
directing future iterations of the DETECT diagnostic system, to reach alternative ß-lactamase 
targets that could impact clinical decision-making. 
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INTRODUCTION 
 
ß-lactam resistance in Enterobacteriaceae. The Enterobacteriaceae are a large family of 
clinically relevant Gram-negative bacteria (GNB). Escherichia coli is arguably the most 
important species in this family—it is the leading cause of all urinary tract infections (UTIs), and 
is the most common GNB species causing bloodstream infections (1, 2). Klebsiella pneumoniae 
is the second most prevalent GNB, also in the family Enterobacteriaceae, causing these 
infections. E. coli and K. pneumoniae are notorious for their ability to acquire and transmit 
antimicrobial resistance genes (3). In particular, these GNB have recently received a lot of 
attention from the CDC (https://www.cdc.gov/drugresistance/threat-report-2013/index.html) and 
the WHO (http://www.who.int/medicines/publications/global-priority-list-antibiotic-resistant-
bacteria/en/) for their increasing levels of resistance to ß-lactam antibiotics.  
  
ß-lactam antibiotics comprise a large group of cell-wall acting agents that broadly includes the 
penicillins, cephalosporins, monobactams, and carbapenems. These antibiotics prevent cross-
linking of peptidoglycan in the cell wall, ultimately leading to bacterial death (4). While ß-lactam 
antibiotics are among the first drugs of choice to treat many bacterial infections, resistance to 
these agents is widespread and increasing. The predominant mechanism of resistance to ß-lactam 
antibiotics in GNB is through the production of ß-lactam hydrolyzing/inactivating enzymes, 
known as ß-lactamases (5).  

 
More than 1,300 naturally occurring ß-lactamase variants have been identified in GNB 
(https://www.lahey.org/studies/) (6). These enzymes are broadly classified based on their active 
site, molecular class, and functional group (based on substrate and inhibitor profiles) (6). Some 
clinically relevant ß-lactamases have a narrower spectrum of activity against the ß-lactams—
these include enzyme variants such as TEM-1, SHV-1, and OXA-1, which typically hydrolyze 
and mediate resistance to the penicillins and first-generation cephalosporins. Other ß-lactamases 
have a broader spectrum of activity against the ß-lactams. The extended-spectrum ß-lactamases 
(ESBLs)—such as ESBL variants of TEM and SHV, and the CTX-Ms—and plasmid-encoded 
AmpC ß-lactamases (pAmpCs), mediate resistance to third-generation cephalosporins in addition 
to the narrow-spectrum ß-lactams. Carbapenemases, such as the KPC carbapenemase, are 
enzymes with an even greater spectrum of activity against ß-lactams compared to ESBLs or 
pAmpCs, which includes activity against the carbapenems. While narrow-spectrum ß-
lactamases, such as TEM-1, are typically more prevalent in the clinical GNB population (7), the 
broad-spectrum ß-lactamases more severely limit antimicrobial treatment options. Carbapenem-
resistant Enterobacteriaceae and ESBL-producing Enterobacteriaceae are on the WHO’s critical 
priority list for antibiotic-resistant bacteria. 
 
Urinary tract infections. Urinary tract infections (UTIs) are one of the most common bacterial 
infections in community and healthcare settings, with a global incidence of roughly 150 million 
UTIs per year (8). UTIs cause considerable economic and public health burdens, and 
significantly affect the quality of life in affected individuals. In 2015, in the United States alone, 
the societal cost of UTIs was approximately $3.5 billion per year (1). These infections are treated 
empirically, meaning an antimicrobial agent is selected for treatment first, then appropriateness 
of the selected agent is confirmed 1-3 days later when antimicrobial susceptibility data from 
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standard microbiological methods become available (9). This practice can lead to treatment 
failure if the wrong antimicrobial agent is selected for therapy. 
 
E. coli is the primary causative agent of UTIs, accounting for approximately 70% or more of 
these infections (1). The next most common GNB causing these infections are Klebsiella sp. and 
Proteus mirabilis (1). Antimicrobial resistance among GNB causing UTIs has become a 
significant public health concern, complicating standard empirical treatment efforts. ß-lactams 
are among the current antimicrobial agents of choice used in the empirical management of UTIs, 
however, resistance to ß-lactams is on the rise. Of particular concern are ESBL-producing GNB, 
which are resistant to many ß-lactams in clinical use, and are typically also multidrug-resistant 
(10). In comparison to non-ESBL-producing GNB, UTIs caused by ESBL-producing E. coli and 
K. pneumoniae are associated with greater clinical and economic burdens. These include 
increased failure of initial antibiotic treatment, longer time to appropriate antibiotic treatment, 
greater cost of care, and longer length of stay in the hospital (11). The prevalence of ESBLs in 
GNB causing UTIs varies dramatically by geographic region; North America typically has a 
lower estimated prevalence between 5-10%, while Asia typically has a higher estimated 
prevalence between 35-45% (12).  

 
The rapid detection of β-lactamases in general, and perhaps ESBLs in particular, directly from 
clinical urine samples remains an important unmet clinical need. Because the current time-to-
result from standard microbiological methods that assess antimicrobial resistance is 2-3 days 
(13), information that could guide the selection of appropriate antimicrobial therapy is not known 
to physicians at the time that treatment is prescribed. Rapid diagnostic tests for ß-lactam 
resistance or ß-lactamases have the potential to markedly improve the outcome of empiric 
antimicrobial therapy, since resistance information would be known at the time that therapy is 
prescribed. 
 
Current methods to detect ß-lactamases. Several research groups have developed rapid tests 
for the detection of ß-lactamases in GNB. Many assays are nucleic acid-based, relying on either 
nucleic acid amplification (sometimes with sequencing) and/or hybridization for detection of ß-
lactamase genes (14-21). While nucleic-acid based approaches offer very low limits of detection, 
major disadvantages include: the need for special instrumentation and software to collect and 
interpret results; difficulty in comprehensively targeting ß-lactamase gene families with greater 
sequence diversity, such as the CTX-Ms; and the difficulty in targeting specific ß-lactamase 
functional groups, such as differentiating ESBL TEM and SHV variants from narrow-spectrum 
variants of these enzymes (22). Additionally, the specificity of some of these tests can sometimes 
preclude the ability to detect new resistance variants.  
 
Non-nucleic acid-based methods have been developed for the detection of ß-lactamases, 
including biochemical assays that detect ESBLs (23) and carbapenemases (24). Antibody-based 
detection methods have also been developed, including fluorescence microscopy to detect SHV 
ß-lactamases (25), sandwich ELISAs to detect SHV, TEM and CMY-2 (26, 27), and 
immunochromatographic assays to detect IMP-type metallo-ß-lactamases, OXA-48-like 
carbapenemases, and KPC carbapenemases (28-30). Both biochemical and 
immunochromatographic assays (i.e. lateral flow assays) can offer rapid and instrument-free 
results; however, they may require some sample preparation and can suffer from sensitivity 
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limitations that prevent their direct use on clinical specimens. The constraints of both nucleic 
acid-based and non-nucleic acid-based ß-lactamase detection methods has inhibited broad 
adoption of either technology for direct use on clinical urine specimens.  
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CHAPTER ONE. Genotypic analysis of uropathogenic Escherichia coli causing 
community-acquired urinary tract infections to understand factors that drive ß-lactam 
resistance in a community. 
 
INTRODUCTION 
 
Urinary tract infections (UTIs) are among the most common types of infection in community and 
healthcare settings. Uropathogenic Escherichia coli (UPEC) is the main cause of UTI in both 
settings, typically accounting for 75% of community-acquired UTIs (CA-UTIs) and 50-65% of 
healthcare-associated UTIs (1, 2). Empirical antimicrobial therapy is frequently administered to 
treat UTIs and prevent the spread of infection to other sites, such as the bloodstream; however, 
selection of an appropriate antimicrobial agent is a growing challenge due to the increasing 
prevalence of antimicrobial resistance in E. coli and other urinary tract pathogens (3, 4). In 
particular, ß-lactam-resistant E. coli, especially those producing extended spectrum ß-lactamases 
(ESBLs) or carbapenemases, have become a global concern (3-6). Understanding factors that 
affect the prevalence and dissemination of antimicrobial resistance may provide insights into 
strategies to slow the spread of resistance and inform better empirical treatment decisions. 
 
UPEC are a subset of extraintestinal pathogenic E. coli (ExPEC), which cause disease outside the 
intestinal tract (7). Classic pandemic ExPEC clones, identified through multilocus sequence 
typing (MLST), include ST393, ST69, ST73, ST95, and ST131 (7). The predominant clones 
identified in a population, and the proportional composition, often vary and depend on the study 
population (8). Few studies have fully examined the distribution of clones across both 
antimicrobial-susceptible and antimicrobial-resistant UPEC, and even fewer studies have 
examined the distribution of subclones (8-14). As a result, it is not well understood whether the 
clonal composition of the antimicrobial-resistant UPEC population is distinct from the 
susceptible population, or whether the resistant population of UPEC emerges from prevalent 
clones and subclones in the drug-susceptible population.  
 
To address this question, we compared the distribution of genotypes among ß-lactam-resistant 
and susceptible UPEC isolates from a college community in a population-based manner. We 
examined a collection of ß-lactam-susceptible and ß-lactam-resistant UPEC that caused CA-
UTIs in a college community from 2003-2005. UPEC isolated from consecutively collected 
urine specimens were analyzed for MLST and fimH single nucleotide polymorphisms (SNPs) for 
lineage and sublineage determination. Furthermore, isolates were tested for ß-lactamase genes 
and plasmid incompatibility/replicon (Inc/rep) groups to identify the most prevalent resistance 
genes and plasmid types responsible for dissemination resistance.  

 
MATERIALS AND METHODS 
 
Strain collection and susceptibility testing. The CA-UTI E. coli were isolated from 
consecutively collected urine specimens from patients presenting to the University Health 
Services at the University of California, Berkeley with symptoms of UTI, from April 2003 to 
June 2004 and October 2004 to January 2005 (15, 16). Isolates were tested for susceptibility to 
antimicrobial agents by broth microdilution according to the Clinical and Laboratory Standards 
Institute (CLSI) guidelines, which included the following classes and agents: ß-lactams 
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(ampicillin [AMP], piperacillin, ampicillin/sulbactam, piperacillin/tazobactam, 
amoxicillin/clavulanic acid, ticarcillin/clavulanic acid, cephalothin, cefazolin, cefoxitin, 
cefotetan, cefuroxime, ceftriaxone, ceftizoxime, cefotaxime, ceftazidime, aztreonam, cefepime, 
imipenem, meropenem), folate pathway inhibitors (trimethoprim/sulfamethoxazole [SXT]), 
aminoglycosides (amikacin, gentamicin, tobramycin), fluoroquinolones (ciprofloxacin, 
gatifloxacin, and levofloxacin), nitrofurantoin, tetracycline (TET), and chloramphenicol (CHL) 
(15, 16). Multidrug resistance (MDR) was defined as resistance to at least one agent in three or 
more classes of tested drugs. For the ß-lactams, isolates resistant to at least ampicillin were 
designated “AMP-R,” and isolates susceptible to all tested ß-lactams were designated “AMP-S.” 
 
DNA extraction. Bacteria were subcultured from frozen glycerol stocks and grown overnight in 
LB broth in a 37°C shaker. The next day, 1ml of culture was pelleted in a microfuge tube by 
spinning in a microcentrifuge at maximum speed for one min. Pellets were resuspended in 300µl 
of sterile water and boiled for 10 min. Samples were pelleted, and the supernatant was collected 
and stored at -20°C. 
 
Multilocus sequence typing (MLST). Primer sequences and protocols for PCR amplification of 
seven housekeeping genes for MLST—adk, fumC, gyrB, icd, mdh, purA, and recA—were 
obtained from the EnteroBase website 
(https://enterobase.warwick.ac.uk/species/ecoli/allele_st_search) (17). Amplicons were cleaned 
and sequenced by Sanger sequencing at the University of California, Berkeley DNA Sequencing 
Facility (Berkeley, CA). Geneious® v.9.1.3 (Biomatters Ltd., New Zealand) was used to visually 
inspect, edit, then align forward and reverse sequences to obtain a consensus sequence. Trimmed 
consensus sequences were submitted to the EnteroBase MLST database curator for sequence 
type (ST) and sequence complex assignment.  
 
fimH typing. SNP analysis of fimH can be used to further differentiate isolates within lineages 
identified by MLST. PCR for fimH SNP analysis was performed according to Tartof et al. (18). 
Amplicons were cleaned, sequenced, then analyzed with Geneious®. The known fimH alleles, 
corresponding to bp positions 360 to 781, were obtained from GenBank then aligned with our 
trimmed fimH consensus sequences to type the alleles (18-20). A FASTA file of the known fimH 
alleles can be found in the Supplementary section. 
 
Identification of ß-lactamase genes. PCR for ß-lactamase genes—blaTEM, blaSHV, blaOXA, 
blaCTX-M, blaKPC, and blaCMY—was performed according to Dallenne et al. (21). Amplicons were 
cleaned, sequenced, then analyzed with Geneious®. DNA sequence variants for blaTEM, blaSHV, 
blaOXA, and blaCTX-M genes were obtained from the database of K. Bush/T. Palzkill/G. Jacoby 
(http://www.lahey.org/Studies/) and GenBank, then aligned with our ß-lactamase consensus 
sequences to identify the ß-lactamase variants present in our collection. 
 
Plasmid incompatibility/replicon (Inc/rep) typing. PCR for plasmid Inc/rep tying for Inc 
groups A/C, B/O, F, FIA, FIB, FIC, FIIA, HI2, I1-I𝛾, L/M, N, P, and Y was performed according 
to Carattoli et al. (22). Amplicons were cleaned, sequenced, then analyzed with Geneious®. Our 
Inc/rep consensus sequences were compared to sequences deposited in the NCBI database using 
the BLAST program. 
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Statistical analysis. Categorical variables were compared with a chi-square or Fisher’s exact test 
(two-tailed). A P value of <0.05 was considered statistically significant. 
 
RESULTS 
 
Antimicrobial susceptibility profile of E. coli causing CA-UTIs. Of the 273 consecutively 
collected CA-UTI E. coli isolates, 85 (31%) were AMP-R (resistant at least to ampicillin for the 
ß-lactams tested) and 188 (69%) were AMP-S (susceptible to all ß-lactams tested). In addition, 
68 (25%) isolates were resistant to TET, 48 (18%) were resistant to SXT, 11 (4%) were resistant 
to CHL, six (2%) were resistant to an aminoglycoside, two (0.7%) were resistant to a 
fluoroquinolone, and one (0.4%) was resistant to nitrofurantoin. Of 188 AMP-S isolates, 157 
(84%) were susceptible to all antimicrobial agents tested; the other 31 were mainly resistant to 
SXT (3%), TET (8%), or both (5%). Of 85 AMP-R isolates, 54 (64%) were resistant to another 
class of antimicrobial agent, which typically included SXT (13%), TET (24%), or both (27%).  
 
Resistance to distinct classes of antimicrobial agents typically occurred together, but ß-lactam 
resistance was the most common phenotype identified among isolates resistant to a single class 
of drugs; 31 (36%) of 85 ß-lactam-resistant, 15 (22%) of 68 TET-resistant, five (10%) of 48 
SXT-resistant, and one (9%) of 11 CHL-resistant isolates were resistant only to the indicated 
drug class. Thirty (11%) isolates in this collection were MDR; ß-lactam/SXT/TET resistance was 
the most common MDR phenotype (14 isolates), while resistance to these three classes plus one 
or more additional classes was the next most common (nine isolates). One AMP-R isolate was 
resistant to third-generation cephalosporins (cefotaxime and ceftriaxone)—this isolate was also 
MDR.  
 
Distribution of MLSTs and identification of ß-lactamase genes in E. coli. All isolates were 
genotyped by MLST, and 57 STs were identified (Table 1). Only six STs accounted for 175 
(64%) of 273 isolates: ST95, ST69, ST420, ST73, ST127, and ST404. The pandemic lineages 
ST95, ST69, and ST73 were common in both AMP-R and AMP-S isolates, but they accounted 
for 51 (60%) isolates in the former and 63 (34%) isolates in the latter group (P<0.0001). ST69 
and ST404 were more frequently identified among ß-lactam-resistant isolates, accounting for 17 
(20%) and 8 (9%) AMP-R isolates, compared to 14 (7%) and 1 (0.5%) AMP-S isolates 
(P=0.003, P=0.0005, respectively). In contrast, ST420 and ST127 were more frequently 
identified among ß-lactam-susceptible isolates, accounting for 31 (17%) and 19 (10%) AMP-S 
isolates, but none and 2 (2%) AMP-R isolates (P<0.0001, P=0.027, respectively). All of 31 
ST420 isolates were AMP-S, and 19 (90%) of 21 ST127 isolates were AMP-S. In addition to ß-
lactam resistance, ST69 was also more likely to be SXT-resistant (19/48 SXT-R, P<0.0001), 
TET-resistant (14/68 TET-R, P=0.0056), CHL-resistant (5/11 CHL-R, P=0.0039), and MDR 
(11/30 MDR, P<0.0001) than other STs. The two ST393 isolates were fluoroquinolone-resistant, 
and one AMP-R ST73 isolate was nitrofurantoin-resistant. 
 
All AMP-R isolates were tested for ß-lactamase genes (Table 1). Eighty-one (95%) of 85 AMP-
R isolates tested positive for blaTEM. Thirty-six (44%) blaTEM sequences were analyzed and 
found to be blaTEM-1; three (8%) were blaTEM-1A, 25 (69%) were blaTEM-1B (also aligned with 
blaTEM-104, 122, 163, 198, 206, or 214), and eight (22%) were blaTEM-1C. In addition, three (4%) AMP-R 
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isolates carried blaSHV-1, two (2%) AMP-R isolates carried blaOXA-1, and one ST38 AMP-R 
isolate carried blaCTX-M-9/51; this was the only ESBL gene identified.  
 
Distribution of fimH genotypes among different MLSTs, and identification of prevalent 
sublineages of AMP-S and AMP-R E. coli. Of the 273 isolates, 269 (99%) tested positive for 
fimH, and 35 fimH SNP types were identified (Table 2). Only six fimH types accounted for 180 
(66%) isolates: f-1, f-6, f-29, f-2, f-47, and f-3. The f-1 and f-6 SNP types were more frequently 
identified among ß-lactam-resistant isolates, accounting for 30 (35%) and 20 (24%) AMP-R 
isolates, compared to 25 (13%) and 21 (11%) AMP-S isolates (P<0.0001, P=0.008, 
respectively). In contrast, f-29 and f-2 were more frequently identified among ß-lactam-
susceptible isolates, accounting for 30 (16%) and 20 (11%) AMP-S isolates, but none and 2 (2%) 
AMP-R isolates (P<0.0001, P=0.017, respectively). In addition to ß-lactam resistance, isolates 
with f-1 were more likely to be SXT-resistant (24/48 SXT-R, P<0.0001), TET-resistant (23/68 
TET-R, P=0.0012) CHL-resistant (8/11 CHL-R, P=0.0002), and MDR (14/30 MDR, P=0.0001) 
than isolates with other fimH types.  
 
fimH SNP types were further examined in the context of their corresponding ST (Table 3). The 
six main fimH types— f-1, f-6, f-29, f-2, f-47, and f-3—were well represented among the six 
major STs. One or more of these six fimH types accounted for 55 (98%) of 56 ST95 isolates, 29 
(94%) of 31 ST69 isolates, 30 (97%) of 31 ST420 isolates, nine (33%) of 27 ST73 isolates, 20 
(95%) of 21 ST127 isolates, and nine (100%) ST404 isolates. One or two fimH types typically 
predominated an ST group; the main exception was in ST73, where the most prevalent fimH type 
(f-8) represented only 10 (37%) of 27 isolates in the group. Alleles f-47 and f-29 were found only 
among ST95 and ST420 isolates, respectively.  
 
Among several of the most prevalent MLSTs, fimH typing provided a means to subtype isolates 
within the ST (Table 4). ST95 contained four subtypes: f-1, f-6, f-9, and f-47. The ST95/f-47 
subtype was more frequently identified among ß-lactam-susceptible isolates; 44% of AMP-S 
ST95 were f-47, but only 9% of AMP-R ST95 were f-47 (P=0.007). The ST95/f-6 subtype was 
more frequently identified among ß-lactam-resistant isolates; 86% of AMP-R ST95 were f-6, 
while 50% of AMP-S ST95 were f-6 (P=0.0093). ST73 also contained four subtypes: f-3, f-8, f-9, 
and f-60. While 50% of AMP-R ST73 isolates were subtype ST73/f-8, and nearly 50% of AMP-
S ST73 isolates were subtype ST73/f-3, this difference in subtype distribution was not 
statistically significant.  
 
Identification of plasmid Inc groups in AMP-S and AMP-R E. coli. E. coli were tested for 
plasmid Inc groups commonly found in Enterobacteriaceae (Table 5) (22). Of 273 isolates, 52 
(19%) tested negative by the Inc/rep typing PCR. IncF replicons were by far the most prevalent, 
with 204 (75%) isolates harboring IncFIB, 30 (11%) isolates harboring IncFIA, two isolates 
harboring IncFIIA, and one isolate harboring IncFIC. Four isolates tested positive for the general 
IncF PCR, but tested negative for the type specific IncF PCRs. The IncB/O replicon was the next 
most common, detected in 27 (10%) isolates.  
 
The prevalent Inc groups were more frequently identified in AMP-R isolates than AMP-S 
isolates (Table 5); among the 85 AMP-R isolates 75 (88%) harbored IncFIB, 20 (24%) harbored 
IncFIA, and 21 (24%) harbored IncB/O replicons, while among the 188 AMP-S isolates 129 
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(69%) harbored IncFIB, 10 (5%) harbored IncFIA, and 6 (3%) harbored IncB/O replicons 
(P=0.0006, P<0.0001, and P<0.0001, respectively). In addition to ß-lactam resistance, the 
IncFIA replicon was more common among SXT-resistant (15/48 SXT-R, P<0.0001), TET-
resistant (22/68 TET-R, P<0.0001), CHL-resistant (5/11 CHL-R, P=0.0033) and MDR (17/30 
MDR, P<0.0001) isolates than susceptible counterparts. The IncY replicon was more common in 
SXT-resistant (6/48 SXT-R, P=0.0027), TET-resistant (7/68 TET-R, P=0.0029), and MDR (4/30 
MDR, P=0.0157) isolates than susceptible counterparts. All isolates with IncP replicons were 
resistant to TET (10/68 TET-R, P<0.0001).  
 
The distribution of plasmid Inc groups among the prevalent STs was different (Fig. 1). While 10 
(67%) of 15 AMP-S ST73 tested negative for the Inc types, only 2 (17%) of 12 AMP-R ST73 
tested negative for the Inc types examined (P=0.0185). Over half of the 27 IncB/O containing 
isolates were ST95, and this feature was more common among AMP-R isolates; 15 (68%) of 22 
AMP-R ST95 compared to 2 (6%) of 34 AMP-S ST95 contained the IncB/O replicon 
(P<0.0001). The IncFIB replicon was nearly ubiquitous in some STs; the IncFIB replicon was 
more frequently identified in ST420 (31/31, 100%) and ST95 (55/56, 98%) isolates than other 
STs (P<0.0001 for both). It was less frequently identified in SF73 (13/27, 48%) isolates than 
other STs (P=0.0008). The IncFIA replicon was more frequently identified in ST69 (7/31, 23%) 
and ST73 (6/27, 22%) isolates than other STs (P=0.0284, P=0.0493, respectively).  
   
DISCUSSION 
 
The prevalence of antimicrobial resistance in ExPEC is a global concern and major obstacle to 
empirical treatment of infections caused by these organisms. Studies solely evaluating the MLST 
composition of resistant ExPEC populations do not provide enough information to increase our 
understanding of the contribution of circulating UPEC lineages to the prevalence of resistance. 
Studies that further subtype ExPEC populations, for instance through fimH typing, have 
demonstrated that there are sublineages within certain STs that are associated with antimicrobial 
susceptibility or resistance (14, 19, 23-25). To better understand the factors that drive and 
disseminate ß-lactam resistance in a population of UPEC, we genetically characterized 
consecutively collected CA-UTI UPEC isolated from 2003 to 2005. From the comparison of ß-
lactam-resistant (AMP-R) and ß-lactam-susceptible (AMP-S) UPEC, we found that ß-lactam 
resistance was multifactorial, and that a specific set of ST/fimH sublineages carrying specific 
plasmid Inc types and ß-lactamase genes contributed to a substantial proportion of ß-lactam-
resistant CA-UTIs in our study community. Furthermore, the distribution of sublineages among 
AMP-R and AMP-S UPEC was different. 
 
Only four of the six most prevalent STs contributed appreciably to the AMP-R population; ST95, 
ST69, ST73, and ST404 represented 69% of the AMP-R population. Within ST95 and ST73, 
fimH typing enabled the identification of multiple sublineages, revealing differences in 
sublineage distribution among AMP-R and AMP-S isolates and indicating that the prevalence of 
ß-lactam resistance in the study community is dependent, in part, on the prevalence of several 
sublineages that happen to be AMP-R. Sublineage ST95/f-6 represented 22% of the AMP-R 
population, and sublineage ST73/f-8 represented 7% of the AMP-R population. Interestingly, 
fimH typing did not offer further discriminatory power among other prevalent STs—including 
ST69, ST404, ST420, and ST127—indicating either that these lineages are more homogeneous 
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than ST95 and ST73, or that another subtyping method, such as whole-genome MLST, would be 
more appropriate for these isolates. 
 
Interestingly, ST420 was tied for second-most prevalent ST in this study community, but was 
found only among the susceptible UPEC population. In other studies that have identified ST420 
among human clinical isolates, it is often reported as a low-prevalence clone that is susceptible to 
antimicrobial agents; however, several antimicrobial-resistant ST420 E. coli have been isolated 
from animal sources (10, 12, 13, 19, 26, 27). ST95 was previously identified as a lineage 
associated with a low prevalence of antimicrobial resistance (19). Stephens et al. (24) used 
whole-genome sequence (WGS) analysis to examine antimicrobial-susceptible and resistant 
ST95 isolates for factors associated with a lack of acquired antimicrobial resistance genes. 
Carriage of a 114-kb IncFIB/IncFII plasmid called pUTI89 was significantly associated with a 
pan-susceptible ST95 sublineage in their study. Genomic analysis of other lineages of E. coli 
with a low frequency of antimicrobial resistance, such as ST420, could lead to further insights 
and identification of strategies to limit the spread of antimicrobial resistance genes.  
 
The prevalence of non-ESBL blaTEM genes was a major driving factor for ß-lactam resistance in 
this population, across STs and sublineages; it was the sole ß-lactamase gene identified in 93% 
of AMP-R isolates. While we expect CTX-Ms to play a greater role in ß-lactam resistance in 
more recent collections of UPEC from this community and elsewhere, TEM is likely to persist as 
the main cause of early-generation ß-lactam resistance. ß-lactamase gene analysis of recent 
collections of ExPEC have demonstrated the continued importance of blaTEM (10, 28). Strategies 
to detect ß-lactam resistance in ExPEC should incorporate detection of this ß-lactamase.     
 
In E. coli, blaTEM, blaSHV, blaOXA, and blaCTX-M are acquired ß-lactamase genes. As such, 
plasmids contribute substantially to the acquisition and dissemination of these and other 
resistance genes in ExPEC. Based on the strong association between specific replicons and an 
AMP-R phenotype, we speculate that the acquired ß-lactamase genes are localized on IncFIB, 
IncFIA, or IncB/O replicon-containing plasmids in the majority of isolates; only 4 (5%) AMP-R 
isolates tested negative for these Inc types, while the remaining 81 (95%) AMP-R isolates 
contained one or more of these three Inc types. To confirm this, further experiments are required. 
While these plasmids/replicons appear to be major factors in the dissemination of ß-lactam 
resistance in these isolates, as were IncF type plasmids in other studies (29), it is important to 
note that these replicons do not occur exclusively in antimicrobial-resistant isolates (24, 30). 
IncFIB was found in all ST420 isolates, which were fully susceptible, and in nearly all AMP-S 
ST95 isolates, all but two of which were fully susceptible. It would be interesting to compare the 
plasmid sequences from AMP-R and AMP-S isolates within an ST, to determine whether the 
same Inc type plasmids differ in any way except for the presence or absence of resistance genes. 
If the same Inc type plasmids in susceptible and resistant isolates harbor significantly different 
genetic material apart from resistance genes, this may provide an explanation as to why 
antimicrobial-susceptible or antimicrobial-resistant isolates predominate within an ST.  
 
The association between IncFIA replicons and ß-lactam, SXT, TET and CHL resistance, along 
with the finding that these resistance phenotypes frequently occurred together, suggests that 
resistance genes for these agents may be colocalized on IncFIA replicon-containing plasmids in 
some isolates. TET resistance was the second most prevalent type of resistance in this collection. 
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Although TET and CHL are not suitable for treatment of UTIs, these agents are commonly used 
to treat other infections and conditions. For instance, tetracyclines are the most common oral 
antibiotics used to treat acne vulgaris (31). One significance of TET and CHL resistance in the 
CA-UTI isolates, therefore, is the possibility that antibiotic selection from TET or CHL 
treatment of other conditions helps maintain resistance to agents used to treat UTIs, in the 
absence of the agents themselves (i.e. ß-lactams and SXT) (32). 
 
Stephens et al. (24) used WGS analysis to examine Inc replicons in ST95 isolates from 
bloodstream infections and UTIs, and found IncFIB and IncFII replicons to be nearly ubiquitous. 
We tested several representative IncFII-containing isolates from Stephens et al. with the IncFIIA 
PCR used in this study (22), and found that the isolates tested negative. Therefore, we believe 
our current Inc analysis likely underestimated the presence of IncFII replicons. While our Inc 
analysis was fairly comprehensive for common Inc groups found in the Enterobacteriaceae, it 
was not exhaustive—other Inc replicons that we did not properly screen for may exist in the 
isolates.   
 
In conclusion, we genetically characterized a large collection of antimicrobial-susceptible and 
antimicrobial-resistant UPEC from a college community to assess factors that may contribute to 
the prevalence of ß-lactam resistance in the UPEC population, which in turn may affect the 
prevalence of drug-resistant CA-UTIs in the community. We found that a limited set of 
circulating UPEC STs, sublineages, TEM ß-lactamase genes, as well as a few major Inc type 
plasmids likely harboring these genes, contributed to a substantial proportion of AMP-R UPEC 
infections in this study community. The distribution of STs and sublineages among ß-lactam 
resistant and susceptible UPEC was not the same, indicating that the selective pressure from ß-
lactam drugs is not exerted equally on all UPEC. If these observations are found to be 
generalizable by similar studies elsewhere, such information could potentially be used to target 
specific sublineages with vaccines or other anti-infective modalities.  
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Table 1. Distribution of MLSTs among AMP-S and AMP-R E. coli, and identification of ß-
lactamase genes in ß-lactam-resistant isolates. 

  No. (%) of isolates that are:   
MLST (complex) No. (%) of 

isolates 
AMP-Sb  AMP-R P valuec bla genes in AMP-R isolates  

(no. of isolates)d 

ST95 (ST95 cplx) 56 (20.5) 34 (18.1) 22 (25.9) 0.140 blaTEM (22) 
ST69 (ST69 cplx) 31 (11) 14 (7.4) 17 (20.0) 0.003 blaTEM (17), blaOXA (1) 
ST420 31 (11) 31 (16.5) 0 <0.0001  
ST73 (ST73 cplx) 27 (10) 15 (8.0) 12 (14.1) 0.116 blaTEM (11), blaSHV (1) 
ST127 21 (8) 19 (10.1) 2 (2.4) 0.027 blaTEM (2) 
ST404 (ST14 cplx) 9 (3) 1 (0.5) 8 (9.4) 0.0005 blaTEM (8) 
ST10 (ST10 cplx) 8 (3) 5 (2.7) 3 (3.5) 0.707 blaTEM (3) 
ST12 (ST12 cplx) 8 (3) 5 (2.7) 3 (3.5) 0.707 blaTEM (1), blaSHV (2) 
ST62 6 (2) 5 (2.7) 1 (1.2) 0.669 blaTEM (1) 
ST141 5 (2) 5 (2.7) 0 0.329  
ST131 (ST131 cplx) 4 (1.5) 2 (1.1) 2 (2.4) 0.591 blaTEM (2) 
ST144 4 (1.5) 3 (1.6) 1 (1.2) 1.0 blaTEM (1) 
ST405 (ST405 cplx) 4 (1.5) 1 (0.5) 3 (3.5) 0.091 blaTEM (3) 
ST14 (ST14 cplx) 3 (1) 2 (1.1) 1 (1.2) 1.0 blaTEM (1) 
ST372 3 (1) 3 (1.6) 0 0.555  
ST555 (ST538 cplx) 3 (1) 2 (1.1) 1 (1.2) 1.0 blaTEM (1) 
ST58 (ST155 cplx) 2 (0.8) 1 (0.5) 1 (1.2) 0.527 blaTEM (1) 
ST88 (ST23 cplx) 2 (0.8) 1 (0.5) 1 (1.2) 0.527 blaTEM (1) 
ST106 (ST69 cplx)  2 (0.8) 2 (1.1) 0 1.0  
ST297 2 (0.8) 2 (1.1) 0 1.0  
ST393 (ST31 cplx) 2 (0.8) 1 (0.5) 1 (1.2) 0.527 blaTEM (1) 
ST410 (ST23 cplx) 2 (0.8) 2 (1.1) 0 1.0  
ST491 2 (0.8) 2 (1.1) 0 1.0  
ST706 2 (0.8) 2 (1.1) 0 1.0  
ST998 2 (0.8) 1 (0.5) 1 (1.2) 0.527 blaTEM (1) 
ST38 (ST38 cplx) 1 (0.4) 0 1 (1.2) 0.311 blaTEM (1), blaCTX-M (1)  
ST394 (ST394 cplx) 1 (0.4) 0 1 (1.2) 0.311 blaOXA (1) 
ST1604 1 (0.4) 0 1 (1.2) 0.311 blaTEM (1) 
ST2328 1 (0.4) 0 1 (1.2) 0.311 blaTEM (1) 
ST2617 1 (0.4) 0 1 (1.2) 0.311 blaTEM (1) 
Other STsa 27 (10) 27 (14.4) 0   
Total (% of total) 273 (100) 188 (69) 85 (31)  blaTEM (81; 95%), blaSHV (3; 4%), 

blaOXA (2; 2%), blaCTX-M (1; 1%) 

AMP-S, susceptible to ampicillin/all ß-lactams tested; AMP-R, resistant to at least ampicillin. 
aIncludes ST59, ST80, ST93, ST101, ST126, ST136, ST155, ST348, ST357, ST550, ST641, 
ST847, ST906, ST963, ST1147, ST1155, ST1633, ST1859, ST1946, ST2178, ST2227, ST2562, 
ST2567, ST4044, ST6092, and two unknown STs. 
b157 (84%) of 188 AMP-S isolates were susceptible to other tested agents. 
cThe P value compares the AMP-S column and AMP-R column. Bolded values are statistically 
significant. 
dSequences identified include blaOXA-1, blaSHV-1, and blaCTX-9/51, and of the 36 blaTEM sequences 
typed, 8% were blaTEM-1A, 69% were blaTEM-1B, and 22% were blaTEM-1C. 
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Table 2. Distribution of fimH genotypes among AMP-S and AMP-R E. coli. 
  No. (%) of isolates that are:  
fimH type No. (%) of fimH 

type isolates 
AMP-S AMP-R P valueb 

f-1 55 (20) 25 (13.3) 30 (35.3) <0.0001 
f-6 41 (15) 21 (11.2) 20 (23.5) 0.008 
f-29 30 (11) 30 (16.0) 0 <0.0001 
f-2 22 (8) 20 (10.6) 2 (2.4) 0.017 
f-47 17 (6.2) 15 (8.0) 2 (2.4) 0.104 
f-3 15 (5.5) 12 (6.4) 3 (3.5) 0.405 
f-8 10 (3.7) 4 (2.1) 6 (7.1) 0.075 
f-12 10 (3.7) 8 (4.3) 2 (2.4) 0.729 
f-4 9 (3.3) 4 (2.1) 5 (5.9) 0.142 
f-9 9 (3.3) 6 (3.2) 3 (3.5) 1.0 
f-5 8 (3) 7 (3.7) 1 (1.2) 0.442 
f-15 6 (2.2) 3 (1.6) 3 (3.5) 0.379 
f-43 4 (1.5) 4 (2.1) 0 0.314 
f-7 3 (1) 3 (1.6) 0 0.555 
f-10 2 (0.7) 2 (1.1) 0 1.0 
f-14 2 (0.7) 2 (1.1) 0 1.0 
f-17 2 (0.7) 1 (0.5) 1 (1.2) 0.527 
f-26 2 (0.7) 2 (1.1) 0 1.0 
f-60 2 (0.7) 0 2 (2.4) 0.096 
f-11 1 (0.4) 1 (0.5) 0 1.0 
f-13 1 (0.4) 0 1 (1.2) 0.311 
f-16 1 (0.4) 1 (0.5) 0 1.0 
f-24 1 (0.4) 0 1 (1.2) 0.311 
f-28 1 (0.4) 1 (0.5) 0 1.0 
f-45 1 (0.4) 1 (0.5) 0 1.0 
f-51 1 (0.4) 0 1 (1.2) 0.311 
f-57 1 (0.4) 1 (0.5) 0 1.0 
Neg 4 (1.5) 3 (1.6) 1 (1.2) 1.0 
Uniquea 12 (4.4) 11 (5.9) 1 (1.2)  
Total 273 (100) 188 85  
Neg, negative for fimH PCR. 
aIncludes eight previously uncharacterized fimH types. 
bThe P value compares the AMP-S column and AMP-R column. Bolded values are 
statistically significant. 
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Table 3. Distribution of fimH alleles among AMP-S and AMP-R isolates in different MLST 
groups. 
 Isolates that have fimH type (no.): 
MLST 
(no. of isolates) 

AMP-S AMP-R 

ST95 (56) f-1 (2), f-6 (17), f-47 (15) f-6 (19), f-9 (1), f-47 (2) 
ST69 (31) f-1 (12), f-43 (2) f-1 (17) 
ST420 (31) f-29 (30), f-29+3bp del (1) 0 
ST73 (27) f-3 (7), f-8 (4), f-9 (4) f-3 (2), f-8 (6), f-9 (2), f-60 (2) 
ST127 (21) f-2 (18), U (1) f-2 (2) 
ST404 (9) f-1 (1) f-1 (8) 
ST10 (8) f-1 (1), f-4 (1), f-7 (1), f-15 (1), f-28 (1) f-4 (2), f-15 (1) 
ST12 (8) f-1 (4), f-6 (1) f-1 (1), f-12 (1), f-51 (1) 
ST62 (6) f-5 (5) f-5 (1) 
ST141 (5) f-12 (5) 0 
ST131 (4) f-6 (1), f-17 (1) f-6 (1), f-17 (1) 
ST144 (4) f-1 (2), f-4 (1) f-4 (1) 
ST405 (4) f-6 (1) f-1 (2), f-13 (1) 
ST14 (3) f-1 (2) f-1 (1) 
ST372 (3) f-3 (3) 0 
ST555 (3) U (2) U (1) 
ST58 (2) Neg (1) f-15 (1) 
ST88 (2) f-1 (1) f-1 (1) 
ST106 (2)  f-43 (2) 0 
ST297 (2) f-10 (2) 0 
ST393 (2) f-4 (1) f-4 (1) 
ST410 (2) f-15 (2) 0 
ST491 (2) f-12 (2) 0 
ST706 (2) f-14 (2) 0 
ST998 (2) f-3 (1) f-3 (1) 
ST38 (1) 0 f-12 (1) 
ST394 (1) 0 Neg (1) 
ST1604 (1) 0 f-4 (1) 
ST2328 (1) 0 f-15 (1) 
ST2617 (1) 0 f-24 (1) 
Other STs (27) Neg, f-2, f-5, f-7, f-9, f-26 (2’s); f-3, f-4, 

f-6, f-11, f-12, f-16, f-45, f-57 (1’s); U (7) 
0 

U, unique fimH type; Neg, tested negative for fimH PCR. 
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Table 4. Subtype distribution among prevalent STs that contain more than one fimH type. 
  No. (%) of ST that are:  
Subtype No. (%) of ST AMP-S AMP-R P valuea 

ST95/f-1 2 (4) 2 (5.9) 0 0.514 
ST95/f-6 36 (64) 17 (50.0) 19 (86.4) 0.009 
ST95/f-9 1 (2) 0 1 (4.5) 0.393 
ST95/f-47 17 (30) 15 (44.1) 2 (9.1) 0.007 
ST69/f-1 29 (94) 12 (85.7) 17 (100) 0.196 
ST69/f-43 2 (6) 2 (14.3) 0 0.196 
ST73/f-3 9 (33) 7 (46.7) 2 (16.7) 0.217 
ST73/f-8 10 (37) 4 (26.7) 6 (50.0) 0.257 
ST73/f-9 6 (22) 4 (26.7) 2 (16.7) 0.662 
ST73/f-60 2 (7) 0 2 (16.7) 0.188 
aThe P value compares the AMP-S group with the corresponding AMP-R group for each 
subtype. 
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Table 5. Distribution of plasmid Inc groups among AMP-S and AMP-R E. coli. 
  No. (%) that are:  

Inc group No. (%) of isolates AMP-S AMP-R P valuea 

FIB 204 (75) 129 (69) 75 (88) 0.0006 
FIA 30 (11) 10 (5) 20 (24) <0.0001 
B/O 27 (10) 6 (3) 21 (25) <0.0001 
P 10 (4) 4 (2) 6 (7) 0.075 
Y 10 (4) 6 (3) 4 (5) 0.508 
I1-I𝛾 7 (3) 5 (3) 2 (2) 0.707 
FIIA 2 (0.7) 2 (1) 0 1.0 
N 2 (0.7) 0 2 (2) 0.096 
A/C 1 (0.4) 1 (1) 0 1.0 
L/M 1 (0.4) 1 (1) 0 1.0 
FIC 1 (0.4) 1 (1) 0 1.0 
None detected 52 (19) 49 (26) 3 (4) <0.0001 
Isolate total 273 188 85  

aThe P value compares the AMP-S column and AMP-R column.  
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Figure 1. Distribution of plasmid Inc types among AMP-S and AMP-R E. coli from seven 
prevalent STs. Data for IncFIB, IncFIA, IncB/O, IncP, IncY, IncI1-I𝛾, and no Inc detected are 
shown. Numbers in parenthesis are the number of isolates per group. The P value compares the 
AMP-S group with the corresponding AMP-R group for each ST; *P<0.05, and ****P<0.0001. 
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CHAPTER TWO. Monoclonal antibody-mediated detection of CTX-M ß-lactamases in 
Gram-negative bacteria (1). 
 
INTRODUCTION 
 
Bacterial resistance to antimicrobial agents is a growing global public health threat. Resistance to 
expanded-spectrum cephalosporins and monobactams mediated by extended-spectrum ß-
lactamases (ESBLs) is a mechanism that has become widespread among Gram-negative bacterial 
(GNB) pathogens, especially the Enterobacteriaceae. Until the early 2000s the most common 
ESBLs identified in clinical Enterobacteriaceae were TEM and SHV variants; however, the 
CTX-M-type ESBLs predominate currently (2, 3). Among more than 150 known CTX-M 
variants, CTX-M-15 is the most common variant observed in clinical isolates worldwide (4). 
Bacteria that produce CTX-Ms are frequently resistant to other classes of antimicrobial agents, 
making clinical management of infections caused by these pathogens very challenging (5). The 
study and detection of CTX-M ß-lactamases, therefore, has considerable clinical relevance.  
 
Other groups have developed polyclonal and monoclonal antibodies to study ß-lactamases, 
including SHV, CMY, TEM, and OXA enzymes. These anti-ß-lactamase antibodies have been 
useful for understanding epitope homology amongst diverse ß-lactamases (6-8), and in detecting 
production of ß-lactamases in GNB or assessing their presence in other sources (9, 10). While 
sandwich ELISAs have been successfully developed to detect SHV, CMY, and TEM ß-
lactamases (9, 10), no such assay exists for universal detection of CTX-Ms. Here we describe the 
development of a highly sensitive and specific anti-CTX-M sandwich ELISA, tested first with a 
training set of clinical GNB, and then with a blinded set of isolates.  
 
MATERIALS AND METHODS 
 
Monoclonal antibody production. Murine anti-CTX-M monoclonal antibodies (mAbs) were 
generated by Silver Lake Research Corporation (Azusa, CA) based on the EAP immunization 
system (www.silverlakeresearch.com). Briefly, mice were immunized and boosted with 
immunogens containing 12-17 amino acid peptides representing multiple homologous regions 
among multiple CTX-M variants. B cells isolated from immunized mice were fused to generate 
hybridomas by standard methods (11, 12). MAb-containing supernatants from hybridoma cell 
cultures were screened by ELISA for binding to four purified recombinant CTX-Ms, and not to 
five other ß-lactamases. Antibody isotypes were determined by the SBA Clonotyping Kit 
(Southern Biotech, Birmingham, AL) per the manufacturer's instructions. Hybridoma cells were 
cultured in serum-free medium or medium with low-IgG fetal bovine serum, and IgG was 
purified from culture supernatants by affinity chromatography or other standard methods (13). 
Some purified mAbs were biotinylated with biotin-aminocaproic acid N-hydroxysuccinimide 
ester (ThermoFisher Pierce, Pittsburgh, PA) according to manufacturer recommendations. 
 
ß-lactamase gene cloning, and recombinant ß-lactamase expression, purification, and 
testing.  
A. Generating the ß-lactamase gene insert. Eight recombinant ß-lactamases were generated in 
this study: CTX-M-2, CTX-M-8, CTX-M-14, CTX-M-15, TEM-1, SHV-1, NDM-1 and CMY-2. 
Each ß-lactamase gene (excluding its signal sequence) was cloned into the pET-26b+ vector 
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(Novagen, Madison, WI) using the NdeI and XhoI restriction sites, which placed a 6X-histidine 
tag at the C-terminus of the ß-lactamases. Recombinant KPC-2 used in this study was previously 
cloned into the pET26b+ vector using the NdeI and SalI restriction sites.  
 
Primer pairs to amplify ß-lactamase genes for cloning were designed to contain three elements: 
1) four bases of “junk” DNA on the 5’ end, “TATA” for the forward primer and “GGTG” for the 
reverse primer, 2) a restriction digestion site, NdeI (CATATG) for the forward primer and XhoI 
(CTCGAG) for the reverse primer, and 3) sequences that bind the ß-lactamase genes during 
PCR, designed to exclude amplification of the signal sequence in the forward primer and exclude 
the stop codon in the reverse primer (Table 1). A crude DNA preparation was made for each ß-
lactamase-containing isolate (described in “DNA extraction” section), and PCR was performed 
with the cloning primers using this DNA as template. The first PCR was a 100µl reaction 
containing 2µl of crude DNA, set up with the cloning primers, Platinum Taq DNA Polymerase 
High Fidelity (Invitrogen, Waltham, MA), and a dNTP set (ThermoFisher Scientific, Waltham, 
MA) according to the manufacturer’s instructions. Amplification was carried out as follows: 
initial denaturation at 94°C for two min; 35 cycles of 94°C for 20 seconds, 56°C for 20 seconds, 
and 68°C for one min/1kb; and final elongation at 68°C for five min. This first-round PCR 
amplicon was run alongside a 100-base pair (bp) DNA ladder (New England BioLabs, Ipswich, 
MA) on a 1% agarose gel stained with GelRed (Phenix Research Products, Candler, NC) to 
confirm amplicon size. Subsequently, two second-round PCRs were run as indicated above, 
using 2µl of amplicon from the first PCR as template. All three PCR samples were then 
combined and precipitated for purification.  
 
For purification, phenol/chloroform/isoamyl alcohol (25:24:1; ThermoFisher Scientific, 
Waltham, MA) was added 1:1 with the combined PCR products in a microfuge tube, then 
incubated at room temperature for five min. The sample was spun at maximum speed in a 
microcentrifuge for three min, and the top aqueous phase was transferred to a new tube. The 
following were then added to the tube: potassium acetate (3M, pH5) at 1/10 the volume of the 
aqueous phase, 100% ethanol at double the volume of the mixture (VWR, Visalia, CA), and 2µl 
of glycogen. Samples were vortexed and incubated for 30 min at -80°C, briefly thawed, then 
spun at maximum speed in a microcentrifuge for 10 min. The supernatant was decanted, and the 
pellet was washed with 500µl of a 70% ethanol solution. DNA pellets were air-dried for 15 min, 
then resuspended in 100µl of nuclease free water. Purified DNA samples were quantitated with a 
Nanodrop (ThermoFisher Scientific, Waltham, MA). 

 
B. Vector preparation. The pET-26b+ vector has a kanamycin (KAN) selection marker. Two-
hundred ml of E. coli containing the vector were shaken overnight in Luria-Bertani (LB) broth 
(BD, Franklin Lakes, NJ) with 30µg/ml KAN (Sigma-Aldrich, St. Louis, MO) at 37°C. The next 
day, the vector was purified with a Plasmid Midi Kit (QIAGEN, Valencia, CA), and resuspended 
in 1ml of nuclease free water after extraction. Purified plasmid was quantitated on the Nanodrop. 
 
C. Insert/vector digestion and ligation. A double digest with NdeI and XhoI restriction 
enzymes (New England BioLabs, Ipswich, MA) was carried out in CutSmart Buffer, for both the 
insert and vector, according to the manufacturer’s instructions for a 50µl reaction. The only 
modification was that 5-10µg of DNA was used in each digest, and the reaction was incubated 
overnight. Prior to heat inactivation, 1µl of CIP enzyme (New England BioLabs, Ipswich, MA) 
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was added to the vector digest, and incubated for 45 min. The entire digestion sample for both 
vector and insert were run alongside a 100bp DNA ladder on a 1% agarose gel stained with 
GelRed. The digested vector band and insert band were cut from the gel and gel-purified with a 
Gel Extraction Kit (QIAGEN, Valencia, CA) using a 30µl volume for elution. Samples were 
quantitated on the Nanodrop. Vector and insert were ligated for four hours at a 1:3 molar ratio 
using T4 DNA ligase (New England BioLabs, Ipswich, MA), following the manufacturer’s 
instructions for a 20µl reaction.  
 
D. Transformation of E. cloni and BL21DE3pLysS host cells. The ligated insert and vector 
were transformed into E. cloni (Lucigen, Middleton, WI), which cannot express genes from a T7 
promoter. For one transformation, 200µl of chemically competent E. cloni in a microfuge tube 
were thawed on ice, mixed with 10µl of ligation reaction, then incubated on ice for 30 min. Cells 
were heat-shocked at 42°C for 45 seconds, incubated on ice for two min, mixed with 900µl of 
SOC broth (Teknova, Hollister, CA), then incubated at 37°C with shaking for one hour. Cells 
were pulsed down in the microcentrifuge for 15 seconds at maximum speed, then 1ml of 
supernatant was removed. The remaining liquid was used to resuspend the pellet, the entire 
sample was spread over an LB agar plate containing 30µg/ml KAN, then the plate was incubated 
at 37°C overnight. The next day, individual colonies were transferred to an LB+KAN grid plate 
and incubated overnight at 37°C. Twenty colonies from the grid plate were used for colony PCR 
to test for presence of the ß-lactamase insert. Colony PCR was performed as a 50µl reaction 
containing part of a colony as template DNA, and was set up using T7 promoter primers (Table 
1), Taq DNA Polymerase with ThermoPol Buffer (New England BioLabs, Ipswich, MA), and a 
dNTP set according to the manufacturer’s instructions. Amplification was carried out as follows: 
initial denaturation at 95°C for 10 min; 35 cycles of 95°C for 20 seconds, 47°C for 20 seconds, 
and 68°C for one min/1kb; and final elongation at 68°C for five min. PCR amplicons were run 
alongside a 100bp DNA ladder on a 1% agarose gel stained with GelRed, to determine if the 
desired insert was present.  
 
Five insert-positive clones were each subcultured into 3ml of LB broth with 30µg/ml KAN, and 
grown overnight at 37°C with shaking. To save clones, 1ml of overnight bacteria was mixed with 
450µl of sterile 50% glycerol in a cryotube, then frozen at -80°C. Plasmid DNA was extracted 
from each clone using the Plasmid Miniprep Kit (QIAGEN, Valencia, CA), then Sanger-
sequenced with the T7 promoter primers (Table 1) at the UC Berkeley DNA Sequencing Facility 
(Berkeley, CA). Sequences were analyzed using Geneious software (Biomatters Ltd., Auckland, 
New Zealand) so that insert-positive, sequence-perfect clones could be identified. Plasmid DNA 
from one clone with the correct sequence was transformed into E. coli BL21DE3pLysS 
expression host cells (Lucigen, Middleton, WI) following the same procedure used for 
transformation of E. cloni above, except that 10µl of purified plasmid DNA diluted 1/100 with 
sterile water was mixed with the chemically competent cells. Two colonies from the LB+KAN 
grid plate were grown overnight as indicated above, frozen as glycerol stocks, and also used for 
plasmid purification. Plasmids were sequenced and analyzed to confirm that no mutations 
occurred in the insert or promoter region after the second transformation.  

 
E. Large-scale induction and cell lysis under non-denaturing conditions. Prior to large-scale 
expression in the clones, small-scale expression was carried out using 100ml of culture, to 
establish that the recombinant ß-lactamase genes were expressed and to determine an effective 
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timeline for induction. For large-scale expression, a BL21DE3pLysS ß-lactamase clone was 
grown overnight in 30ml of LB broth with 30µg/ml KAN at 37°C with shaking. The next day, 
the 30ml culture was transferred to 1.2L of LB broth with 30µg/ml KAN, and grown at 37°C 
with shaking until the culture reached an absorbance at 600nm (OD600nm) between 0.4-0.5. Then, 
100mM IPTG (Genesee Scientific, San Diego, CA) was added to a final concentration of 1mM, 
and cultures were induced overnight for 13-15 hours at 35°C with shaking. The next day, the 
culture was pelleted in 250ml GSA bottles (ThermoFisher Scientific, Waltham, MA) at 4000xg 
for 12 min. Pellets were resuspended in LB broth and transferred to a 50ml tube (VWR, Visalia, 
CA), then pelleted again at 3600xg for eight min. Supernatant was decanted, and the cell pellet 
was weighed then frozen at -80°C for at least 30 min prior to lysis. Cells were thawed then lysed 
under native conditions using B-PER Complete Bacterial Protein Extraction Reagent and Pierce 
Protease Inhibitor Tablets, EDTA free (ThermoFisher Scientific, Waltham, MA) according to the 
manufacturer’s instructions. The only modification was that no EDTA was added to the 
extraction reagent, and the cells were lysed with gentle rocking for 45 min. After spinning, the 
supernatant was collected and imidazole (Sigma-Aldrich, St. Louis, MO) was added to the 
supernatant to a final concentration of 10mM.  
 
F. Nickel column purification under non-denaturing conditions. The C-terminal 6X-histidine 
tag was used for purification. Three buffers for native purification were required: equilibration 
buffer (50mM sodium phosphate monobasic, 300mM sodium chloride (Sigma-Aldrich, St. 
Louis, MO), and 10mM imidazole, pH8.0), wash buffer (same as previous buffer except 20mM 
imidazole), and elution buffer (same as previous buffer except 250mM imidazole). First, the 
“column” of Ni-NTA agarose (MCLAB, San Francisco, CA) was prepared: 1.5ml of Ni-NTA 
agarose was added to a 50ml tube and washed by adding 8ml of equilibration buffer, then 
centrifuged at 100-200xg in a swinging bucket rotor for two min at 4°C to pellet the agarose and 
remove the buffer. After two washes, 8ml of equilibration buffer was added to the column, and 
the column was incubated at 4°C with gentle rocking for 10 min. The column was spun down at 
the same speed and time indicated above, and the supernatant was removed. The entire bacterial 
lysate/supernatant prepared in above was added to the column, and incubated at 4°C with gentle 
rocking for one hour. After incubation, the column was centrifuged and the supernatant was 
removed and discarded. The column was washed 5X-6X by adding 12ml of wash buffer, 
inverting the tube several times to mix, then centrifuging the tube to remove the supernatant and 
repeat the procedure. At the last wash, the entire column was resuspended in 12ml of wash buffer 
and transferred to a 15ml tube (Corning, Lowell, MA), then pelleted by centrifugation. After 
removal of the wash buffer, 4ml of elution buffer was added to the column and the column was 
rocked gently at 4°C for 30 min. The column was spun down, and the first elution was collected 
and saved at 4°C. A second and third elution were performed in the same manner, so that a total 
of 12ml of eluate was collected and combined. To this eluate, sterile glycerol was added to 15%, 
and the entire solution was passed over a Micro Bio-Spin column (Bio-Rad, Hercules, CA) to 
exclude agarose beads or other large particles from the final purified protein sample. The 
purified protein sample was frozen at -20°C. 
 
G. Purified protein concentration. The purified recombinant ß-lactamases were concentrated in 
a Spin-X UF 6 Centrifugal Concentrator (Corning, Lowell, MA) according to the manufacturer’s 
instructions, which also enabled buffer exchange into PBS with 15% glycerol. The 
concentration/centrifugation procedure was performed 5-6 times to ensure proper buffer 
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exchange. After concentration, the protein was assessed with a Bradford assay using the Bio-Rad 
Protein Assay Dye Reagent and standard procedures (Bio-Rad, Hercules, CA), except that 1ml of 
Bradford reagent was added to each standard and sample solution in a cuvette. BSA (Sigma-
Aldrich, St. Louis, MO) at 0, 1, 2, 3, 4, and 5µg was used as the standard protein to develop a 
standard curve for the assay. Once the concentrations of the ß-lactamases were determined, each 
recombinant protein was resuspended in PBS with 15% glycerol to 1mg/ml for use in other 
assays.  
 
H. Analysis of recombinant ß-lactamases. A sample of each recombinant ß-lactamase was 
diluted 1:1 in Laemmli sample buffer (Bio-Rad, Hercules, CA), and run alongside the PageRuler 
Prestained Protein Ladder (ThermoFisher Scientific, Waltham, MA) on a 12% Mini-Protean 
TGX SDS-PAGE gel (Bio-Rad, Hercules, CA) according to the manufacturer’s instructions. The 
purpose was to confirm correct molecular weight of each protein and assess recombinant ß-
lactamase purity. The gels were stained using Coomassie Brilliant Blue R-250 (Bio-Rad, 
Hercules, CA) following the manufacturer’s instructions for staining Polyacrylamide Gels, 
except that a 50% methanol/10% acetic acid solution was used to both fix the gels and destain 
them. The recombinant ß-lactamases were tested for ß-lactam hydrolysis activity using a 
nitrocefin-hydrolysis spot assay. An empty petri-dish was used for this assay: 100µl of a 1/100 
dilution of the 1mg/ml recombinant ß-lactamase was spotted onto the dish, then 5µl of 1000µM 
nitrocefin (VWR, Visalia, CA) was mixed with the spot. Samples were monitored for a color 
change from yellow to red to indicate hydrolysis of nitrocefin and, therefore, ß-lactamase 
activity. 
 
Strain collection, characterization, and susceptibility testing. GNB isolates were obtained 
from samples of blood, urine, cerebrospinal fluid, and rectal swabs from hospitals and outpatient 
clinics in several locations: San Francisco General Hospital, CA (SF strains) (14); Rio de 
Janeiro, Brazil (BR strains); University Health Services at the University of California Berkeley 
(BE strain) (15); and Northern CA (NCA strain) (16). SF strains were tested for susceptibility to 
ß-lactams by the clinical microbiology laboratory at San Francisco General Hospital. In addition, 
we performed ß-lactam susceptibility testing on BR, BE, and NCA strains by Etest (bioMérieux, 
Marcy l’Etoile, France) or disk diffusion (ThermoFisher Scientific, Waltham, MA), in 
accordance with standards set by the Clinical and Laboratory Standards Institute (CLSI). Two 
sets of GNB clinical strains were used to evaluate and validate the sandwich ELISA: a training 
set of 20 isolates and a blinded set of 78 isolates, respectively.  
 
DNA extraction, genotyping, and PCR for ß-lactamase genes. DNA was extracted from 
bacteria that were grown overnight in Luria-Bertani (LB) broth without selection at 37°C. One 
ml of culture was pelleted, then pellets were resuspended in 300µl of sterile water and boiled for 
10 min. Samples were pelleted again, and the supernatant was collected and frozen at -20°C 
before use. All E. coli in the training set of clinical isolates were previously genotyped by 
multilocus sequence typing (MLST) (14). K. pneumoniae were genotyped by MLST based on a 
protocol published on the Institut Pasteur MLST website 
(http://bigsdb.pasteur.fr/klebsiella/klebsiella.html). MLST PCR amplicons were sequenced at the 
UC Berkeley DNA Sequencing Facility (Berkeley, CA), and sequences were analyzed with 
Geneious software (Biomatters Ltd., Auckland, New Zealand) and the MLST website.  
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All strains used in this study were assessed for ß-lactamase genes by PCR (blaTEM, blaSHV, 
blaOXA, blaCTX-M, blaKPC, blaNDM, and CIT and DHA family genes) according to a published 
protocol (17). Isolates that were positive for the blaCTX-M multiplex PCR were amplified again 
with a different group-specific blaCTX-M primer. The primer pairs for the blaCTX-M simplex PCRs 
are listed in Table 2. The simplex PCRs were performed as 20µl reactions containing 2µl of 
crude DNA, set up with the Promega PCR Master Mix (Promega Corporation, Madison, WI) 
according to the manufacturer’s instructions. Amplification was carried out as follows: initial 
denaturation at 94°C for two min; 30 cycles of 94°C for 30 seconds, 50°C for 30 seconds for 
CTX-M-g1 primers (CTX-M-g2 at 56°C for 30 seconds; CTX-M-g8/25 at 57°C for 30 seconds; 
CTX-M-g9 at 58°C for 30 seconds), and 72°C for one min/1kb; and final elongation at 72°C for 
five min. The PCR amplicons were run alongside a 100bp DNA ladder on a 1% agarose gel 
stained with GelRed to confirm amplicon size prior to sequencing. These larger blaCTX-M 
amplicons were sequenced at the UC Berkeley DNA Sequencing Facility, and analyzed with 
Geneious software to identify the CTX-M variant. 
 
RNA extraction, cDNA synthesis, and qRT-PCR amplification of CTX-M genes 
A. Cell lysis and RNA purification. RNA was extracted from the training set of clinical GNB 
for use in real-time quantitative reverse transcription PCR (qRT-PCR), to assess the expression 
of CTX-M ß-lactamase genes. GNB cells were lysed following the RNAprotect Bacteria Reagent 
Handbook (QIAGEN, Valencia, CA) for enzymatic lysis and proteinase K digestion of bacteria. 
In brief, strains were grown in 3ml of LB broth overnight at 37°C (without selection), diluted 
1/100 the next day in 3ml of fresh LB broth, then grown until the OD600nm reached 0.5-0.6. One 
ml of culture was added to 2ml of RNAprotect bacteria reagent (QIAGEN, Valencia, CA), and 
then lysed using 200µl of TE/lysozyme buffer with 20µl of proteinase K (ThermoFisher 
Scientific, Waltham, MA), and 700µl of Buffer RLT mix (1ml of RLT mixed with 40µl of 1M 
DTT). Samples were frozen at -80°C for 30 min, then thawed and mixed with 500µl of ethanol.  
 
RNA was purified from the samples using an RNeasy Mini Kit (QIAGEN, Valencia, CA) 
following the manufacturer’s procedures. In addition, two on-column DNase digestions were 
performed by adding 80µl of DNase (20µl of DNase I resuspended in 140µl RDD) to the column 
twice, for two 15-min incubations at room temperature. At the end of the procedure, RNA was 
eluted in 30µl of RNase-free water. RNA was quantitated on the Nanodrop. 
 
B. cDNA synthesis. cDNA was synthesized from purified RNA by reverse transcription with 
random hexamer primers and the Superscript III First-Strand Synthesis System (Invitrogen, 
Waltham, MA). The purified RNA was diluted to 100ng/µl with nuclease free water, then 5µl 
was used for reverse transcription according to the manufacturer’s instructions. A quality control 
PCR was run for each RNA and cDNA sample to confirm that the original RNA preps were free 
of DNA contamination and that cDNA synthesis was successful. PCR was performed as 20µl 
reactions containing 2µl of template, set up with the Promega PCR Master Mix and 16s 
ribosomal DNA primers (18). Amplification was carried out as follows: initial denaturation at 
94°C for two min; 33 cycles of 94°C for 20 seconds, 62°C for 20 seconds, and 72°C for 1.5 min; 
and final elongation at 72°C for five min. PCR amplicons were run alongside a 100bp DNA 
ladder on a 1% agarose gel stained with GelRed to establish an 800bp amplicon for cDNA 
samples and no amplicon for RNA samples. 
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C. qRT-PCR primer validation and amplification of blaCTX-Ms for relative expression 
analyses. Primers for qRT-PCR of blaCTX-Ms were designed in this study using Geneious 
software (Table 3). The rpoB gene served as the endogenous reference control for relative 
quantification (19). The strains SF410 (blaCTX-M group1), BR145 (blaCTX-M group2), BR124 
(blaCTX-M group8), and SF487 (blaCTX-M group9) from the training set of isolates were used for 
primer validation (Table 6). Primer validation was performed on a 1/8, 1/32, 1/128, and 1/512 
dilution series of cDNA templates. Reactions for qRT-PCR were prepared with the SsoAdvanced 
Universal SYBR Green Supermix (Bio-Rad, Hercules, CA) according to the manufacturer’s 
instructions. For each reaction, a 35µl mix consisted of 10.5µl of nuclease free water, 1µl each of 
a 10µM forward and 10µM reverse primer, 17.5µl of SYBR Green Supermix, and 5µl of 
template cDNA. Ten-µl triplicates were then loaded onto a 96-well, low-profile, skirted, white 
PCR plate (ThermoFisher Scientific, Waltham, MA). Negative controls without cDNA were run 
for each primer set, also in triplicate. Wells were sealed with MicroAmp Optical 8-Cap Strips 
(Applied Biosystems, Waltham, MA), and plates were spun for one min at 100-200xg in a 
swinging bucket rotor. Amplification was performed in a CFX96 Touch Real-Time PCR System 
(Bio-Rad, Hercules, CA) under the following cycling conditions: polymerase activation/DNA 
denaturation at 95°C for 30 seconds; 40 cycles of 95°C for 5 seconds then 60°C for 15 seconds; a 
melt-curve analysis; and a final hold at 4°C. After amplification, representative samples from 
each triplicate were run alongside a 100bp DNA ladder on a 2% agarose gel stained with 
GelRed. The efficiency of each primer was assessed by graphing the Log10 of the DNA dilution 
against the average CT of the triplicates at that dilution. The equation of a line was generated 
from the graph, and the slope of the line was used in the efficiency equation: E = 10(-1/slope). To 
determine the percent efficiency, we used the equation: %E = (E-1) x 100. We tested several 
primer sets for each gene in order to find a primer pair that tested between 95-105% efficient 
(only validated primers are shown in Table 3). Based on the primer validation work, we selected 
the 1/8 cDNA dilution to use in our subsequent qRT-PCRs.  
 
The training set of isolates (Table 6) was assessed for RNA expression of blaCTX-M genes, using 
three biological replicate samples of RNA for each strain. Amplification of each sample was 
performed in triplicate. To compare expression of the different CTX-M-group genes across 
bacterial isolates, we assessed the level of expression of blaCTX-M compared to rpoB in each 
strain, using the equation 2-∆CT, where ∆CT = CT-bla – CT-rpoB. The CTs were corrected for primer 
efficiency (for both rpoB and CTX-M primers) prior to assessment of fold-change, using the 
following equation: corrected CT = CT x Log2(E).  
 
Bacterial lysate preparation. Bacterial lysates for ELISAs were prepared by a boiling method. 
Isolates were subcultured from frozen stocks into LB broth without selection, and grown 
overnight at 37°C. The absorbance at 600nm (OD600nm) of each culture was determined on a 
spectrophotometer. An OD600nm of 0.1 was assumed to equal 3x108 CFU/ml, and was used to 
determine the volume of culture to centrifuge so that the concentration of cells would be the 
same for all strains. Bacteria were pelleted at 7600xg for 10 min, and resuspended in lysis buffer 
containing 0.09M Tris-Cl with 500µg/ml EDTA. Cells were boiled in a water bath for 10 min, 
then immersed in ice. Once lysates had cooled, Pierce Universal Nuclease and Protease Inhibitor 
Tablets, EDTA-free (ThermoFisher Scientific, Waltham, MA) were added according to the 
manufacturer’s instructions. Cellular debris was pelleted by spinning at 11,900xg for 10 min at 
4°C, then lysates were removed and stored at -20°C.  
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Indirect and sandwich ELISAs. Indirect ELISAs were performed with purified recombinant ß-
lactamases or bacterial lysates. All steps were performed at room temperature unless otherwise 
indicated. 1) 96-well Nunc-Immuno polystyrene plates (Sigma-Aldrich, St. Louis, MO) were 
coated with 50µl of bacterial lysate diluted in PBS, and incubated overnight at 4°C; 2) washed 
3X in PBS with 0.05% Tween-20 (PBST); 3) blocked for one hour in 250µl of 5% non-fat dry 
milk diluted in PBST (block buffer); 4) washed; 5) incubated for one hour with 50µl of 
hybridoma supernatant (mAb concentration of 0.1-1µg/ml) diluted 1/10 in block buffer; 6) 
washed; 7) incubated for one hour with 50µl of goat anti-mouse-IgG-HRP conjugate (Southern 
Biotech, Birmingham, AL) diluted 1:1000 in block buffer; 8) washed; 9) developed for 10 min in 
100µl of SureBlue Reserve TMB Microwell Peroxidase Substrate (Kirkegaard & Perry 
Laboratories, Gaithersburg, MD); 10) stopped with 100µl of 1M HCl; 11) measured on a plate 
reader at OD450nm. Modifications were used when recombinant ß-lactamases were coated onto 
plates: wells were coated with 50µl of 1µg/ml recombinant ß-lactamase or bovine serum albumin 
(BSA) diluted in PBS for two hours; no block step was included; hybridoma supernatants and 
secondary antibody were diluted in PBST.  
 
Sandwich ELISAs were performed with purified recombinant ß-lactamases or bacterial lysates. 
1) 96-well plates were coated overnight at 4°C with 50µl of 10µg/ml purified mAb 6101-33 
diluted in 0.06M carbonate coating buffer, pH 9.6-9.8; 2) washed 3X with PBST; 3) blocked for 
one hour in 250µl of 5% non-fat dry milk diluted in PBS (block buffer #2); 4) washed; 5) 
incubated for 1.5 hours with 50µl of bacterial lysate diluted in block buffer #2; 6) washed; 7) 
incubated for one hour with 50µl of purified biotinylated mAb 6101-19 diluted to 1µg/ml in 
PBST; 8) washed; 9) incubated for 30 min with 50µl SAV-HRP conjugate (American Qualex, 
San Clemente, CA) diluted 1:1000 with PBST; 10) washed; 11) developed for 30 min in 100µl 
of TMB substrate; 12) stopped with 100µl of 1M HCl; 13) measured on a plate reader at 
OD450nm. Modifications were used when recombinant ß-lactamases were tested: plates were 
coated in mAb diluted in PBS; no block step was used; plates were incubated for 1 hour with 
50µl of purified recombinant ß-lactamase or BSA diluted in PBST; development was 10-15 min. 
Samples were run in duplicate on ELISAs. Plates were blanked on air, and raw data were used 
for analyses.  
 
To objectively separate strains that produce CTX-Ms from strains that do not, we established a 
cutoff OD450nm value for the sandwich ELISA based on analysis of raw OD450nm readings from 
all strains that were blaCTX-M-genotype-negative in the training set. The cutoff value was 
calculated with the following equation: Cutoff value = mean of negative samples + (3 x standard 
deviation of negative samples). ELISA data for the training set of bacteria was generated from 
three biological replicates of each isolate.  

 
Statistical analysis. Statistical analysis was performed on anti-CTX-M sandwich ELISA data 
from the blinded panel of strains. Sensitivity and specificity were calculated based on the 
OD450nm cutoff established to distinguish positive and negative test results (Penn State 
Epidemiological Research Methods, https://onlinecourses.science.psu.edu/stat507/node/71).  
 
 
 



 25 

RESULTS 
 
Anti-CTX-M monoclonal antibody development and screening. A panel of 18 mAbs (1 IgM, 
17 IgG) were generated and assessed for their ability to recognize CTX-M variants by ELISA. 
Antibodies were screened against four purified recombinant CTX-Ms, representing the most 
prevalent CTX-M variants from four of five recognized CTX-M groups—CTX-M-15 from 
group-1, CTX-M-2 from group-2, CTX-M-8 from group-8, and CTX-M-14 from group-9 (20). 
Five other clinically-relevant recombinant ß-lactamases, and BSA, were used as negative 
controls: NDM-1, KPC-2, TEM-1, SHV-1, and CMY-2. Indirect ELISAs demonstrated that all 
anti-CTX-M IgG antibodies recognized the recombinant CTX-M variants, while an IgM 
antibody did not detect CTX-M-15 (Table 4). Cross-reactivity against other ß-lactamases (on 
average yielding 7% of the signal from CTX-Ms) and BSA (on average yielding 3% of the signal 
from CTX-Ms) was low overall. 
 
To test for the ability to recognize native CTX-Ms, we screened mAbs against bacterial lysates 
from E. coli and Klebsiella clinical isolates that produce the four CTX-M variants (CTX-M-2, -8, 
-14 and -15). While most of the antibodies performed well, four mAbs were unable to detect one 
or more native CTX-M variants (Table 5). All antibodies demonstrated low to no cross-reactivity 
against a ß-lactamase-negative/CTX-M-negative strain of E. coli (on average yielding 7.4% of 
the signal from CTX-M producers). 
 
Development of a monoclonal antibody sandwich ELISA for detecting CTX-Ms in bacterial 
lysates. Empirical pairwise testing against recombinant CTX-Ms resulted in selection of mAb 
6101-33 and mAb 6101-19 as the optimal antibody pair for detection of CTX-Ms. The optimal 
quantity of each mAb on the sandwich ELISA was tested to enhance positive signal strength 
while minimizing non-specific background (data not shown); selected quantities are listed in the 
Materials and Methods section. A mAb 6101-33-capture/mAb 6101-19-detection sandwich 
ELISA was run to determine the limit of detection for the CTX-M variants. Of the four 
recombinant CTX-Ms, CTX-M-15 was most strongly recognized, followed by CTX-M-2/CTX-
M-14, and lastly by CTX-M-8 (Figure 1). The limit of detection for most recombinant CTX-Ms 
was 50ng; for CTX-M-15 the limit was near 30ng (data not shown). The mAb pair did not cross-
react with five other recombinant ß-lactamases (NDM-1, KPC-2, TEM-1, SHV-1, and CMY-2), 
producing raw ODs that were similar to those from BSA (data not shown). 
 
A panel of 20 clinical isolates (training set) was selected to assess the CTX-M-detection 
capabilities of the antibody pair in a sandwich ELISA (Table 6). The panel contained E. coli and 
Klebsiella from different MLST groups, including E. coli from four major pandemic lineages 
that cause extraintestinal disease (ST131, ST95, ST69, and ST73) and a strain of K. pneumoniae 
from the KPC-associated lineage ST437 (21, 22). The isolates possessed a variety of different ß-
lactamases. All blaCTX-M-14/15-positive strains were resistant to aztreonam (ATM), cefotaxime 
(CTX), and ceftazidime (CAZ), while the blaCTX-M-2/8-positive strains were generally only 
resistant to CTX and not ATM/CAZ. The blaCTX-M-positive strains were assessed for mRNA 
expression of blaCTX-M genes. Two strains had particularly low expression levels compared to the 
other positive strains: BR23 and BR145.  
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Bacterial lysates from this training set were tested on the mAb 6101-33-capture/mAb 6101-19-
detection sandwich ELISA. All 10 strains that tested positive for blaCTX-M by PCR were positive 
for CTX-M by ELISA (Figure 2). Excluding BR145, the three Klebsiella that produced CTX-M-
2/8 enzymes yielded robust signals on the ELISA (BR257, BR124, and BR140), while the E. coli 
and Klebsiella producing CTX-M-14/15 yielded a range of positive readings that were less than 
CTX-M-2/8-producing strains. The two strains with the lowest blaCTX-M expression demonstrated 
the lowest signals on the ELISA; these were BR23 and BR145. All blaCTX-M-negative strains 
produced very low signals (OD450nm below 0.082). From the training panel’s results, we 
developed a cutoff value to establish a baseline for CTX-M-positivity on the ELISA, described 
in the Materials and Methods section; this cutoff value was an OD450nm of 0.081.  
 
All CTX-M-positive samples were further diluted and tested on the sandwich ELISA to establish 
a limit of detection for each strain (Table 7). Based on the cutoff OD of 0.081, several Klebsiella 
(CTX-M-2/8 producers) required lysate from only 106 or 2x106 CFU to yield a positive result, 
while three E. coli (CTX-M-14 producers) required only 4x106 lysed CFU.  
 
Testing a blinded panel of isolates with the anti-CTX-M sandwich ELISA. To validate the 
mAb 6101-33-capture/mAb 6101-19-detection sandwich ELISA, we tested a blinded set of 78 
clinical isolates belonging to 11 GNB genera. PCR for bla genes was performed on the strains 
prior to use in the blinded panel, but results were unknown to the authors during ELISA testing. 
Based on the robust ELISA signals obtained for most strains from the training set, the same 
quantity of bacterial lysate (1.25x108 lysed CFU) was selected for use in the blinded panel. The 
OD450nm cutoff value of 0.081 was used to interpret results. ELISA results for 76 of 78 isolates 
were in agreement with PCR results (Table 8). Forty-eight of the 78 unknown strains tested 
positive for blaCTX-M by PCR, while 46 of these 48 strains tested CTX-M-positive by ELISA. The 
sandwich ELISA detected the diverse CTX-M ß-lactamases present in the blinded panel: CTX-
M-2, CTX-M-8, CTX-M-9, CTX-M-14, CTX-M-15, CTX-M-17, CTX-M-27, and CTX-M-
55/57. The two PCR-positive but ELISA-negative samples contained CTX-M-9 and CTX-M-
15—CTX-M variants which were detectable by ELISA in other lysates in the panel. All 30 
strains that tested negative for blaCTX-M by PCR tested negative for CTX-M by ELISA. The 
blaCTX-M-negative strains included isolates that were PCR-positive for a variety of other ß-
lactamase genes. Based on the blinded panel results, the sandwich ELISA had a sensitivity of 
96% and a specificity of 100% (Table 8).  
 
DISCUSSION 
 
The development of anti-β-lactamase antibodies for the study and detection of β-lactamases—
including SHV, CMY, TEM, and OXA—has proven useful in research-based settings (6-10). 
Since there is currently a lack of antibody-based tools to detect the clinically relevant CTX-M β-
lactamases, we developed a mAb-based sandwich ELISA to specifically detect the CTX-M 
enzyme group. We used a training set of GNB to evaluate our anti-CTX-M antibodies and 
establish a positive/negative cutoff OD for the sandwich ELISA, and a blinded set of 78 GNB 
isolates to validate the anti-CTX-M sandwich ELISA.  
 
To interpret the sandwich ELISA results we used an OD cutoff of 0.081, based on ODs 
generated by blaCTX-M-negative strains in the training set. When the cutoff value was applied to 
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the blinded panel’s results, our sandwich ELISA showed a sensitivity of 96%. Only two of 48 
blaCTX-M-positive strains demonstrated an incorrect negative ELISA result. These two strains 
contained CTX-M-9 and CTX-M-15, which were clearly detected in other bacterial lysates on 
the ELISA. The quantity of these CTX-Ms in the amount of lysed CFU used for testing was 
likely just below the limit of detection, and could explain the negative results. The blinded panel 
contained 11 genera of GNB and a diverse array of non-CTX-M ß-lactamases, yet the sandwich 
ELISA was highly selective for CTX-Ms and had a specificity of 100%. 
 
Interestingly, there was an overall lack of correlation between blaCTX-M expression and signal 
intensity on the sandwich ELISA in the training set of bacteria. The CTX-M-14-producing 
isolates, which demonstrated the highest levels of blaCTX-M expression, generated relatively 
intermediate ELISA signals. In contrast, the CTX-M-15-, 2-, and 8-producing isolates, which 
demonstrated lower levels of blaCTX-M expression, generated ELISA signals that were above and 
below those of the CTX-M-14-producing isolates. Several factors likely contributed to this 
observation, including native CTX-M variant preference by the antibodies and perhaps a 
discordance between level of blaCTX-M expression and level of enzyme production for the 
different CTX-M variants. Although outside the scope of this manuscript, these observations 
warrant further investigation. 
 
Non-ELISA antibody-based assays have been developed for ß-lactamase detection in GNB. 
Other groups have generated immunochromatographic assays to detect IMP, OXA-48-like, and 
KPC ß-lactamases (23-25). Immunochromatographic, or lateral flow, assays share most of the 
benefits of an ELISA, and are a more rapid test format. Antibody pairs identified with sandwich 
ELISAs, and our anti-CTX-M mAb pair, could be adapted for other platforms such as an 
immunochromatographic assay; this platform may provide advantages over phenotypic 
susceptibility tests in terms of speed, ease of use, and resolution of the CTX-M type ESBLs. 
 
A limitation of our study is that we have not tested the mAb pair against less common CTX-M 
variants; we did not have these strains at our disposal. However, the mAb pair’s ability to 
recognize four common, yet relatively sequence-divergent, CTX-Ms (CTX-M-2, -8, -14, and -
15), coupled with predicted amino acid sequence alignments of variants not used in this study, 
indicate that the antibodies should be able to recognize many other CTX-M variants.  
 
In conclusion, we have developed a mAb-based sandwich ELISA and have validated a pair of 
mAbs that specifically detects CTX-Ms. This sandwich ELISA is a useful research tool to detect 
CTX-M enzyme production in GNB, and if combined with the anti-ß-lactamase antibodies others 
have reported, could be used to comprehensively analyze ß-lactamase production in GNB 
pathogens. 
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Table 1. Primers and information for ß-lactamase gene cloning.  
Gene Primer sequence (5’ to 3’)b Amplicon 

sizec  
Signal sequence, 

not amplified 
Length of 
proteind  

CTX-M-2         F: TATACATATGCAGGCGAACAGCGTGCAAC 809 bps 28 aa 272 aa 

 R: GGTGCTCGAGGAAACCGTGGGTTACGATTTTCGC    

CTX-M-8           F: TATACATATGCAGGCGAACGACGTTCAGC 809 bps 28 aa 272 aa 

 R: GGTGCTCGAGATAACCGTCGGTGACGATTTTCGC    

CTX-M-14         F: TATACATATGCAGACGAGTGCGGTGCAGC 809 bps 28 aa 272 aa 

 R: GGTGCTCGAGCAGCCCTTCGGCGATGATTCTC    

CTX-M-15         F: TATACATATGCAAACGGCGGACGTACAGC 809 bps 28 aa 272 aa 

 R: GGTGCTCGAGCAAACCGTCGGTGACGATTTTAGCC    

SHV-1 F: TATACATATGAGCCCGCAGCCGCTTG 815 bps 21 aa 274 aa 

 R: GGTGCTCGAGGCGTTGCCAGTGCTCGATCAG    

TEM-1 F: TATACATATGCACCCAGAAACGCTGGTGAAAG 809 bps 23 aa 272 aa 

 R: GGTGCTCGAGCCAATGCTTAATCAGTGAGGCACC    

NDM-1 F: TATACATATGGCATTGATGCTGAGCGGGTG 773 bps 19 aa 260 aa 

 R: GGTGCTCGAGGCGCAGCTTGTCGGCC    

CMY-2 F: TATACATATGGCCGCAAAAACAGAACAACAGATTGC  1103 bps 20 aa 370 aa 

 R: GGTGCTCGAGTTGCAGCTTTTCAAGAATGCGCCAG    

T7 
promotera       

F: TAATACGACTCACTATAGGG Variable NA NA 

 R: GCTAGTTATTGCTCAGCGG    

NA, not applicable; bps, base pairs; aa, amino acids. 
aT7 promoter primers used with the pET26b+ vector were obtained online from AddGene 
(http://www.addgene.org/mol-bio-reference/sequencing-primers/). 
bThe underlined sequence in each primer represents nucleotides that bind the ß-lactamase gene of 
interest during PCR. 
cThe amplicon size expected after PCR; signal sequences are not amplified. 
dThe length of each recombinant protein includes an additional 9 aa due to addition of an ATG, 
cut site, and 6X-His tag to its sequence after insertion and expression from the pET26b+ vector. 
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Table 2. Primers and information for blaCTX-M simplex PCRs for sequencing. 
Gene(s) Primer sequence (5’ to 3’) Amplicon size  Source 

CTX-M-g1         F: ATGGTTAAAAAATCACTGCG 876 bps (26) 
 R: TTACAAACCGTCGGTGAC   

CTX-M-g2           F: ATGATGACTCAGAGCATTCGCCG 876 bps This study 
 R: TCAGAAACCGTGGGTTACGATTTTCG   

CTX-M-g8/25         F: GCGCTGGAGAAAAGCAGCG 751 bps This study 
 R: CGGTGACGATTTTCGCGGCAGC   

CTX-M-g9         F: ATGGTGACAAAGAGAGTGCAAC 876 bps (26) 
 R: TTACAGCCCTTCGGCGATG   
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Table 3. Primers and information for qRT-PCR. 
Gene(s) Primer sequence (5’ to 3’)   Amplicon size (bps) %Efficiency 

CTX-M-group1 F: ACTGCCTGCTTCCTGGGTT 175 97.5 
 R: TTTAGCCGCCGACGCTAATAC   

CTX-M-group2 F: GATGGCGCAGACCCTGAAA 102 100.1 
 R: GCGCTACCGGTAGTATTGCC   

CTX-M-8 F: ACGCTTCGCAATCTGACGTT 162 102.0 
 R: CGTACCATAATCACCGCTGCC   

CTX-M-group9 F: CTTACCGACGTCGTGGACTG 182 101.3 
 R: CGATGATTCTCGCCGCTGAA   

rpoB F: AAGGCGAATCCAGCTTGTTCAGC  148 103.3 
 R: TGACGTTGCATGTTCGCACCCATCA   

 
  



 33 

Table 4. Indirect ELISA results for anti-CTX-M mAbs tested against recombinant ß-lactamases. 
  ELISA OD 

Antibody Isotype CTX-M- 
2 

CTX-M- 
8 

CTX-M- 
14 

CTX-M- 
15 

NDM-1 KPC-2 TEM-1 SHV-1 CMY-2 BSA 

6101-15 M/K 2.614 2.666 2.160 0.099 0.079 0.236 0.454 0.588 0.094 0.090 

6101-17 G2B/K 2.650 2.611 2.336 2.674 0.312 0.157 0.178 0.177 0.082 0.083 

6101-18 G1/K 2.653 2.659 2.641 2.637 0.050 0.101 0.175 0.166 0.056 0.054 

6101-19 G1/K 2.626 2.690 2.625 2.699 0.088 0.237 0.969 0.611 0.060 0.054 

6101-20 G2B/K 2.663 2.684 2.711 2.686 0.085 0.122 0.200 0.202 0.068 0.071 

6101-21 G1/K 2.691 2.651 2.699 2.703 0.369 0.207 0.179 0.372 0.098 0.097 

6101-22 G1/K 2.680 2.708 2.690 2.694 0.149 0.107 0.117 0.096 0.103 0.103 

6101-23 G1/K 2.660 2.709 2.686 2.696 0.133 0.125 0.137 0.142 0.077 0.160 

6101-24 G1/K 2.692 2.722 2.678 2.644 0.065 0.074 0.083 0.076 0.062 0.063 

6101-25 G1/K 2.675 2.693 2.689 2.691 0.198 0.120 0.118 0.091 0.124 0.116 

6101-26 G1/K 2.596 2.632 2.656 2.663 0.078 0.097 0.136 0.129 0.068 0.096 

6101-27 G1/K 2.651 2.640 2.648 2.641 0.062 0.105 0.139 0.124 0.063 0.067 

6101-28 G1/K 2.599 2.668 2.641 2.656 0.103 0.207 0.261 0.197 0.087 0.084 

6101-29 G1/K 2.651 2.671 2.650 2.659 0.087 0.103 0.142 0.118 0.082 0.073 

6101-32 G1/K 2.619 2.497 1.929 2.645 0.068 0.514 1.370 1.089 0.085 0.075 

6101-33 G2A/K 2.673 2.673 2.666 2.688 0.056 0.087 0.108 0.105 0.114 0.068 

6101-35 G2A/K 2.675 2.679 2.714 2.650 0.054 0.308 0.656 0.483 0.060 0.059 

6101-36 G2A/K 2.648 2.659 2.656 2.639 0.070 0.204 0.121 0.100 0.064 0.058 

Negative 
mAb G2B/K 0.051 0.055 0.057 0.054 0.055 0.057 0.055 0.054 0.074 0.054 

BSA, bovine serum albumin.  
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Table 5. Indirect ELISA results for anti-CTX-M mAbs tested against bacterial lysates. 
  ELISA ODb 

Antibody Isotype BR145 
 (CTX-M-2) 

BR124  
(CTX-M-8) 

SF487  
(CTX-M-14) 

SF410  
(CTX-M-15) 

SF384  
(no CTX-M) 

6101-17 G2B/K 0.170 0.153 0.083 0.270 0.085 
6101-18 G1/K 0.278 3.933 1.339 0.524 0.114 
6101-19 G1/K 0.556 4.000 2.154 1.196 0.087 
6101-20 G2B/K 0.404 4.000 2.166 1.009 0.083 
6101-21 G1/K 0.276 3.963 1.562 0.731 0.088 
6101-22 G1/K 0.378 4.000 2.106 0.935 0.076 
6101-23 G1/K 0.295 3.832 1.543 0.679 0.112 
6101-24 G1/K 0.195 0.404 0.065 0.203 0.074 
6101-25 G1/K 0.419 4.000 2.446 1.072 0.101 
6101-26 G1/K 0.160 3.478 1.118 0.354 0.097 
6101-27 G1/K 0.161 2.036 0.536 0.291 0.075 
6101-28 G1/K 0.317 3.910 1.671 0.841 0.079 
6101-29 G1/K 0.436 4.000 2.130 0.991 0.097 
6101-32 G1/K 0.069 0.067 0.063 0.073 0.067 
6101-33 G2A/K 0.191 1.265 0.904 0.236 0.061 
6101-35 G2A/K 0.072 0.064 0.066 0.071 0.068 
6101-36 G2A/K 0.064 0.065 0.059 0.062 0.060 

mAb 
mediaa - 0.057 0.055 0.061 0.061 0.066 

aCell culture media is without antibody. 
bDetails about strains used to generate lysates for ELISAs can be found in Table 6. 
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Table 6. Training set of clinical isolates, with ß-lactam resistance phenotype, ß-lactamase 
genotype, and blaCTX-M expression analyses. 

Strain 
name 

Organism MLST Phenotypic resistance to ß-lactamsa ß-lactamase genes  Fold expression of 
CTX-M compared 
to rpoB (SEM) 

SF410 E. coli ST648 SAM, AMP, ATM, CFZ, CTX, CAZ, 
CRO, CXM, TIM 

CTX-M-15 0.450 (0.036) 

SF398 E. coli ST10 
complex 

SAM, AMP, ATM, CFZ, FEP, CTX, 
CAZ, CRO, CXM, TIM 

CTX-M-15, TEM 0.673 (0.106) 

BR23 K. pneumoniae ST437 AMP, ATM, CTX, CAZb CTX-M-15, KPC, TEM, 
SHV 

0.094 (0.004) 

SF487 E. coli ST12 
complex 

SAM, AMP, ATM, CFZ, FEP, CTX, 
CAZ, CRO, CXM 

CTX-M-14 1.668 (0.106) 

SF468 E. coli ST95 SAM, AMP, ATM, CFZ, FEP, CTX, 
CAZ, CRO, CXM 

CTX-M-14 1.417 (0.189) 

SF148 E. coli ST131 SAM, AMP, ATM, CFZ, FEP, CTX, 
CAZ, CRO, CXM 

CTX-M-14 1.537 (0.318) 

BR145 K. pneumoniae ST198 AMP, ATM (I), CTXb CTX-M-2, TEM, SHV 0.008 (0.001) 
BR257 K. pneumoniae ST874 AMP, ATM, CTX, CAZ (I)b CTX-M-2, TEM, SHV 0.443 (0.139) 
BR124 K. oxytoca ND AMP, CTXb CTX-M-8, TEM 0.229 (0.020) 
BR140 K. pneumoniae ST483 AMP, CTXb CTX-M-8, TEM, SHV 0.219 (0.037) 
BR313 K. pneumoniae ST152 AMPb SHV NA 

SF105 E. coli ST12 
complex 

SAM, AMP, CFZ TEM NA 

BE115 E. coli ST394 AMP OXA NA 
BR2 E. coli ST20 

complex 
AMP, ATM, CTX, CAZb KPC NA 

SF207 E. coli ST131 SAM, AMP, CFZ, CTX, CTT, CAZ, 
CRO, CXM, TIM 

CMY NA 

NCA3020 K. pneumoniae ST147 AMP, CTX, CAZb NDM, TEM, SHV, OXA NA 
SF412 K. pneumoniae ST531 Susceptible to all beta-lactams tested None detected NA 
SF384 E. coli ST95 Susceptible to all beta-lactams tested None detected NA 
SF163 E. coli ST73 Susceptible to all beta-lactams tested None detected NA 
SF181 E. coli ST69 Susceptible to all beta-lactams tested None detected NA 

MLST, multilocus sequence type; ST, sequence type; ND, not determined; NA, not applicable; 
(I), intermediate in susceptibility. 
aUnless otherwise indicated, strains were tested for susceptibility to ampicillin-sulbactam 
(SAM), ampicillin (AMP), aztreonam (ATM), cefazolin (CFZ), cefepime (FEP), cefotaxime 
(CTX), cefotetan (CTT), cefoxitin (FOX), ceftazidime (CAZ), ceftriaxone (CRO), cefuroxime 
(CXM), ertapenem, imipenem (IPM), meropenem (MEM), piperacillin-tazobactam (TZP), and 
ticarcillin-clavulanic acid (TIM). 
bStrains were tested for susceptibility to AMP, ATM, CTX, and CAZ. 
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Table 7. Sandwich ELISA results, to establish a limit of detection for the CTX-M-producing 
clinical isolates in the training set.  

Strain name Estimated lysed CFU ELISA ODa  
SF410 1.56 x 107 0.0958 
SF398 1.56 x 107 0.1251 
BR23 1.56 x 107 0.1029 
SF487 3.9 x 106 0.0817 
SF468 3.9 x 106 0.0815 
SF148 3.9 x 106 0.0974 
BR145 7.81 x 107 0.1052 
BR257 1.95 x 106 0.0884 
BR124 1.95 x 106 0.0914 
BR140 9.77 x 105 0.0819 

aAbsorbance values from the lowest quantity of lysed CFU that generated a positive result are 
shown. 
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Table 8. Performance of the mAb 6101-33-capture/mAb 6101-19-detection CTX-M sandwich 
ELISA compared with PCR detection of blaCTX-M, for the blinded panel of clinical isolates. 

 Results for:  Results for: 
Sample no. and 

organism PCR: blaCTX-M PCR: other bla genes ELISA (OD)a Sample no. and 
organism PCR: blaCTX-M PCR: other bla genes ELISA 

(OD)a 
1 C. freundii - TEM, CIT (cAmpC) - (0.057) 40 Salmonella spp - CMY - (0.058) 
2 K. pneumoniae CTX-M-15 TEM, SHV, KPC  + (0.952) 41 E. coli CTX-M-15 OXA + (2.729) 
3 S. newport - CMY - (0.057) 42 E. coli CTX-M-15 OXA + (0.127) 
4 E. coli CTX-M-15 OXA, TEM + (0.111) 43 E. coli CTX-M-14/17/18 ND + (3.635) 
5 C. freundii - CIT (cAmpC) - (0.057) 44 A. baumanii - OXA - (0.063) 
6 E. coli - TEM - (0.059) 45 E. cloacae - ND - (0.060) 
7 P. mirabilis - ND - (0.056) 46 P. aeruginosa - ND - (0.058) 
8 E. coli - ND - (0.058) 47 M. morganii - DHA - (0.060) 
9 E. coli - TEM  - (0.054) 48 E. coli CTX-M-15 OXA + (0.095) 
10 E. coli - TEM - (0.057) 49 E. coli CTX-M-15 OXA, TEM + (0.172) 
11 P. aeruginosa - ND - (0.064) 50 S. marcescens - ND - (0.061) 
12 E. coli CTX-M-14 TEM + (1.446) 51 E. coli CTX-M-15 OXA, DHA + (1.441) 
13 E. cloacae - ND - (0.063) 52 E. coli - TEM - (0.060) 
14 E. aerogenes - SHV - (0.066) 53 E. coli CTX-M-15 OXA + (0.126) 
15 E. coli CTX-M-15 ND + (1.051) 54 E. coli CTX-M-14/17/18 OXA + (1.210) 
16 E. coli CTX-M-

14/17/18 
TEM + (0.772) 55 K. pneumoniae CTX-M-15 OXA, TEM, SHV + (0.099) 

17 E. coli CTX-M-15 OXA + (0.443) 56 K. pneumoniae - SHV - (0.068) 
18 E. coli - TEM - (0.058) 57 K. pneumoniae - SHV - (0.063) 
19 E. aerogenes - ND - (0.064) 58 K. pneumoniae CTX-M-15 OXA, TEM, SHV, CMY, 

DHA, NDM 
+ (2.973) 

20 E. coli CTX-M-15 OXA + (0.399) 59 E. cloacae CTX-M-9 OXA, TEM, SHV, KPC + (0.490) 
21 E. coli CTX-M-15 ND + (1.200) 60 K. pneumoniae CTX-M-9 TEM, SHV, KPC  + (0.191) 
22 K. pneumoniae CTX-M-15 OXA, TEM, SHV + (0.288) 61 K. pneumoniae - OXA, SHV, KPC - (0.059) 
23 E. coli CTX-M-15 OXA, TEM + (0.447) 62 E. coli CTX-M-15 OXA, TEM + (0.585) 
24 E. coli - OXA - (0.058) 63 E. coli - TEM - (0.057) 
25 E. coli CTX-M-

14/17/18 
TEM + (0.995) 64 P. rettgeri - CMY - (0.066) 

26 E. coli  CTX-M-
14/17/18 

TEM + (0.381) 65 K. pneumoniae - SHV - (0.056) 

27 E.coli CTX-M-15 ND + (0.480) 66 K. pneumoniae - SHV - (0.059) 
28 E.coli CTX-M-15 SHV + (0.363) 67 K. pneumoniae CTX-M-15, CTX-M-8 OXA, TEM, SHV + (2.970) 
29 E.coli CTX-M-2 TEM, SHV + (2.591) 68 K. pneumoniae - SHV - (0.058) 
30 E.coli CTX-M-15 ND - (0.066) 69 K. pneumoniae CTX-M-15, CTX-M-8 OXA, TEM, SHV + (3.192) 
31 E.coli CTX-M-17 ND + (1.227) 70 K. pneumoniae CTX-M-8 TEM, SHV + (1.125) 
32 E.coli CTX-M-

14/17/18 
TEM, SHV + (1.111) 71 K. pneumoniae CTX-M-8 TEM, SHV + (2.558) 

33 E.coli CTX-M-55/57 ND + (1.278) 72 K. pneumoniae CTX-M-8 TEM, SHV + (2.574) 
34 E.coli CTX-M-

14/17/18 
ND + (1.701) 73 K. pneumoniae CTX-M-8 TEM, SHV + (2.930) 

35 E.coli CTX-M-15 ND + (0.477) 74 K. pneumoniae CTX-M-8 TEM, SHV + (2.922) 
36 E.coli CTX-M-15 TEM, SHV + (2.111) 75 K. pneumoniae CTX-M-15 OXA, SHV + (2.827) 
37 E.coli CTX-M-15 ND + (0.846) 76 K. pneumoniae - OXA, TEM, SHV - (0.053) 
38 E.coli CTX-M-27 CMY + (1.447) 77 K. pneumoniae CTX-M-9 SHV - (0.055) 
39 E.coli CTX-M-15 OXA + (0.501) 78 K. pneumoniae CTX-M-2 TEM, SHV + (0.834) 

ELISA sensitivity: 96%       
ELISA specificity: 100%       

ND, none detected; +, positive result; -, negative result. 
aAnti-CTX-M sandwich ELISA results from 1.25x108 lysed CFU are shown. 
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Figure 1. Sandwich ELISA results for recombinant CTX-Ms. A mAb 6101-33-capture/mAb 
6101-19-detection sandwich ELISA was run to determine the lower limit of detection for four 
purified recombinant CTX-M variants. BSA (bovine serum albumin) is the representative 
negative control.  
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Figure 2. Sandwich ELISA results for the training set of clinical isolates. A mAb 6101-33-
capture/mAb 6101-19-detection sandwich ELISA was run to assess the ability to detect CTX-Ms 
in clinical isolates. OD values are the average from three biological replicates, and error bars 
represent SEMs. An OD450nm cutoff value of 0.081 was established as a baseline to divide 
clinical strains that test CTX-M-positive from those that test negative. 
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CHAPTER THREE. DETECT identifies expanded-spectrum ß-lactamases in clinical 
Gram-negative bacteria, and differentiates pAmpC ß-lactamases from ESBLs and 
carbapenemases. 
 
INTRODUCTION 
 
The Dual-Enzyme Trigger-Enabled Cascade Technology (DETECT) is an amplification strategy 
applied to identify the activity of ß-lactamases in Gram-negative bacteria (GNB), and hence 
identify the presence of ß-lactam resistance in GNB causing disease. At its inception, the aim of 
DETECT was to rapidly identify the activity of all ß-lactamases directly from clinical urine 
samples, as a measure of ß-lactam resistance in GNB causing urinary tract infections (UTIs). 
With this information in hand, a physician could make an informed decision as to whether the 
use of ß-lactam antibiotics would be appropriate for the treatment of a patient suspected of 
having a UTI. Current prescribing practices involve the empirical management of UTIs; an 
antimicrobial agent is selected for treatment first, then appropriateness of the selected agent is 
confirmed 1-3 days later when antimicrobial susceptibility data from standard microbiological 
methods become available (1). A rapid diagnostic test for ß-lactam resistance, such as DETECT, 
has the potential to markedly improve treatment outcomes because resistance information would 
be known at the time that therapy is prescribed. 
 
The DETECT system relies on the inherent amplification power of enzymes by tethering the 
target enzyme, a ß-lactamase, in series with the secondary enzyme amplifier, papain (2, 3), using 
the unique molecular probe thiophenol-ß-lac. DETECT is a four-component system comprised 
of: (1) the target enzyme, ß-lactamase (E1); (2) the enzyme amplifier papain, which has been 
reversibly inactivated via a disulfide formed with its active site cysteine (E2); (3) thiophenol-ß-
lac, which releases the papain trigger thiophenol after cleavage by ß-lactamase; and (4) the 
papain probe N-benzoyl-L-arginine-p-nitroaniline (BAPA), which releases the colorimetric 
product p-nitroaniline (Fig. 1A). DETECT amplifies the limit of detection of standard 
biochemical assays to reach clinically relevant limits, so that ß-lactamase activity can be detected 
directly in urine samples (deBoer et al., manuscript under review).  
 
Thiophenol-ß-lac represents the link between the two amplification tiers of DETECT, and 
contains both a targeting and triggering unit (Fig. 1B). The targeting unit mimics the structure of 
the first-generation cephalosporin, cephalexin. We hypothesized that thiophenol-ß-lac would be a 
promiscuous probe capable of interacting with a wide spectrum of ß-lactamases. The aim of this 
study was to test this hypothesis, and explore the capacity of DETECT to identify hydrolysis 
activity from different classes of ß-lactamase in clinical GNB. These classes included narrow-
spectrum ß-lactamases and expanded-spectrum ß-lactamases, including extended-spectrum ß-
lactamases (ESBLs), plasmid-encoded AmpCs (pAmpCs), and carbapenemases. 
 
MATERIALS AND METHODS 
 
DETECT with recombinant ß-lactamases. Recombinant ß-lactamases used in this study were 
prepared and purified as described previously, by Tarlton et al. (4). These included eight 
recombinant enzymes: TEM-1, SHV-1, CTX-M-2, CTX-M-8, CTX-M-14, CTX-M-15, CMY-2, 
and KPC-2. Solutions of recombinant ß-lactamases were diluted in a 50/50 sodium 
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phosphate/sodium acetate buffer (the 50/50 buffer was prepared by mixing equal volumes of a 
5mM sodium acetate, 50mM NaCl, and 0.5mM EDTA solution, with a 40mM sodium phosphate 
and 2mM EDTA solution). A 2-fold dilution series of nM equivalents of each recombinant 
enzyme (final concentration in wells was 50, 25, 12.5, 6.25, 3.125, 1.5625, 0.78125, and 0.391 
nM) were incubated in wells of a 96-well plate containing 75 µl of 0.6 mg/ml inactive papain 
solution (dissolved in 50/50 sodium phosphate/sodium acetate buffer) and 75 µl of 7.2 mg/2.5 ml 
BAPA solution (dissolved in 5% DMSO and 0.05M Bis-Tris buffer, pH 6.7, with 0.001M 
EDTA). The incubation time was initiated when 4 µl of a 1 mg/800 µl solution of thiophenol-ß-
lac (dissolved in acetonitrile) was added to the wells. Control wells excluding recombinant ß-
lactamases were tested in parallel to account for non-specific background signal. At zero min, 
then for every two min thereafter, until 20 min total, the absorbance value at 405 nm (OD405nm) 
was collected with a microplate reader. DETECT score (delta OD405nm) at each time-point was 
calculated with the following equation: DETECT score = OD405nm at time-point - OD405nm at T0. 
 
Clinical isolates, and antimicrobial susceptibility testing for MIC. E. coli and K. pneumoniae 
clinical isolates were obtained from samples of blood, urine, cerebrospinal fluid, and rectal 
swabs from hospitals and outpatient clinics in several locations: San Francisco General Hospital, 
CA (SF strains) (5); Rio de Janeiro, Brazil (B, CB, D, FB, HAF, HCD, HON, and XB strains) (4, 
6); and University Health Services at the University of California Berkeley (IT strains) (7). 
Isolates were also obtained from the Centers for Disease Control and Prevention (CDC strains, 
CDC and FDA Antibiotic Resistance Isolate Bank). Isolates were tested for susceptibility to ß-
lactams, and tested for carriage of ß-lactamase genes, in previous studies (4-7). In addition, we 
performed broth microdilution testing with ampicillin, cephalexin, cefotaxime, and ceftazidime 
to obtain the minimal inhibitory concentration (MIC) of these drugs. Broth microdilutions were 
performed in accordance with standards set by the Clinical and Laboratory Standards Institute 
(CLSI, 2015). 
 
DETECT with clinical isolates. Clinical isolates were subcultured from frozen glycerol stocks 
into Mueller-Hinton cation-adjusted broth (MHB), and shaken overnight at 35-37°C for 16-20 
hours. Bacterial suspensions were prepared from overnight broth cultures to a final optical 
density at 600 nm (OD600nm, where 0.1 OD600nm = 1.0 x 108 CFU/mL) of 0.5 (± 0.005) in a 50/50 
sodium phosphate/sodium acetate buffer. Five µl of each whole-cell bacterial suspension was 
transferred to two wells of a 96-well plate, each well containing 75 µl of 0.6 mg/ml inactive 
papain solution and 75 µl of 7.2 mg/2.5 ml BAPA solution. The incubation time was initiated 
when 4 µl of a 1 mg/800 µl solution of thiophenol-ß-lac was added to one well (sample well) and 
4 µl of acetonitrile was added to the second well (control well), where the second well was used 
as a control to evaluate non-specific background signal. At zero, 30, and 60 min of incubation, 
the OD405nm signal was collected with a microplate reader. DETECT score (delta OD405nm) at 30 
or 60 min was calculated with the following equation: DETECT score = OD405nm T30 or T60 sample 
well - OD405nm T30 or T60 control well - OD405nm T0 sample well.  
 
RNA extraction, cDNA synthesis and qRT-PCR for ß-lactamase genes. Procedures for RNA 
extraction, cDNA synthesis, and real-time quantitative reverse transcription PCR (qRT-PCR) and 
analysis—to assess expression of ß-lactamase genes (bla genes)—were performed according to 
Tarlton et al. (4) with slight modifications. Isolates used in qRT-PCR analyses were subcultured 
from frozen glycerol stocks into MHB, and shaken overnight at 35-37°C for 16-18 hours. 
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Overnight cultures were pelleted in a microfuge tube with a microcentrifuge, resuspended in 
fresh MHB, then adjusted to an OD600nm between 0.5-0.6 for use in RNA extractions. Primers for 
qRT-PCR—from Tarlton et al. (4), Doumith et al. (8), or designed and validated in this study—
are listed in Table 1. The level of expression of bla genes compared to the selected comparator 
strain was determined using the equation: 2-∆∆CT, where ∆∆CT = ∆CT-bla – ∆CT-bla comparator strain.  
Two biological replicate experiments were performed for expression analyses.  
 
DETECT with ß-lactamase inhibitors. The DETECT experiments with clinical isolates and the 
inhibitor, clavulanate, were performed in the same manner as described above, except that a 
duplicate set of wells were tested with clavulanate, at a ratio of 2:1 clavulanate:thiophenol-ß-lac. 
A solution of sodium clavulanate was prepared to 1 mg/400 µl (dissolved in 50/50 sodium 
phosphate/sodium acetate buffer), and 4 µl of this solution was added to both the sample and 
control well for each isolate tested, two min prior to addition of thiophenol-ß-lac or acetonitrile 
to the sample and control well, respectively. DETECT scores generated from the original 
DETECT protocol were compared to DETECT scores generated in the presence of clavulanate 
(protocols were performed simultaneously for each clinical isolate). The times-change in 
DETECT score when isolates were tested with DETECT compared to DETECT with clavulanate 
were calculated based on the equation: Times-change = original DETECT score / inhibitor 
DETECT score. 
 
Statistical analysis. Statistical analyses were performed on data generated from DETECT 
experiments with clinical isolates, including experiments with ß-lactamase inhibitors. Sensitivity 
and specificity were calculated based on the delta OD405nm cutoffs, or times-change cutoff, 
established to distinguish positive and negative test results (MedCalc statistical software, 
https://www.medcalc.org/calc/diagnostic_test.php). 
 
RESULTS 
 
Thiophenol-ß-lac is hydrolyzed by a variety of recombinant ß-lactamases. The DETECT 
system was assessed for its ability to interact with a variety of recombinant ß-lactamases. The 
enzymes tested included: 1) TEM-1 and SHV-1, which mediate narrow-spectrum ß-lactam 
resistance; 2) CTX-M variants, which are ESBLs that mediate expanded-spectrum cephalosporin 
resistance; 3) CMY-2, a pAmpC which mediates expanded-spectrum cephalosporin resistance; 
and 4) KPC-2, a carbapenemase which mediates expanded-spectrum cephalosporin and 
carbapenem resistance. At higher molar equivalents of each recombinant ß-lactamase (6.25 nM 
and above), DETECT was able to identify the ß-lactam-hydrolyzing activity of each ß-lactamase 
tested; DETECT scores at a 6.25 nM enzyme concentration after 20 min ranged from 0.34-0.58 
(Fig. 2A). When the molar equivalent of these enzymes was decreased by 16-times, DETECT 
did not readily identify the activity of TEM-1 or SHV-1 (Fig. 2B): the average DETECT score at 
a 0.391 nM concentration of TEM-1 and SHV-1 was 0.03; the CTX-M variants and CMY-2 
generated DETECT scores between 0.31-0.53; KPC-2 generated a lower DETECT score at 0.20. 
 
DETECT targets expanded-spectrum ß-lactamases in clinical Gram-negative bacteria. To 
evaluate DETECT’s ability to identify a spectrum of ß-lactamases produced by GNB, we tested 
clinical isolates of E. coli and K. pneumoniae with DETECT. The isolates included GNB that 
tested susceptible to ß-lactams on standard susceptibility testing, and GNB with various levels of 
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ß-lactam resistance, from narrow-spectrum to broad-spectrum. The ß-lactamases carried by these 
isolates were diverse, and included ESBL and non-ESBL variants of TEM and SHV, narrow-
spectrum OXA enzymes, CTX-M ESBLs, CMY pAmpCs, and KPC serine carbapenemases. 
 
Among 33 GNB that were susceptible to ß-lactams or demonstrated low-level ß-lactam 
resistance (ampicillin to 1st or 2nd-generation cephalosporin resistance), DETECT scores were 
low (Table 2). The average DETECT score at 30 min was 0.0929, and ranged from 0.0000-
0.3579, while the average DETECT score at 60 min was 0.1861, and ranged from 0.0481-
0.6247. Isolates that tested susceptible to ß-lactams did not necessarily generate the lowest 
DETECT scores compared to isolates that tested resistant to at least one ß-lactam. When isolates 
were sorted based on DETECT score at 30 min, clinically susceptible isolates were interspersed 
among isolates with resistance to at least one ß-lactam and with at least one ß-lactamase detected 
by PCR.  
 
Among 32 GNB that contained ESBLs and demonstrated at least 3rd-generation cephalosporin 
resistance, DETECT scores were high (Table 3). The average DETECT score at 30 min was 
0.5209, and ranged from 0.0710-1.5331, while the average DETECT score at 60 min was 
1.3005, and ranged from 0.1207-2.5849. Isolates with TEM or SHV ESBLs were among the 
lowest scoring isolates in this group. Similarly, among 14 GNB that contained pAmpCs or 
carbapenemases and demonstrated at least 3rd-generation cephalosporin resistance, DETECT 
scores were also high (Table 4). The average DETECT score at 30 min was 0.6192, and ranged 
from 0.2485-1.3759, while the average DETECT score at 60 min was 1.3265, and ranged from 
0.4762-2.5045. The imipenem-heteroresistant KPC-2-containing isolates that lacked CTX-Ms 
were the lowest scoring isolates in this group. 
 
To further evaluate the performance of DETECT in identifying ß-lactamase activity in clinical 
isolates, DETECT scores were grouped based on the dominant ß-lactamase produced by each 
isolate. The dominant ß-lactamase is defined as the enzyme that should be responsible for the 
highest level of ß-lactam resistance obtained by the bacterium, with level of resistance ranked in 
the following manner: resistance to a carbapenem > a 3rd-generation cephalosporin > a 2nd-
generation cephalosporin > a 1st-generation cephalosporin > a penicillin. CMY-, CTX-M-, and 
KPC-producing isolates generated the highest DETECT scores on average, at both 30 (Fig. 3A) 
and 60 (Fig. 3B) min of incubation with the DETECT system. A threshold for DETECT 
positivity was established, based on the DETECT scores produced by isolates that lack 
expanded-spectrum resistance and lack expanded-spectrum ß-lactamases; at 30 min this 
threshold was 0.3237, and at 60 min it was 0.5936. Based on these thresholds, the sensitivity and 
specificity of DETECT for expanded-spectrum ß-lactamase-producing bacteria were 67.4% and 
97.0%, respectively; at 60 min the sensitivity of the system increased to 76.1%. SF105, a TEM-1 
containing E. coli, was the only isolate without an expanded-spectrum ß-lactamase that generated 
false-positive DETECT scores. 
 
DETECT preferentially identifies CTX-M and CMY ß-lactamases in clinical Gram-
negative bacteria. Based on recombinant ß-lactamase and clinical isolate testing with DETECT, 
the DETECT system appeared to identify the activity of most expanded spectrum ß-lactamases 
well, the main exception being TEM and SHV ESBLs. We wondered whether this finding was 
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due to an inherent decreased ability of TEM/SHV ESBLs to hydrolyze thiophenol-ß-lac, or due 
to decreased expression of TEM/SHV ESBLs relative to other expanded-spectrum ß-lactamases. 
 
To investigate this question, we first performed susceptibility testing to obtain ß-lactam MICs for 
penicillin, a 1st-generation cephalosporin, and two 3rd-generation cephalosporins. ß-lactam MICs 
in GNB are dependent on several factors, including ß-lactamase variant produced by the cell, 
quantity of ß-lactamase produced, and outer membrane permeability. As such, ß-lactam MICs 
have the potential to provide a relative sense of a ß-lactamase’s ability to hydrolyze a particular 
ß-lactam drug. Thiophenol-ß-lac most closely resembles the 1st-generation cephalosporin, 
cephalexin. Therefore, it was predicted that cephalexin MICs would positively correlate with 
DETECT score, and indicate an enzyme’s ability to trigger the DETECT system. A subset of 
isolates producing different ß-lactamases was selected for MIC analyses, and MICs for four 
agents were compared to DETECT scores (Table 5). No apparent correlation was found between 
DETECT score and ampicillin, cephalexin, cefotaxime, or ceftazidime MIC. There were multiple 
cases in which an isolate had very high MICs, yet low DETECT score, and also instances in 
which MICs were lower, yet the DETECT score was high. For example, MICs for all four drugs 
were generally higher in isolates with SHV ESBLs compared to isolates with CMY enzymes, yet 
the SHV-producing isolates generated negative DETECT scores (as determined by the threshold 
shown in Fig. 2). Also, the MIC profile for B7 and B23 were identical, yet B7 generated a 
DETECT score more than twice that of B23. 
 
Next, we utilized qRT-PCR to compare ß-lactamase gene expression across different enzyme 
variants. First, fold-expression of bla genes was determined based on comparison to rpoB 
expression within each isolate (Fig. 4A). From this analysis, it was apparent that KPC-2 was 
highly expressed by the three isolates carrying it (B2, B7, B23), as was the ESBL SHV-12 in one 
of the isolates (CDC-87). Next, fold-expression of blaTEM genes was determined based on 
standardization to SF105, the TEM-1-producing E. coli that generated a false-positive result with 
DETECT (Fig. 4B). Interestingly, expression of ESBL blaTEM-52 in E. coli isolate CDC-58 was 
12-fold higher than expression of blaTEM-1 in SF105, yet SF105 generated a higher DETECT 
score. Fold-expression of blaSHV genes was determined based on standardization to IT1335, an 
SHV-1-producing E. coli (Fig. 4C). Expression of ESBL variants of SHV—blaSHV-12 and blaSHV-

18—was higher than expression of non-ESBL varieties, yet the DETECT scores from these SHV-
only producing isolates were nearly the same, between 0.17-0.19. In one extreme case, the K. 
pneumoniae isolate CDC-87 expressed 65-fold more of an ESBL SHV gene compared to the 
narrow-spectrum SHV gene in IT1335, and yet their DETECT scores were nearly the same.  
 
Lastly, fold-expression of expanded-spectrum ß-lactamase genes (including ESBL, pAmpC, and 
carbapenemase genes) was determined based on standardization to SF674, a CTX-M-15-
producing E. coli with a high DETECT score (Fig. 4D). Overall, blaCTX-M-15 expression was the 
lowest among the expanded-spectrum ß-lactamases. While the ESBL TEM/SHV-producing 
isolates expressed between 8 and 70-fold more blaTEM/blaSHV compared to blaCTX-M-15 from 
SF674, they generated very low DETECT scores that were interpreted as negative. Among the 
isolates that contained one ß-lactamase and generated DETECT scores similar to SF674—SF148 
with CTX-M-14, B2 with KPC-2, and CDC-85 with CMY-2—expression of bla genes was 10, 
497, and 14-fold greater, respectively, than expression of blaCTX-M-15. Among the three KPC-2 
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producing isolates (B2, B7, and B23), B7 generated the highest DETECT score, yet had lower 
blaKPC-2 expression than B2 and B23, and slightly higher blaCTX-M-15 expression compared to B23. 
 
DETECT with ß-lactamase inhibitors differentiates Gram-negative bacteria producing 
pAmpC enzymes from other expanded-spectrum ß-lactamase producers. After exploring the 
specificity of DETECT for identifying the activity of different ß-lactamases, we next wondered if 
DETECT could be used to differentiate between the different types of resistance mechanisms 
that were detected. We explored the use of ß-lactamase inhibitors for this purpose, as pAmpC 
enzymes are known for their resistance to most inhibitors (9). All isolates producing DETECT 
scores interpreted as positive, at 30 or 60 min, were tested simultaneously with DETECT, and 
DETECT in the presence of the inhibitor clavulanate, at a 2:1 ratio of clavulanate to thiophenol-
ß-lac.  
 
All isolates generated lower DETECT scores at 30 min (Fig. 5A) and 60 min (data not shown) 
when clavulanate was added to the test system. However, the extent to which clavulanate 
affected the DETECT score was related to the type of ß-lactamase produced by the isolate. The 
times-change in DETECT score (original DETECT score divided by inhibitor DETECT score) 
was generally less in isolates that produced the pAmpC enzyme, CMY, compared to isolates 
producing other expanded-spectrum ß-lactamases, namely CTX-M and KPC (Fig. 5B). A 
threshold was generated from the times-change data, to demarcate changes in the DETECT score 
that indicate the presence of a CMY enzyme versus the presence of non-pAmpC expanded-
spectrum ß-lactamases. The threshold was based on the times-change in score from CMY-
producing isolates, and was found to be 1.97 at 30 min. The times-change in score of all isolates 
containing CMY was under this threshold (including D500 which contains both CMY and CTX-
M), and the times-change in score from all isolates without CMY or another pAmpC was above 
this threshold. The only exception was the previously false-positive TEM-1-producing SF105, 
which also tested false-positive for pAmpC by the inhibitor test threshold. This resulted in a 
sensitivity of 100% and a specificity of 96.8% for detecting the presence of pAmpC type ß-
lactamases. 
 
DISCUSSION 
 
We investigated the capacity of DETECT to identify the activity of a variety of ß-lactamases 
mediating resistance to different classes of ß-lactam drugs, by analyzing purified recombinant ß-
lactamases, GNB producing individual ß-lactamases, and GNB producing multiple ß-lactamases. 
Among the expanded-spectrum ß-lactamases, we observed a specificity towards the ESBL CTX-
M, and the pAmpC CMY. The KPC carbapenemase was able to trigger the DETECT system, 
while the ESBL variants of TEM and SHV, and the narrow-spectrum ß-lactamases, demonstrated 
poor triggering ability. 
 
Experiments with recombinant ß-lactamases indicated that thiophenol-ß-lac is hydrolyzed by 
both narrow and expanded-spectrum ß-lactamases. However, the molecular promiscuity of 
thiophenol-ß-lac was concentration dependent, and the ability to detect the narrow-spectrum 
enzymes, TEM-1 and SHV-1, dropped off more rapidly as enzyme concentration decreased. The 
capacity to detect KPC-2 was also less than the other broad-spectrum enzymes, namely CTX-M 
variants and CMY-2. What was not clear, due to our lack of recombinant ESBL variants of TEM 
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and SHV, was whether the reduced specificity of DETECT towards TEM-1/SHV-1 was related 
to their narrow-spectrum of activity against ß-lactams in general, or whether some inherent 
feature of the enzymes played a more significant role. 
 
A panel of 79 E. coli and K. pneumoniae containing a variety of ß-lactamases were analyzed 
with DETECT. Among the clinical isolates that contained a single ß-lactamase, CTX-M and 
CMY-producing isolates consistently generated the highest DETECT scores. Isolates with only 
narrow-spectrum ß-lactamases consistently generated low scores. Therefore, in isolates 
containing more than one enzyme—typically one or more narrow-spectrum enzymes with an 
expanded-spectrum enzyme—DETECT scores were attributed to the ß-lactamase(s) that could 
generate high scores independently. KPC-producing isolates were interesting; the isolates with 
frank carbapenem resistance generated high scores, while the carbapenem-heteroresistant 
isolates, some of which also contained CTX-Ms, generated lower scores. The main exception 
was carbapenem-heteroresistant isolate B7. Although the ß-lactamase profile of B7 was similar 
to heteroresistant isolate B23, the DETECT score generated by B7 was more than two-times 
greater than B23’s score. Surprisingly, the handful of ESBL TEM- and SHV-containing isolates 
that were tested generated very low DETECT scores. Next, we investigated whether ß-lactamase 
expression or enzyme class more significantly contributed to the DETECT score in clinical 
isolates.   
 
MIC testing with ampicillin, cephalexin, cefotaxime, and ceftazidime did not reveal major 
differences in MICs between isolates that produced high or low DETECT scores. Since factors 
other than ß-lactamase content can contribute to ß-lactam MICs, namely outer membrane 
permeability, the interpretation of the MICs in light of ß-lactamase content is not always straight-
forward. The impact of decreased outer membrane permeability on DETECT score, and whether 
thiophenol-ß-lac is subject to efflux, are topics that require further investigation. Isolates B7 and 
B23 were again interesting—both had the same MIC profile, yet B7 had a DETECT score more 
than twice that of B23. 
 
ß-lactamase expression analyses revealed that expression was different across isolates and ß-
lactamase classes. If ß-lactamase expression at the time-point analyzed was truly representative 
of protein production in these isolates, there are several conclusions that can be drawn from the 
expression data. CTX-M-15 is likely one of the best enzymes for triggering the current DETECT 
system, followed by CTX-M-14 and CMY-2. Expression of other CTX-M variants have not yet 
been examined, but would likely be similar to CTX-M-14/15. TEM and SHV ß-lactamases 
poorly trigger the DETECT system, regardless of whether they are narrow-spectrum or ESBL-
type enzymes. KPC interacts poorly with the DETECT system, but because some isolates appear 
to express significant amounts of this enzyme relative to other ß-lactamase-producing isolates, 
KPC alone can lead to a high score. While the ß-lactamase profile and MIC results for the KPC-
producing B7 and B23 isolates could not explain why these isolates generated appreciably 
different DETECT scores, expression analyses were revealing. The high-scoring B7 isolate 
expressed less KPC but more CTX-M-15 than low-scoring isolate B23, both of which expressed 
less KPC than high-scoring isolate B2. Further, both isolates expressed more CTX-M-15 than 
high-scoring isolate SF674. Our interpretation is that an exorbitant amount of KPC is required to 
trigger the DETECT system. However, when present at lower concentrations with ß-lactamases 
that are better at triggering the system, such as CTX-M-15, KPC binds thiophenol-ß-lac, 
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preventing CTX-M from turning it over. Therefore, isolate B7 was able to generate a higher 
DETECT score because it had a more favorable balance between CTX-M and KPC (more CTX-
M, less KPC) than did isolate B23.  
 
We attempted to incorporate the inhibitor, clavulanate, in the DETECT system as a means to 
differentiate between ß-lactamases, without the need to replace the ß-lactamase-targeting probe 
of the DETECT system (thiophenol-ß-lac). As predicted, this inhibitor enabled differentiation 
between ESBLs (CTX-M) and pAmpC (CMY) enzymes, due to the decreased inhibitory effect 
on pAmpC enzymes and subsequent lesser effect on DETECT score. Isolate D500, carrying 
CTX-M-27 and CMY-2, was an interesting case because its times-change in DETECT score 
resembled a CMY-producing isolate and not a CTX-M-producing isolate. Because pAmpC 
enzymes are less susceptible to the clinically used inhibitors than are ESBLs, it is better if the 
inhibitor-based test identifies a GNB as producing a pAmpC instead of an ESBL in the cases 
where they co-exist, because presence of pAmpCs would indicate that a ß-lactam/ß-lactamase 
inhibitor treatment would likely be ineffective against the organism.  
 
At present, the DETECT system reveals the presence of the most clinically relevant ESBL and 
pAmpC enzymes in clinical isolates, namely CTX-M and CMY, respectively. We are currently 
validating DETECT’s ability to identify these resistance mechanisms in clinical urine samples 
from patients with suspected UTI. The ability to identify these resistance mechanisms directly 
from urine, especially the CTX-Ms, would have major clinical implications. CTX-Ms are 
currently the predominant ESBLs identified in clinical Enterobacteriaceae (10, 11). In 
comparison to non-ESBL-producing GNB, UTIs caused by ESBL-producing E. coli and K. 
pneumoniae are associated with greater clinical and economic burdens. These include increased 
failure of initial antibiotic treatment, longer time to appropriate antibiotic treatment, greater cost 
of care, and longer length of stay in the hospital (12). Rapid identification of CTX-Ms directly 
from urine would enable appropriate antimicrobial therapy to be prescribed more often and 
earlier in the treatment process, reducing the cost of care associated with patients suffering from 
UTIs caused by resistant bacteria. 
 
In the future, we will continue to study DETECT’s specificity by testing additional clinical 
isolates that produce different ESBLs, pAmpCs, and carbapenemases than those examined here. 
We will clone additional recombinant ß-lactamases to further explore differences in purified 
enzyme reactivity with DETECT. It would also be useful to develop standard curves of DETECT 
scores for each of the recombinant ß-lactamases, for comparison to DETECT scores generated 
by clinical isolates producing a single ß-lactamase. This information could allow approximations 
regarding the amount of ß-lactamase produced by a given isolate. Because the current 
thiophenol-ß-lac probe demonstrated specificity towards certain broad-spectrum ß-lactamases, 
we will design new probes that enable detection of other relevant broad-spectrum ß-lactamases, 
as well as clinically relevant narrow-spectrum ß-lactamases. In this way, the DETECT system 
could be used to identify the presence of a wide range of resistance mechanisms in clinical GNB.  
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CONCLUDING REMARKS AND FUTURE DIRECTIONS 
 
Chapter 1. We found that a limited set of circulating UPEC STs, sublineages, TEM ß-lactamase 
genes, and Inc type plasmids likely harboring these genes, contributed to a substantial proportion 
of ß-lactam-resistant infections in the UC Berkeley community, from 2003-2005. Our laboratory 
has investigated UPEC isolated from patients with suspected UTI from the UC Berkeley 
community across several time-points; from 1999-2001 (7), from 2003-2005, and from 2016-
2017 (13). Next steps will be to more extensively analyze the UPEC isolated from 1999-2001 
and 2016-2017, to determine how closely related these bacteria are to the isolates analyzed in 
this study. Apart from sublineage analysis, it would be very interesting to see how the prevalence 
of specific ß-lactamase gene variants has changed in this community, and how plasmid carriage 
has changed in this population of UPEC over time. Additional analyses will be performed to 
determine which plasmid Inc types actually carry the ß-lactamase genes, and this will be 
compared across different STs and time. Future work should address resistance plasmid carriage 
in UPEC from the same ST, across geographic locations.  
 
We identified a pan-susceptible sublineage, ST420/f-29, that represented 11% of the entire 
population of UPEC examined in this study. It is unusual to find prevalent lineages lacking 
clinical levels of antimicrobial resistance. Several ST420 isolates were identified among the 
UPEC isolated in 1999-2001 and 2016-2017, and these isolates were also susceptible to 
antimicrobial agents (13). ST95 was previously identified by our laboratory as a lineage 
associated with a low prevalence of antimicrobial resistance in bloodstream infection isolates (5). 
Further, Stephens et al. (14) used whole-genome sequence (WGS) analysis to examine the 
antimicrobial-susceptible and resistant ST95 isolates for factors associated with a lack of 
acquired antimicrobial resistance genes. One factor associated with the pan-susceptible ST95 
sublineage was carriage of a 114-kb IncFIB/IncFII plasmid called pUTI89. From our PCR-based 
analysis of ST420, we know that these isolates contain at least an IncFIB replicon-containing 
plasmid. The ST420 isolates will undergo further testing with plasmid sequencing and WGS 
analyses, to determine how similar the plasmids from susceptible ST420 isolates are to pUTI89. 
Genomic analyses, similar to those used in Stephens et al. (14), will be performed on ST420 
isolates to examine this lineage for factors associated with a lack of acquired antimicrobial 
resistance genes. Future work should address commonalities among predominantly susceptible 
lineages of E. coli, to understand common factors associated with antimicrobial susceptibility 
and how these may be exploited to address the antimicrobial resistance pandemic. 
 
Chapter 2. We developed a sensitive and specific anti-CTX-M sandwich ELISA to detect the 
CTX-M ß-lactamases. We continually work towards the development of a lateral flow assay 
(LFA) that detects clinically relevant ß-lactamases found in Gram-negative bacteria (GNB) 
causing UTIs. We have developed capture and detection antibody pairs against CMY, TEM, and 
SHV, and are testing these antibody pairs for the capacity to detect ß-lactamases from GNB in an 
LFA format. To date, we have tested GNB suspended in fabricated urine for this purpose. In the 
future, the anti-ß-lactamase LFAs will be tested with clinical urine samples. Additional anti-ß-
lactamase antibodies will be developed, such as anti-KPC antibodies. 
 
Chapter 3. The current DETECT system targets CTX-M and CMY ß-lactamases in clinical 
GNB. Our results demonstrated that DETECT did not identify TEM/SHV ESBLs or KPC 
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carbapenemases well in clinical isolates. We hypothesize that these enzymes would be identified 
better through a ß-lactamase-targeting probe that contains a penicillin/carbapenem-like structure 
at its core. The TEM/SHV ESBLs evolved from the narrow-spectrum TEM-1 and SHV-1 ß-
lactamases, that both readily hydrolyze penicillin-like pharmacophores (15). Both penicillins and 
carbapenems share a similar molecular core that is unique from the cephalosporins. In contrast to 
penicillins and carbapenems that contain a ß-lactam ring adjacent to a five-membered ring 
structure, cephalosporins contain a ß-lactam ring adjacent to a six-membered ring structure. 
Therefore, new probe design for the DETECT system will include probes with penicillin and 
carbapenem-like cores. 
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Table 1. Primers and information for qRT-PCR. 
Gene(s) Primer name Efficiency Sequence 5' à 3' Amplicon 

(bps) 
TEM TEM-268 101.8% F GGTCGCCGCATACACTATTCT 159 

R TCCTCCGATCGTTGTCAGAAGT 
SHV SHV-68 100.7% F CGCAGCCGCTTGAGCAAATT 191 
   R CTGTTCGTCACCGGCATCCA  
CTX-M-g1 CTX1-681 97.5% F ACTGCCTGCTTCCTGGGTT 175a 
   R TTTAGCCGCCGACGCTAATAC  
CTX-M-g9 CTX9-681 101.3% F CTTACCGACGTCGTGGACTG 182 a 
   R CGATGATTCTCGCCGCTGAA  
CMY CMY-877 99.1% F TGGGAGATGCTGAACTGGCC 132 
   R ATGCACCCATGAGGCTTTCAC  
KPC  KPC-625 101.1% F TGGCTAAAGGGAAACACGACC 162 
   R GTAGACGGCCAACACAATAGGT  
rpoB rpoB  103.3% F AAGGCGAATCCAGCTTGTTCAGC 148b 
 expression  R TGACGTTGCATGTTCGCACCCATCA  

aTarlton et al. (4). 
bDoumith et al. (8). 
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Table 2. DETECT scores for clinical isolates that are susceptible to ß-lactam agents or that have 
low-level ß-lactam resistance (2nd generation cephalosporin resistance and below). 

Isolate ID Organism β-lactamases identified  
by PCR 

β-lactam resistancea DETECT 
score  

30 minb 

DETECT 
score  

60 min 
SF105 E. coli TEM-1 1st generation cephalosporin 0.3579 0.6247 
HON70 K. pneumoniae SHV-75, TEM-1A, OXA Ampicillin 0.2646 0.4632 
SF334 E. coli TEM 2nd generation cephalosporin 0.2551 0.5508 
IT2495 E. coli TEM-1A 1st generation cephalosporin 0.1939 0.3660 
IT11 E. coli TEM-1A 1st generation cephalosporin 0.1343 0.3128 
IT372 E. coli TEM-1B 1st generation cephalosporin 0.1133 0.2830 
SF634 K. pneumoniae None detected Susceptible 0.1104 0.1309 
HCD422 K. pneumoniae SHV-155/185 Ampicillin 0.1024 0.1707 
SF118 K. pneumoniae None detected Susceptible 0.0963 0.1471 
FB1 K. pneumoniae SHV-185 Ampicillin 0.0957 0.1230 
IT1335 E. coli SHV-1 Ampicillin 0.0932 0.1660 
IT2532 E. coli TEM-1C 1st generation cephalosporin (intermediate) 0.0931 0.1794 
HCD23 K. pneumoniae SHV-61 Ampicillin 0.0899 0.1430 
SF519 K. pneumoniae None detected Susceptible 0.0886 0.1512 
CB27 K. pneumoniae SHV-11 Ampicillin 0.0867 0.1081 
FB45 K. pneumoniae SHV-38/168 1st generation cephalosporin 0.0866 0.1024 
XB27 K. pneumoniae SHV-1 1st generation cephalosporin 0.0829 0.1758 
SF384 E. coli None detected Susceptible 0.0814 0.2506 
CB52 K. pneumoniae SHV-132 Ampicillin 0.0806 0.1232 
SF310 E. coli OXA Ampicillin 0.0795 0.1933 
IT1173 E. coli TEM-1B Ampicillin 0.0751 0.1427 
HCD435 K. pneumoniae SHV-83/187 Ampicillin 0.0646 0.1044 
IT30 E. coli SHV-1 1st generation cephalosporin (intermediate) 0.0644 0.1658 
XB50 K. pneumoniae SHV-62 Ampicillin 0.0622 0.1229 
SF505 E. coli None detected Susceptible 0.0583 0.1265 
IT917 E. coli None detected Susceptible 0.0426 0.0852 
SF412 K. pneumoniae None detected Susceptible 0.0414 0.0890 
HON313 K. pneumoniae SHV-83/187 1st generation cephalosporin 0.0312 0.0625 
IT1004 E. coli TEM-1C 1st generation cephalosporin (intermediate) 0.0272 0.0481 
IT115 E. coli OXA-1 Ampicillin 0.0098 0.1103 
IT527 E. coli SHV-1 Ampicillin 0.0035 0.1020 
IT370 E. coli None detected Susceptible 0.0006 0.1352 
IT905 E. coli None detected Susceptible 0.0000 0.0813 

aHighest level of ß-lactam resistance is listed, based on the following ranking: ampicillin (a 
penicillin) < a 1st-generation cephalosporin < a 2nd-generation cephalosporin < a 3rd-
generation cephalosporin < a carbapenem. 

bClinical isolates are ordered based on DETECT score at 30 min, from highest to lowest. 
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Table 3. DETECT scores for clinical isolates that contain ESBLs and have expanded-spectrum 
ß-lactam resistance. 

Isolate ID Organism β-lactamases identified by PCR β-lactam resistancea DETECT 
score 

30 minb 

DETECT 
score 

60 min 
CDC-86 E. coli CTX-M-14, TEM-1B 3rd generation cephalosporin 1.5331 2.5849 
FB13 K. pneumoniae CTX-M-15, CTX-M-8, OXA-1, TEM-1A, 

SHV-121 
3rd generation cephalosporin 1.0845 2.3675 

HON257 K. pneumoniae CTX-M-2, SHV-121, TEM-15 3rd generation cephalosporin 0.9368 2.1535 
SF487 E. coli CTX-M-14 3rd generation cephalosporin 0.9356 2.1301 
HCD405 K. pneumoniae CTX-M-15, SHV-121, OXA-1 3rd generation cephalosporin 0.8921 2.0811 
SF325 E. coli CTX-M-14/17/18, OXA 3rd generation cephalosporin 0.8829 2.0814 
SF473 E. coli CTX-M-14/17/18 3rd generation cephalosporin 0.8338 2.1151 
SF410 E. coli CTX-M-15 3rd generation cephalosporin 0.7971 2.0891 
D500 E. coli CTX-M-27, CMY 3rd generation cephalosporin 0.7527 1.9622 
D333 E. coli CTX-M-14/17/18 3rd generation cephalosporin 0.7205 1.9708 
SF148 E. coli CTX-M-14 3rd generation cephalosporin 0.6913 1.7130 
SF674 E. coli CTX-M-15 3rd generation cephalosporin 0.6239 1.5377 
HAF66 K. pneumoniae CTX-M-8, SHV-85, TEM 3rd generation cephalosporin 0.5852 1.6142 
D270 E. coli CTX-M-17 3rd generation cephalosporin 0.5809 1.4426 
FB90 K. pneumoniae CTX-M-15, CTX-M-8, OXA-1, TEM-1A, 

SHV-121 
3rd generation cephalosporin 0.5558 1.6270 

D304 E. coli CTX-M-55/57 3rd generation cephalosporin 0.5546 1.5480 
SF468 E. coli CTX-M-14, TEM-1 3rd generation cephalosporin 0.4795 1.5310 
HAF102 K. pneumoniae CTX-M-8, TEM-1, SHV-76 3rd generation cephalosporin 0.4589 1.3191 
SF681 K. pneumoniae CTX-M-15, OXA-1, TEM-1B, SHV-11 3rd generation cephalosporin 0.4004 1.2842 
D497 E. coli CTX-M-15 3rd generation cephalosporin 0.3917 1.1727 
D129 E. coli CTX-M-2, TEM, SHV 3rd generation cephalosporin 0.3692 1.2969 
D362 E. coli CTX-M-15 3rd generation cephalosporin 0.3022 0.8031 
D14 E. coli CTX-M-15 3rd generation cephalosporin 0.2359 0.6248 
HCD309 K. pneumoniae CTX-M-8, TEM-1, SHV-1 3rd generation cephalosporin 0.1890 0.5839 
HON187 K. pneumoniae CTX-M-2, SHV-121, TEM-15 3rd generation cephalosporin 0.1570 0.3858 
D159 E. coli CTX-M-15 3rd generation cephalosporin 0.1275 0.3191 
CDC-58 E. coli TEM-52B (ESBL) 3rd generation cephalosporin 0.1147 0.2447 
CDC-87 K. pneumoniae SHV-12 (ESBL) 3rd generation cephalosporin 0.1128 0.1859 
ATCC700603 K. pneumoniae SHV-18 (ESBL) 3rd generation cephalosporin 0.1039 0.1665 
CDC-43 K. pneumoniae SHV-12 (ESBL) 3rd generation cephalosporin 0.1016 0.1686 
SF486 E. coli CTX-M-15, OXA, TEM-1 3rd generation cephalosporin 0.0941 0.3922 
HON109 K. pneumoniae CTX-M-9/51, SHV 3rd generation cephalosporin 

(intermediate) 
0.0710 0.1207 

ESBL, extended-spectrum ß-lactamase variant of TEM or SHV. 
aHighest level of ß-lactam resistance is listed, based on the following ranking: ampicillin (a 

penicillin) < a 1st-generation cephalosporin < a 2nd-generation cephalosporin < a 3rd-
generation cephalosporin < a carbapenem. Ertapenem resistance (carbapenem) has been 
excluded from this ranking. 

bClinical isolates are ordered based on DETECT score at 30 min, from highest to lowest. 
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Table 4. DETECT scores for clinical isolates that contain pAmpCs or carbapenemases, and have 
expanded-spectrum ß-lactam resistance. 

Isolate ID Organism β-lactamases identified by PCR β-lactam resistancea DETECT 
score 

30 minb 

DETECT 
score 

60 min 
SF141 E. coli CMY-2 3rd generation cephalosporin 1.3759 2.5045 
SF207 E. coli CMY-2 3rd generation cephalosporin 1.2087 2.3858 
CDC-85 E. coli CMY-2 3rd generation cephalosporin 0.9272 1.8931 
B2 E. coli KPC-2 Carbapenem  0.7773 1.7236 
B7 K. pneumoniae KPC-2, CTX-M-15, SHV-11, TEM-1B Carbapenem heteroresistant 0.7626 1.8298 
B1 K. pneumoniae KPC-2, SHV Carbapenem  0.6883 1.5681 
B3 K. pneumoniae KPC-2, SHV Carbapenem  0.6446 1.5293 
CDC-89 E. coli CMY-2 3rd generation cephalosporin 0.4563 1.0844 
CDC-81 E. coli CMY-2, TEM-1B 3rd generation cephalosporin 0.3660 0.9009 
B14 K. pneumoniae KPC-2, CTX-M-9, SHV-11, TEM-1A Carbapenem heteroresistant 0.3525 0.7605 
CDC-104 E. coli KPC-4, TEM-1A Carbapenem, low MIC 0.3092 0.7694 
B23 K. pneumoniae KPC-2, CTX-M-15, SHV-11, TEM-1B, 

OXA-1 
Carbapenem heteroresistant 0.2965 0.6690 

B21 K. pneumoniae KPC-2, SHV-11, OXA-1 Carbapenem heteroresistant 0.2550 0.4762 
B28 K. pneumoniae KPC-2, SHV-11 Carbapenem heteroresistant 0.2485 0.4767 

ESBL, extended-spectrum ß-lactamase variant of TEM or SHV; MIC, minimal inhibitory 
concentration. 
aHighest level of ß-lactam resistance is listed, based on the following ranking: ampicillin (a 

penicillin) < a 1st-generation cephalosporin < a 2nd-generation cephalosporin < a 3rd-
generation cephalosporin < a carbapenem. Ertapenem resistance (carbapenem) has been 
excluded from this ranking. 

bClinical isolates are ordered based on DETECT score at 30 min, from highest to lowest. 
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Table 5. ß-lactam MICs vs. DETECT scores for clinical isolates that contain different ß-
lactamases. 

Isolate ID Organism ß-lactamases  MIC 
ampicillina 

MIC 
cephalexinb 

MIC 
cefotaximec 

MIC 
ceftazidimed 

DETECT 
score  

60 min 
SF505 E. coli None detected 1 16 0.064 0.125 0.127 
SF384 E. coli None detected 2 16 0.047 0.25 0.251 
CDC-58 E. coli TEM-52B (ESBL) 2048 256 <32 128 0.245 
SF334 E. coli TEM 512 >2048 1 4 0.551 
ATCC700603 K. pneumoniae SHV-18 (ESBL) 2048 2048 1.5 64 0.167 
CDC-43 K. pneumoniae SHV-12 (ESBL) >2048 >2048 128 1024 0.169 
CDC-87 K. pneumoniae SHV-12 (ESBL) >2048 2048 256 >2048 0.186 
CDC-81 E. coli CMY-2, TEM-1B 2048 >2048 16 64 0.901 
CDC-89 E. coli CMY-2 512 >1024 <16 64 1.084 
CDC-85 E. coli CMY-2 2048 >2048 64 512 1.893 
SF486 E. coli CTX-M-15, OXA, 

TEM-1 
>2048 256 <32 <32 0.3922 

SF674 E. coli CTX-M-15 2048 1024 128 <32 1.5377 
SF148 E. coli CTX-M-14 1024 512 256 <32 1.7130 
SF487 E. coli CTX-M-14 1024 1024 256 2 2.1301 
CDC-86 E. coli CTX-M-14, TEM-1B 2048 >2048 256 >64 2.5849 
B23 K. pneumoniae KPC-2, CTX-M-15, 

SHV-11, TEM-1B, 
OXA-1 

>2048 >2048 128 128 0.6690 

CDC-104 E. coli KPC-4, TEM-1A >2048 >2048 512 1024 0.769 
B2 E. coli KPC-2 >2048 >2048 1024 64 1.7236 
B7 K. pneumoniae KPC-2, CTX-M-15, 

SHV-11, TEM-1B 
>2048 >2048 128 128 1.8298 

ESBL, extended-spectrum ß-lactamase; MIC, minimal inhibitory concentration, in µg/ml. 
aAmpicillin, a penicillin. 
bCephalexin, a first-generation cephalosporin. The targeting portion of thiophenol-ß-lac is similar 

in structure to cephalexin. 
cCefotaxime, a third-generation cephalosporin. 
dCeftazidime, a third-generation cephalosporin. 
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Figure 1. Overview of the DETECT amplification system. (A) DETECT is comprised of four 
parts: (1) the target enzyme, ß-lactamase; (2) a ß-lactamase substrate, thiophenol-ß-lac; (3) the 
inactivated enzyme amplifier papain; and (4) the papain probe N-benzoyl-L-arginine-p-
nitroaniline (BAPA), which releases the yellow colorimetric product, p-nitroaniline (405nm). (B) 
The ß-lactamase probe, thiophenol-ß-lac, contains a ß-lactam molecular core that is selectively 
hydrolyzed by ß-lactamase. Hydrolysis of thiophenol-ß-lac affords the triggering unit that 
activates the second tier of amplification of DETECT.  
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Figure 2. Recombinant ß-lactamases tested with DETECT. The DETECT scores for eight 
recombinant ß-lactamases were determined after 20 min, with each recombinant ß-lactamase 
tested at a (A) 6.25 nM and (B) 0.391 nM concentration. The “Control” for these experiments 
contains all components of the DETECT system except a recombinant ß-lactamase. 
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Figure 3. Average DETECT scores of clinical isolates, grouped by dominant ß-lactamase 
variant. The average DETECT scores of E. coli and K. pneumoniae isolates with different ß-
lactamases, categorized based on the dominant ß-lactamase (responsible for highest level of ß-
lactam resistance obtained by the bacterium) carried by the isolate, at (A) 30 min, and (B) 60 
min. Error bars represent standard deviation. Black lines represent the threshold for positivity at 
30 min (0.3237) and 60 min (0.5936), based on the average DETECT score plus three-times the 
standard deviation of isolates that do not contain expanded-spectrum ß-lactamases (as indicated 
by red bars on the graph). 
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Figure 4. bla expression analyses across isolates with different ß-lactamases and DETECT 
scores. (A) Fold-expression of bla genes were assessed in comparison to the internal control 
rpoB, to assess ß-lactamase expression across enzyme variants and isolates. Error bars represent 
the standard deviation from two biological replicate experiments. (B) Fold-expression of blaTEM, 
standardized to blaTEM-1 expression in SF105. ESBL TEM variants are represented by light blue 
bars. (C) Fold-expression of blaSHV, standardized to blaSHV-1 expression in IT1335. ESBL SHV 
variants are represented by light blue bars. (D) Fold-expression of expanded-spectrum ß-
lactamase genes (including ESBL, pAmpC, and carbapenemase genes) standardized to blaCTX-M-

15 expression in SF674. ß-lactamase content and DETECT scores at 60 min are listed above the 
bars for each isolate, on all plots. Fold-expression of KPC-2 in isolate B2 is not drawn to scale in 
(A) or (D); actual fold-expression is listed above the bar graph for this isolate. 
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Figure 5. DETECT analysis with the ß-lactamase inhibitor, clavulanate. (A) Comparison of 
DETECT score in clinical isolates tested simultaneously with DETECT and DETECT plus 
clavulanate, at 30 min. ß-lactamase content in the isolates is listed. (B) Comparison of times-
change in DETECT score (original DETECT score divided by inhibitor DETECT score) across 
isolates with the pAmpC enzyme CMY, and other expanded-spectrum ß-lactamases, CTX-M and 
KPC, at 30 min. The black line represents the threshold for negativity at 30 min (1.97x and 
above), based on the average times-change plus three-times the standard deviation of isolates that 
contain the pAmpC enzyme CMY (as indicated by red bars on the graph). A times-change below 
this threshold indicates a positive result for pAmpC enzymes, while a times-change above this 
threshold indicates a negative result for pAmpC enzymes.  
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