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ABSTRACT At a time when antibiotic resistance is seemingly ubiquitous worldwide, under-
standing the mechanisms responsible for successful emergence of new resistance genes
may provide insights into the persistence and pathways of dissemination for antibiotic-re-
sistant organisms in general. For example, Escherichia coli strains harboring a class A b-lac-
tamase-encoding gene (blaCTX-M-15) appear to be displacing strains that harbor a class C
b-lactamase gene (blaCMY-2) in Washington State dairy cattle. We cloned these genes with
native promoters into low-copy-number plasmids that were then transformed into isogenic
strains of E. coli, and growth curves were generated for two commonly administered antibi-
otics (ampicillin and ceftiofur). Both strains met the definition of resistance for ampicillin
($32 mg/mL) and ceftiofur ($16 mg/mL). Growth of the CMY-2-producing strain was com-
promised at 1,000 mg/mL ampicillin, whereas the CTX-M-15-producing strain was not inhib-
ited in the presence of 3,000 mg/mL ampicillin or with most concentrations of ceftiofur,
although there were mixed outcomes with ceftiofur metabolites. Consequently, in the ab-
sence of competing genes, E. coli harboring either gene would experience a selective
advantage if exposed to these antibiotics. Successful emergence of CTX-M-15-producing
strains where CMY-2-producing strains are already established, however, requires high con-
centrations of antibiotics that can only be found in the urine of treated animals (e.g.,
.2,000 mg/mL for ampicillin, based on literature). This ex vivo selection pressure may be
important for the emergence of new and more efficient antibiotic resistance genes and
likely for persistence of antibiotic-resistant bacteria in food animal populations.

IMPORTANCE We studied the relative fitness benefits of a cephalosporin resistance
enzyme (CTX-M-15) that is displacing a similar enzyme (CMY-2), which is extant in E.
coli from dairy cattle in Washington State. In vitro experiments demonstrated that
CTX-M-15 provides a significant fitness advantage, but only in the presence of very
high concentrations of antibiotic that are only found when the antibiotic ampicillin,
and to a lesser extent ceftiofur, is excreted in urine from treated animals. As such,
the increasing prevalence of bacteria with blaCTX-M-15 is likely occurring ex vivo.
Interventions should focus on controlling waste from treated animals and, when pos-
sible, selecting antibiotics that are less likely to impact the proximal environment of
treated animals.

KEYWORDS antibiotic, antimicrobial, resistance, b-lactamase, blaCMY-2, blaCTX-M-15,
blaKPC-3, competition, hydrolysis, antibiotic resistance, fitness

The seemingly ubiquitous distribution of antibiotic-resistant bacteria across different
host populations (humans, domestic animals, wildlife) and diverse environments

presents a significant challenge to developing focused and effective mitigation meas-
ures (1–4). While antibiotic selection pressure is critical to the success of antibiotic-
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resistant bacteria, the extensive distribution of these organisms where selection pres-
sure is unlikely to occur highlights the extent and apparent ease with which these
organisms are disseminated. The widespread distribution of antibiotic resistance also
presents a challenge when trying to identify the most important dissemination path-
ways, because it is difficult to infer directionality of movement after the fact.

One way to pierce this fog of ubiquity is to focus on the mechanisms by which
novel antibiotic resistance genes emerge in new populations. Emergence occurs in
two different contexts. In the first, a resistance gene enters a population where there
are no other genes conferring similar resistance. When bacteria harboring the new
gene are exposed to a selective antibiotic with sufficient concentration and frequency,
the novel gene is likely to rapidly spread among proximal hosts and adjacent popula-
tions. The recent emergence of mcr-1, presumably aided by wide-scale selection from
the use of colistin in food animal populations (5, 6), may be a recent example of such
as scenario.

Another scenario involves emergence of novel resistance genes in populations where
similar resistance genes are already present. For example, the rapid worldwide expansion
of the bacteria harboring the cephalosporin resistance gene blaCTX-M (encoding a b-lacta-
mase) occurred in the face of competition against bacteria that produce similar but distinct
b-lactamase enzymes (e.g., CMY-2) (7). We surmise that successful emergence events in
the face of competition offer unique opportunities to identify key factors that are necessary
for the success of novel genes but that are also likely to be important to dissemination and
persistence of antibiotic resistance in general. That is, studying such events is likely to pro-
vide insight into how to mitigate antibiotic resistance beyond what can be learned by
simply documenting the presence and abundance of antibiotic resistance genes using
cross-sectional surveillance studies.

An example of emergence in the presence of extant antibiotic resistance genes is
under way for Escherichia coli found in dairy cattle located in Washington State (USA),
where the primary antibiotic selection pressure is limited to an aminopenicillin (ampi-
cillin) and a third-generation cephalosporin (ceftiofur) (8). Before 2009, a class C b-lac-
tamase (CMY-2, encoded by blaCMY-2) was present in 96.9% of ceftiofur-resistant E. coli
isolates that were collected from dairy herds in Washington State. CTX-M is a class A
b-lactamase that was not documented until 2011, when the prevalence was 14.9% for
E. coli. When the investigators sequenced 99 blaCTX-M-positive isolates from this study,
the most prevalent genes were blaCTX-M-15 (50.5%), blaCTX-M-27 (26.3%), blaCTX-M-14 (16.2%),
and blaCTX-M-65 (5.1%) (9). Another study of seven commercial dairies in Washington
State in 2015 found that 38.1% of cattle fecal samples were PCR positive for blaCMY-2

and 26.2% were positive for blaCTX-M (10). Because both enzymes (CMY-2 and CTX-M)
convey resistance to third-generation cephalosporins, the change in prevalence is con-
sistent with CTX-M becoming more prevalent because it provides a greater benefit or
reduced fitness cost relative to CMY-2.

The goal of this project was to identify the factors that are likely to contribute to the
emergence of E. coli strains that harbor blaCTX-M when other strains with blaCMY-2 are pres-
ent in the population. For this work, we selected blaCTX-M-15 as the representative gene,
and we included carbapenem resistance (KPC-3, encoded by blaKPC-3) to provide an addi-
tional basis for comparison, but also to ask if such a gene could be competitive in a host
population where carbapenem antibiotics are not used (11). To address these questions,
we compared fitness costs and benefits using cloned genes under the control of native
promoters that were introduced into isogenic strains of E. coli for growth curve compari-
sons. We also assessed the kinetics of protein synthesis and the efficiency of enzymatic
hydrolysis of ampicillin, ceftiofur, and ceftiofur metabolites (desfuroylceftiofur [DFC],
DFC-cysteine, and DFC-dimer) (12).

RESULTS

The outcome of our experiments could vary if there are different variants of pro-
moter regions for the genes that we cloned. To minimize the chances of interference
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with the promoter region, we cloned the entire leader sequence for each gene, and we
included the insertion sequences upstream from the leader sequences that encompass
the promoter region (accession numbers ON412782, ON412783, and ON412784). To
evaluate global variation in these leader sequences, we compared the leader sequen-
ces and 50 bases of enzyme coding region against the National Center for
Biotechnology Information (NCBI) GenBank database (13). We restricted these queries
to E. coli only, with 100% coverage. For blaCTX-M-15, blaCMY-2, and blaKPC-3, this resulted in
sequences of 305, 373, and 232 bp, respectively. Using default parameters, identical
matches were evident for 84.7% (848/1,001) of blaCTX-M-15 sequences, for 91% (374/411)
of blaCMY-2 sequences, and for 95.5% (21/22) of blaKPC-3 sequences (accessed 5 May
2022). For all comparisons, fewer than 0.6% of sequences retrieved by the BLASTN
algorithm matched by less than 98%. Consequently, there is some variation in the
leader sequences of these genes, but the variants that we cloned are representative of
the majority of what has been documented in GenBank.

Relative growth advantage in the absence of antibiotic. For culture experiments
in the presence or absence of antibiotics, we used cloned genes under the control of
native promoters that encoded tag-free enzymes (i.e., no His or FLAG epitopes). We
pooled results from 15 growth curve control experiments (no antibiotic) (see Fig. S1 in
the supplemental material) and found no significant differences between strains har-
boring blaCTX-M-15 (with an area under the curve [AUC] of 4.74) and blaCMY-2 (AUC, 4.73;
P = 0.9) and between the strain harboring blaKPC-3 (AUC, 5.17) and the strain with the
pMMB207DblaTEM-1 control plasmid (AUC, 5.2; P = 0.15). Strains with blaKPC-3 or a control
plasmid both grew significantly better than the strains with blaCTX-M-15 or blaCMY-2

(P , 0.0001), consistent with a lower fitness cost associated with carriage of blaKPC-3
compared to that for the other two genes in the absence of antibiotic selection. To
determine if differences in protein synthesis could explain the relative growth advant-
age of the blaKPC-3-expressing strain, we constructed additional blaCTX-M-15, blaCMY-2, and
blaKPC-3 strains that included a common epitope (FLAG) for detection by Western blot-
ting. In the absence of antibiotic, all three enzymes were synthesized constitutively,
with small differences depending on the clone and time point (Fig. 1A).

Relative growth advantage in the presence of antibiotics. When cultured with
ampicillin, all three enzymes were protective against ampicillin at a concentration of
512 mg/mL (AUC, .4.7) (Fig. 2) with growth from both CMY-2- and KPC-3-producing
strains decreasing in the presence of 1,000 mg/mL ampicillin (AUC, 2.62 and 4.38,
respectively) and mostly unable to grow in the presence of 1,500 mg/mL (AUC, #0.8).

FIG 1 Relative protein production of CMY-2 (blue), CTX-M-15 (green) and KPC-3 (purple) by isogenic strains of E. coli
with or without exposure to ceftiofur. Average normalized densitometry values (3 independent replicates; 6 SEM) for
Flag-tagged recombinant CMY-2, CTX-M, and KPC-3 after 8, 10, 12, 14, or 16 h of culture with no antibiotic (A) or with
64 mg/mL of ceftiofur (B). Significant differences were found, based on two-way ANOVAs and Tukey multiple-
comparison test: *, P , 0.05; **, P , 0.005; ***, P , 0.0005; ****, P , 0.0001.
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In contrast, the CTX-M-15-producing strain exhibited robust growth (AUC, .4.3) in the
presence of the highest concentration tested (3,000 mg/mL) (Fig. 2; see also Fig. S2).

When cultured with ceftiofur, strains producing CMY-2 or KPC-3 were severely com-
promised (AUC, 2.56 and 0.01) in the presence of 64 or 16 mg/mL of ceftiofur, respec-
tively (Fig. 3A; see also Fig. S3). In contrast, the CTX-M-15-producing strain was only
partially compromised (AUC, .3.3) with 256 mg/mL ceftiofur (Fig. 3A). Once adminis-
tered, ceftiofur is rapidly metabolized into desfuroylceftiofur (DFC), DFC-cysteine, and
DFC-dimer, and these compounds are the ones the bacteria are more likely to encoun-
ter (12, 14, 15). When cultured with DFC, CTX-M-15- and CMY-2-producing strains
exhibited similar AUC values for concentrations up to 128 mg/mL, but the CTX-M-15
strains grew better at 256 mg/mL (AUC, 3.69 and 4.22, respectively) (Fig. 3B; see also
Fig. S4). The blaKPC-3 strain had some difficulty growing with 64 mg/mL DFC (AUC, 3.55)
and it was not able to grow at higher concentrations. Consequently, the CTX-M-15
enzyme conferred greater fitness at the highest concentration of DFC. In the presence
of 64 mg/mL, the CMY-2 protein was significantly more abundant than CTX-M-15 at 8
and 16 h (Fig. 1B), consistent with the CTX-M-15 enzyme conferring greater fitness at
the highest concentration of DFC.

When cultured with DFC-cysteine, growth of the KPC-3-producing strain was equiv-
alent to or better than the that of other strains with as much as 32 mg/mL but did not
grow with 64 mg/mL (Fig. 3C; see also Fig. S5). The CMY-2-producing strain grew better
than the CTX-M-15-producing strain in the presence of 8 to 128 mg/mL DFC-cysteine
(Fig. 3C), but when cultured in 256 mg/mL DFC-cysteine, the CMY-2-producing strain
exhibited a highly repeatable bimodal peak (see Fig. S5), with overall growth compro-
mised compared with the CTX-M-15-producing strain (Fig. 3C). Consequently, the CTX-
M-15 enzyme conferred greater fitness at the highest concentration of DFC-cysteine.

When cultured in concentrations up to 32 mg/mL, all three strains grew similarly in
the presence of DFC-dimer (Fig. 3D; see also Fig. S6). The KPC-3-producing strain was
able to grow in up to 64 mg/mL but with a noticeable decay in growth after 10 h (see
Fig. S6). Between 64 and 256 mg/mL, the CMY-2-producing strain grew better than the
CTX-M-15-producing strain (Fig. 3D). Thus, the CMY-2 enzyme has greater fitness at the
highest concentration of DFC-dimer. The control strain (DH10B/pMMB207DblaTEM-1, la-
beled p207) did not grow with the lowest tested concentrations of ampicillin (8 mg/
mL), ceftiofur (4 mg/mL), DFC (4 mg/mL), DFC-cysteine (4 mg/mL), or DFC-dimer (4 mg/
mL) (Fig. 2; see also Fig. S2 to S6).

Antibiotic hydrolysis and degradation kinetics. Using high-performance liquid
chromatography (HPLC)-purified, tag-free recombinant proteins (CTX-M-15, KPC-3, and
CMY-2) (see Fig. S7), we estimated the efficiency of antibiotic hydrolysis with a Michaelis-
Menten model (16–18). All three enzymes were capable of hydrolyzing ceftiofur, DFC,
DFC-cysteine, DFC-dimer, and ampicillin (see Fig. S8). The rank order for kcat/Km (catalytic
efficiency) for ampicillin was CMY-2 . CTX-M-15 . KPC-3; for ceftiofur and DFC the order

FIG 2 Average area under the curve (AUC) values for E. coli cultures exposed to ampicillin. Heatmap
depicts average AUC for growth curves from CTX-M-15-, CMY-2-, and KPC-3-producing strains of E. coli
and for the plasmid-only negative-control strain (p207) in the presence of no antibiotic (3 independent
replicates) or 8 to 3,000 mg/mL (3 independent replicates). See Fig. S2 in the supplemental material for
original growth curves and P values for multiple comparison tests.
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FIG 3 Average area under the curve (AUC) values for E. coli cultures exposed to ceftiofur and its metabolites.
Heatmap depicts average AUC for growth curves from CTX-M-15-, CMY-2-, and KPC-3-producing strains of E.
coli and for the plasmid-only negative-control strain (p207) in the presence of 0 to 256 mg/mL ceftiofur (A),
DFC (B), DFC-cysteine (C), or DFC-dimer (D). Values represent averages (3 independent replicates). See Fig. S3
to S6 in the supplemental material for original growth curves and P values for multiple-comparison tests.
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was CTX-M-15 . KPC-3 . CMY-2; for DFC-cysteine the order was CTX-M-15 . CMY-
2 . KPC-3; and for DFC-dimer the order was CMY-2 . CTX-M-15 . KPC-3 (Fig. 4 and
Table 1).

Based on the rank order for kcat/Km, the KPC-3-producing strain should grow better than
the CMY-2-producing strain at higher concentrations of ceftiofur, but the observed order
was reversed (Fig. 3A; see also Fig. S3). To determine if the inconsistency between the rank
order for kcat/Km and growth curves was due to protein instability, we cultured isogenic
strains that produced the beta-lactamase enzymes with a FLAG tag for detection by
Western blotting. Cultures were incubated for 12 h before addition of kanamycin to stop
protein synthesis. Cell pellets were prepared at different time points, and the abundance
of protein, estimated by Western blot analysis, showed no difference in protein decay for
CTX-M-15 (slope = 20.17, standard error [SE] = 0.02, n = 7) and CMY-2 (slope = 20.22,
SE = 0.03, n = 8) (P = 0.2), while an approximate 5-fold difference was detected for degra-
dation of KPC-3 (slope =21.01, SE = 0.14, n = 8) (P, 0.0001).

Coculture competition assay. Coculture competition experiments are potentially
problematic due to the presence of more than one extracellular b-lactamase enzyme con-
founding the findings. Nevertheless, it is possible that monocultures are not representative
of competition outcomes either. To validate fitness conclusions from monoculture growth
curves, we quantified gene copy number after pairwise coculture of the three isogenic
strains with ceftiofur (the cycle threshold [CT] values are presented as [35 2 estimated CT]

FIG 4 Average kcat/Km values for hydrolysis of antibiotics. Values were estimated for hydrolysis of ampicillin (A),
ceftiofur (B), DFC (C), DFC-cysteine (D), and DFC-dimer (E) using recombinant CMY-2, CTX-M-15, and KPC-3
enzymes. See Materials and Methods for additional details and Table 1 and Fig. S7 and S8 for supporting
information.
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for ease of interpretation). When the CTX-M-15-producing and CMY-2-producing strains
were cultured together, the copy number for blaCMY-2 decreased at 128 and 256 mg/mL
(Fig. 5A), consistent with reduced monoculture growth at higher concentrations of ceftiofur
(Fig. 3; see also Fig. S3).

When the KPC-3-producing strain was cultured with the CMY-2-producing strain,
the blaKPC-3 copy number decreased (Fig. 5B), but not as rapidly as might be expected
given that the KPC-3-producing strain cannot grow as a monoculture in $16 mg/mL
ceftiofur (Fig. 3; see also Fig. S3). The persistence of blaKPC-3 was more evident when
this strain was cocultured with the CTX-M-15-producing strain (Fig. 5C). One potential
explanation for the inconsistencies between monoculture growth curves and coculture
quantitative PCR (qPCR) data is a spillover benefit from the accumulation of enzyme in
the periplasmic space and the presence of extracellular CMY-2 or CTX-M-15 in the cul-
ture medium. To test this idea, monocultures of each strain were incubated for 5 or 8 h
before the addition of ceftiofur. Later addition of 64 mg/mL ceftiofur allowed all three
strains to grow robustly (Fig. 6A; see also Fig. S9), consistent with accumulation of
increasing concentrations of bioavailable enzyme in the periplasmic space and culture
medium prior to addition of antibiotic. Notably, unlike the CMY-2-producing strain,
delaying the addition of 256 mg/mL ceftiofur by 8 h completely rescued the KPC-3-pro-
ducing strain (Fig. 6B; see also Fig. S9).

DISCUSSION

The recent shift in prevalence of blaCTX-M-15-positive strains of E. coli, compared to
blaCMY-2-positive strains, found in dairy cattle in Washington State (8) offers an opportu-
nity to explore the mechanisms of emerging antibiotic resistance. For a new antibiotic re-
sistance gene to emerge in a population, it must offer a significant fitness advantage for
the host bacteria compared to competing bacteria. Relative to conspecific bacteria, this
advantage could be evident through (i) reduced fitness costs to the host bacteria in the ab-
sence of antibiotic exposure and/or (ii) increased fitness benefits for the host bacteria in
the presence of antibiotics (19, 20). Importantly, if the only competing bacteria in a popula-
tion are susceptible to an antibiotic that is being used in that population, then exposure to
relatively low concentrations of the antibiotic may favor emergence of resistant strains. For
this study, however, we focused on the conditions that are necessary for the emergence of
a new antibiotic resistance trait in the face of competition with bacteria that harbor similar
resistance traits (e.g., blaCTX-M-15 and blaCMY-2).

TABLE 1 Steady-state kinetics of hydrolysis for ceftiofur, DFC, DFC-cysteine, DFC-dimer, and ampicillin by recombinant CMY-2, CTX-M-15, and
KPC-3a

Substrate b-Lactamase Vmax (mmol/s) Km (mM) Kcat (s21) Kcat/Km (mM21 s21)
Ceftiofur CMY-2 1.316 0.03 994.16 34.8 131.36 9.4 0.1326 0.01

CTX-M-15b 3.146 0.07 330.06 14.1 313.76 13.0 0.956 0.09
KPC-3 1.926 0.07 249.36 20.7 192.66 6.1 0.776 0.029

DFC CMY-2 1.806 0.1 134.96 7.8 180.06 5.4 1.336 0.06
CTX-M-15b 4.896 0.2 141.26 11.2 489.86 16.2 3.466 0.14
KPC-3 2.406 0.03 107.16 9.0 240.76 8.2 2.246 0.09

DFC-cysteine CMY-2 0.1246 0.0 44.496 2.0 12.46 0.1 0.286 0.05
CTX-M-15 0.586 0.03 111.26 5.9 58.666 4.5 0.5276 0.007
KPC-3 0.1146 0.01 260.56 7.4 11.436 0.7 0.0436 0.001

DFC-dimer CMY-2 1.046 0.0 116.86 6.4 104.16 9.0 0.8916 0.014
CTX-M-15 1.176 0.0 227.86 11.6 117.26 7.6 0.516 0.006
KPC-3 0.4546 0.0 933.66 55.2 45.426 0.2 0.0486 0.003

Ampicillin CMY-2 0.486 0.01 387.46 1.9 48.846 2.3 0.1266 0.012
CTX-M-15b 1.016 0.06 197.86 13.0 101.96 5.6 0.5156 0.004
KPC-3 0.726 0.0 286.16 13.8 72.366 24.3 0.2536 0.017

aAll values are the averages of three independent replicates6 SEM.
bParameter estimates for CTX-M-15 were published by Ahmadvand et al. (48).
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Fitness in the absence of antibiotics. We found that all three enzymes are consti-
tutively expressed in isogenic strains of E. coli when under the control of native pro-
moters. Our host strain, E. coli DH10B, is closely related to wild-type strain E. coli
MG1655 (21), which is known to harbor a rich array of transcription factors (22), one or
more of which is presumably responsible for this constitutive expression. Without anti-
biotics, the average areas under the curve (AUC) for the KPC-3-producing strain were
indistinguishable from those of the control strain that harbored a cloning plasmid that

FIG 5 Real-time PCR results for coculture competition assays. (A) Coculture of CMY-2- and CTX-M-15-
producing strains. (B) Coculture of CMY-2- and KPC-3-producing strains. (C) Coculture of CTX-M-15-
and KPC-3-producing strains. Each time point is the average 6 SEM for three independent replicates.
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lacked a gene insert (AUC, 5.17 and 5.2, respectively) (see Fig. S1 in the supplemental
material). The AUC was also indistinguishable between the CTX-M-15- and CMY-2-pro-
ducing strains (AUC, 4.74 and 4.73, respectively), but was lower than the control strain
AUC. Consequently, there is some fitness cost associated with production of CTX-M-15
and CMY-2, but this cost does not distinguish these two clones.

While these results suggest that the fitness cost in the absence of antibiotic selection pres-
sure is not important for the increasing prevalence of E. coli strains that harbor blaCTX-M-15, there
are caveats to this conclusion. All three genes considered in this study are found primarily
on plasmids (23). As such, these genes are genetically linked to other traits that may add
additional fitness costs or benefits, depending on the environmental context. Similar trade-
offs may occur when more than one plasmid is present. For example, Subbiah et al. (24)
found a significant fitness cost for a blaCMY-2-bearing plasmid (peH4) by comparing growth
of strain DH10B with and without this plasmid. This fitness cost, however, was largely
ablated when a second plasmid (pTmpR) was simultaneously present in the cell. Others
have shown the compensatory mutations between plasmids and hosts can ameliorate fit-
ness costs (25). Nevertheless, while it is important that the host, plasmid, and cytosolic plas-
mid population can alter the fitness outcome for strains that harbor the genes studied
herein, we expect that over time the predominate strains will converge on combinations
of traits that, at a minimum, reduce fitness costs to a low level.

Fitness in the presence of antibiotics. The aminopenicillin ampicillin (available since
1961) and the third-generation cephalosporin ceftiofur (available since 1988) are two of
the most used b-lactam antibiotics on Washington State dairies (8). Penicillin is also widely

FIG 6 E. coli cultures with ceftiofur (64 or 256 mg/mL) added at 5 or 8 h postinoculation. Cultures were initiated with no
antibiotic for the first 5 h (A and C) or for the first 8 h (B and D), before adding 64 mg/mL ceftiofur (A and B) or 256 mg/mL
ceftiofur (C and D). Each time point is the average 6 SEM for three independent replicates. See Fig. S9 in the supplemental
material for additional results.
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used, but it can have 10-fold lower activity against E. coli compared with ampicillin (26)
and therefore was not included in this study. Ampicillin is an injectable antibiotic that is
used to treat metritis and pneumonia in cattle, and it is mostly excreted unchanged. The
National Antimicrobial Resistance Monitoring System for Enteric Bacteria (NARMS) lists the
MIC for resistant E. coli as $32 mg/mL (27), and one study showed that following intrave-
nous (i.v.) administration (10 mg/kg of body weight), the maximum serum concentrations
in calves was 59 mg/mL and the average concentration in urine was 2,132 mg/mL after
15 min (28). The catalytic efficiencies (kcat/Km) of the three b-lactamase enzymes studied
here were modest (Fig. 4A; see also Table S1 in the supplemental material), but all three
strains of E. coli were able to grow equally well with little inhibition in medium containing
up to 512 mg/mL ampicillin. Importantly, between 1,000 and 3,000 mg/mL ampicillin, the
CTX-M-15-producing strain was mostly uninhibited, whereas the other two strains had diffi-
culty growing with 1,000mg/mL, with little to no growth with higher tested concentrations
(Fig. 2; see also Fig. S2). If ampicillin is important for the increasing prevalence of CTX-M-
15-producing strains, this will only happen if the bacteria encounter sufficiently high con-
centrations of antibiotic, and this only appears feasible when the antibiotic is concentrated
by the kidney and excreted in urine (28).

Ceftiofur is used to treat pneumonia, metritis, and foot rot in dairy cattle (12, 29–33).
After administration, ceftiofur undergoes rapid conversion into desfuroylceftiofur (DFC),
which then undergoes reversible conversion primarily into DFC-cysteine and also DFC-
dimer (12, 14, 15). The NARMS MIC for ceftiofur-resistant strains of Enterobacteriaceae
is $8 mg/mL (27), and the maximum serum and urine concentrations of ceftiofur com-
pounds range from approximately 10 to 20mg/mL and up to 330mg/mL, respectively (34).
The catalytic efficiency for hydrolysis varies depending on the compound, with monocul-
ture growth curves reflecting the observed higher kcat/Km for CTX-M-15 when the substrate
is ceftiofur, DFC, or DFC-cysteine (Fig. 4). CMY-2 exhibited a higher kcat/Km for DFC-dimer.
For both CMY-2 and CTX-M-15 enzymes, the differences in growth curves occur with con-
centrations that are more than what would be encountered in serum but that are well
within the expected concentrations of these compounds in urine. The exact effect may
depend on the ratio of the different ceftiofur compounds and the mode of administration
(i.v., intramuscular, or subcutaneous). Furthermore, ancillary data provided by Hornish and
Kotarski (12) suggest that the ratio of DFC-dimer to DFC-cysteine can vary from 1:1.2 to 1:2,
depending on the formulation of ceftiofur that is administered, but more data are needed
to estimate the variance for these ratios.

Our kcat/Km findings for KPC-3 reflected the relative advantage of this enzyme compared
to CMY-2 for ampicillin, ceftiofur, and DFC. While this was reflected by growth curves in
the presence of 1,000mg/mL ampicillin (Fig. 2; see also Fig. S2), the KPC-3-producing strain
fared poorly at higher concentrations of ceftiofur and DFC. One potential explanation for
this discrepancy is that the protein degrades nearly 5 times faster than the other two
enzymes. Interestingly, qPCR data from coculture experiments with ceftiofur suggest that
the KPC-3-producing strain is retained in the population longer than expected from the
monoculture experiments (Fig. 5). This is likely attributable to the presence of extracellular
CTX-M-15 or CMY-2 enzyme, which essentially rescues the KPC-3 by hydrolyzing antibiotic
until the remaining concentration no longer overwhelms the KPC-3-producing strain. This
effect of b-lactamase enzymes in culture supernatant is a well-known in vitro phenomenon
that may function in vivo as well (35), although this combinatorial effect was curiously
absent when the CTX-M-15-producing and CMY-2-producing strains were cocultured.

Relevance of in vitro findings to farm environments. b-Lactams are mostly con-
centrated and eliminated by glomerular filtration, tubular secretion, or both (36, 37),
and according to the estimates from the data presented herein, the published concen-
tration of ampicillin in urine collected from only a few hours after antibiotic administra-
tion is well within the range that would favor CTX-M-15-producing strains over both
CMY-2- and KPC-3 producing strains (.2,000 mg/mL) (28). While there are potential
caveats with respect to the relative concentration of DFC-dimer (see above), a similar
CTX-M-15 advantage may arise from ceftiofur and its metabolites in urine. Of course,
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the highest concentrations will be restricted to the first urinary events following antibi-
otic treatment, and depending on the rate of excretion, this may taper off quickly with
time. Nevertheless, there remains a possibility that at least some portion of the envi-
ronment proximal to the treated animals will be exposed to high concentrations of an-
tibiotic residues that could selectively favor CTX-M-15-producing strains over CMY-2-
producing strains, but only if certain conditions are met.

First, excreted antibiotics need to be bioavailable and to persist long enough to exert a
change in the abundance of relevant antibiotic-resistant bacteria. To determine if antibiot-
ics remain bioavailable in different soil types, Subbiah et al. (38) used in vitro experiments
to assess the fate of a panel of antibiotics with different soil slurries. b-Lactam antibiotics
(ampicillin, cephalothin, cefoxitin, and ceftiofur) were retained in the supernatant and
remained bioavailable while, depending on the soil type, other antibiotics (e.g., oxytetracy-
cline, ciprofloxacin, and neomycin) were removed from the aqueous phase. Others have
shown that b-lactam antibiotics remain bioavailable in soil (38–40). Furthermore, Subbiah
et al. (39) showed that a modest concentration of ceftiofur metabolites (;13 ppm) in
urine remains bioavailable in a mixture of soil and calf feces for an average 2.7 days at
23°C and 23.3 days at 4°C.

To extend these findings to in vivo settings, Liu et al. (41) treated calves with ceftio-
fur and quantified changes in the abundance of resistant E. coli in both feces and pen
soil. Treatment produced a 3-log10/g increase in the abundance of resistant bacteria
within 10 days. This tapered off quickly in fresh calf feces, while population numbers
remained high (;4.5 log10/g) in the soil for the remaining 20-day monitoring period.
The investigators also showed that the urine effect on soil populations was approxi-
mately 10 times greater than the influence from feces of treated animals. Those
authors further showed that the abundance of bacteria needed to colonize untreated
calves with a 50% probability (i.e., ID50) was only 2.83 log10/g, an abundance well below
the expected population density of resistant strains after the proximal environment is
exposed to urine from treated calves. Finally, quantification of ceftiofur-resistant E. coli
on 14 dairy farms in Washington State found a higher abundance of these organisms
in calf pens and hospital pens, where antibiotic exposures are more likely compared to
healthy adult animal housing pens (10).

Consequently, the conditions necessary for success of CTX-M-15-producing strains
can be met, including high concentrations of antibiotic in urine, a significant effect of
this urine on the abundance of resistant bacteria in the environment, and a relatively
low threshold of abundance needed to colonize new hosts. We do not have comple-
mentary data from excretion of ampicillin, but given that it remains bioavailable in soil
(38), it is conceivable that the outcome is analogous. Our inferences would benefit
from more information about the concentration and composition of antibiotic residues
in urine following administration of ampicillin and ceftiofur. While we did not include
penicillin in our analysis because E. coli is innately resistant to therapeutic concentra-
tions of penicillin, it is possible that penicillin excreted in urine occurs at a concentra-
tion sufficiently high to selectively favor strains of E. coli that produce b-lactamase
enzymes. Finally, while we focused on CTX-M-15 for this analysis, it is possible that
other CTX-M b-lactamases from our study population (9) convey different levels of fit-
ness costs and benefits.

Despite these limitations and given the totality of our findings, the most parsimoni-
ous inference from this work is that there is a high probability that using ampicillin or
ceftiofur selectively favors resistant bacteria in cattle and that high concentrations of
antibiotic residues found in urine could be responsible for the growing prevalence of
CTX-M-15-producing strains in dairy cattle populations. b-Lactams are used in other
food animals (e.g., beef cattle, swine, poultry), and thus these findings may be relevant
to other production environments.

Collectively, these findings also point to the importance of considering how to control
the excreted antibiotics in production environments. For example, where economically fea-
sible, treated animals should be isolated for a “washout” period (e.g., 10 days), and
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contaminated bedding and soil could be removed and treated separately from other farm
waste. Composting waste, when done correctly, will destroy all mesophilic bacteria like
E. coli and will likely destroy or at least render most antibiotics unavailable (42). It might
also be possible to put additives in the housing of treated animals, such as biochar (43), to
help sequester antibiotic residues. Antibiotic use practices could be adopted, when possi-
ble, to avoid using b-lactam antibiotics when suitable alternatives will work (44). As an
example, injectable oxytetracycline is less likely to have an impact on the environment
compared to ceftiofur (41). Mitigation of poultry may be more challenging than cattle in
some regards. For cattle, the highest concentrations of b-lactam antibiotics are found in
urea-based urine that impacts bacteria in the proximal environment. Depending on the
temperature and time of year, these impacts may be ameliorated by unfavorable condi-
tions for bacteria to proliferate (39). For poultry, however, antibiotics concentrated in the
kidney are excreted with uric acid-based urine directly into the gastrointestinal tract, where
bacteria reside at a near-ideal body temperature (39°C), and thus selection and prolifera-
tion of resistant bacteria may be more pronounced in poultry on a year-round basis.

Combining the in vitro results with previous published work in vivo supports the
premise that high concentrations of antibiotics in urine are an important factor in the
emergence of CTX-M-15-producing strains in cattle populations. All things being equal,
however, this is probably the last wave of emerging b-lactamase genes that will colo-
nize dairy populations. Our rationale for this conclusion is that emerging genes need
to provide a significant fitness advantage to gain prevalence in the population. If CTX-
M-15-producing strains are already capable of protecting bacteria from the highest
expected concentrations of ampicillin and ceftiofur in these environments, then this is
equivalent to an asymptotic function and there is little opportunity for bacteria with
even more efficient enzymes to outcompete strains that produce CTX-M-15. Of course,
widespread changes in practices on farms and coselection of different combinations of
traits may render our prediction invalid.

MATERIALS ANDMETHODS
Bacterial strains and culture conditions. Bacterial strains (see Table S1 in the supplemental material)

were grown in Luria Bertani-Lennox (LB broth) medium (Difco Laboratories, Inc.) at 37°C with continuous
shaking at 200 rpm and on LB agar plates at 37°C. Antibiotics were added to media as needed (carbenicillin
[Carb], 100mg/mL; ampicillin [Amp], 100mg/mL; kanamycin [Kan], 100mg/mL; chloramphenicol [Cm], 30mg/
mL; streptomycin [Str], 100 mg/mL). Unless otherwise noted, reagents and antibiotics were purchased from
Sigma-Aldrich, Inc., and VWR International, respectively.

Deletion of blaTEM-1 from pMMB207 to make pMMB207DblaTEM-1.We generated a pMMB207 vari-
ant by disrupting the native blaTEM-1 gene using inverse PCR, leaving the chloramphenicol gene (cmr)
available for selection (designated pMMB207DblaTEM-1). Briefly, tail-to-tail primers (see Table S2) were
used with inverse PCR to amplify the entire plasmid except the blaTEM-1 sequence and its promoter
region. Q5 High-Fidelity DNA polymerase (New England Biolabs) was used for vector amplification, and
PCR conditions included 98°C for 2 min and then 98°C (30 s), 60°C (25 s), and 72°C (360 s) for 35 cycles,
with final extension at 72°C for 5 min. Product was cleaned using QIAquick PCR purification kit (Qiagen).
Cleaned PCR product was then transformed into chemically competent, streptomycin-resistant E. coli
DH10B per the manufacturer’s protocol via a 30-s heat shock using a 42°C water bath. Transformants
were plated onto LB agar containing chloramphenicol (30 mg/mL) and streptomycin (100 mg/mL) for
selection. Isolated clones were streaked onto LB agar containing only carbenicillin (100 mg/mL) as a neg-
ative control. Gene deletion was confirmed by PCR and sequencing (Eurofins Genomics) using primers
p207_Tem-1_F and p207_Tem-1_R (see Table S2).

Cloning of blaCTX-M-15, blaCMY-2, and blaKPC-3. Three strains of bacteria, blaCTX-M-15-positive AR-0044 (E.
coli) (45), blaCMY-2-positive AR-0081 (Klebsiella pneumoniae) (45), and blaKPC-3-positive AR-0114 (E. coli) (46)
were used for PCR templates (see Table S1). Genomic DNA was extracted from overnight cultures using
the DNeasy UltraClean microbial kit (Qiagen) following the manufacturer’s instructions. All plasmid
extractions were performed using the PureLink Quick plasmid miniprep kit (Invitrogen) following the
manufacturer’s instructions. Platinum PCR Super mix (Invitrogen) was used to generate PCR amplicons
containing each gene with its native promoter, using primers listed in Table S2. PCR conditions included
95°C for 2 min and then 95°C (30 s), 35 cycles with 60°C (for blaCMY-2 and blaKPC-3) or 62°C (for blaCTX-M-15)
for 25 s, followed by 72°C (40 s), with a final extension at 72°C for 5 min. Resulting products were cloned
by restriction digest (SacI and BamHI for blaCMY-2 and SacI and HindIII for both blaCTX-M-15 and blaKPC-3)
(High-Fidelity polymerase; New England Biolabs), and ligation (T4 ligase; New England Biolabs Inc.) to
pMMB207DblaTEM-1 following standard cloning techniques (47). These products were transformed into E.
coli DH10B by a heat shock method. An empty pMMB207D blaTEM-1 was transformed into E. coli DH10B
and used as a no-insert control. Transformants were selected on LB agar containing chloramphenicol
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(30 mg/mL) or carbenicillin (100 mg/mL). All conventional PCR for verification of constructs and correct
gene insertion into pMMB207DblaTEM-1 used DreamTag Green PCR master mix (ThermoFisher Scientific).
PCR products were confirmed by sequencing both strands using primers listed in Table S2.

Growth curve experiments. To detect potential fitness costs and benefits, bacterial strains (DH10B/
pMMB207DblaTEM-1::blaCMY-2, DH10B/pMMB207DblaTEM-1::blaCTX-M-15, DH10B/pMMB207DblaTEM-1::blaKPC-3,
and DH10B/pMMB207DblaTEM-1) were incubated overnight at 37°C with continuous shaking (200 rpm)
and typically in a volume of 5 mL LB broth without any antibiotic. Cultures were diluted to an optical
density at 600 nm (OD600) of 0.8 and further diluted to 1:10,000 (104 cells) in 5 mL of fresh LB broth. In a
96-well plate, 100 mL of the final dilution was added with the appropriate antibiotic in 2-fold dilutions
(from 4 to 256 mg/mL for ceftiofur sodium [Zoetis], DFC [Santa Cruz Biotechnology], DFC-cysteine
[Toronto Research Chemicals], and DFC-dimer [Toronto Research Chemicals] and from 8 to 3,000 mg/mL
for ampicillin [ThermoFisher Scientific]) or no antibiotic. The OD600 was measured every hour for 20 h by
using an automated turbidimeter (Bioscreen C; Labsytems). Growth curves were summarized by calculat-
ing the AUC for each average growth curve using GraphPad Prism v. 9.3.1 (GraphPad Software). While
we present results as average AUC values as heatmaps for the sake of brevity, the original growth curves
are provided in the supplemental data.

Coculture competition assays. We used pairwise coculture experiments to confirm relative fitness
inferences from monoculture growth curves. Briefly, precultures of the strains were incubated at 37°C
overnight with continuous shaking (200 rpm) and typically in a volume of 5 mL LB broth without any an-
tibiotic. Precultures were diluted to an OD600 of 0.8 and further diluted to 1:10,000 (104 cells) in 5 mL of
fresh LB broth with the appropriate antibiotic in 2-fold dilutions (from 4 to 256 mg/mL for ceftiofur, or
no antibiotic). Cultures of the strains were then mixed at a ratio of 1:1, while monocultures of each strain
were grown under the same conditions as growth controls. Initial proportions were confirmed by plating
25 mL of each culture onto LB agar plates containing 100 mg/mL of carbenicillin (triplicate). Cultures
were incubated at 37°C with continuous shaking (200 rpm) for 12 h, and then 1.6 mL of each culture
was collected in a 2-mL microcentrifuge tube for DNA extraction using the DNeasy UltraClean microbial
kit (Qiagen, Germany) following manufacturer instructions. qPCR assays were performed in which a
gene (blaCMY-2, blaCTX-M-15, and blaKPC-3) was amplified (three biological and two technical replicates) using
SsoAdvanced universal SYBR green supermix (Bio-Rad Laboratories), 200 nM oligonucleotide primers
(see Table S2), and a CFX96 real-time system (Bio-Rad Laboratories). The amplification efficiency and
specificity of each primer pair were estimated in triplicate using a serially diluted pool of experimental
genomic DNA samples. Because we used the same strain (E. coli DH10B) and the same plasmid
(pMMB207D blaTEM-1), we assumed that the average plasmid copy number was similar for all strains. To
invert the data for easier interpretation, the threshold cycle (CT) of 35 was used as our cutoff cycle, and
the CT value of each target gene (blaCMY-2, blaCTX-M-15, and blaKPC-3) was subtracted from the CT cutoff
value.

Time of ceftiofur addition. To assess how bacterial cultures respond to the time when antibiotic ex-
posure occurs, bacterial strains (DH10B/pMMB207DblaTEM-1::blaCMY-2, DH10B/pMMB207DblaTEM-1::blaCTX-M-15,
DH10B/pMMB207DblaTEM-1::blaKPC-3, and DH10B/pMMB207DblaTEM-1) were incubated overnight at 37°C
with continuous shaking (200 rpm) in a volume of 5 mL LB broth without any antibiotic. Cultures were
diluted to an OD600 of 0.8 and further diluted to 1:10,000 (104 cells) in 5 mL broth. In a 96-well plate,
100 mL of the final dilution was added without any antibiotic. Cultures were incubated for 5 or 8 h
before adding ceftiofur to each well in 2-fold dilutions (from 4 to 256 mg/mL) or with no antibiotic.
Growth curve data were collected every hour (OD600) for 20 h by using an automated turbidimeter
Bioscreen C (cell growth). These experiments were performed with three biological replicates and two
technical replicates, and growth curves were summarized by calculating the area under the curve for
each culture using GraphPad Prism.

Enzyme synthesis. To identify differences in the kinetics of enzyme synthesis, we used similar meth-
ods as described above to generate recombinant CTX-M-15, CMY-2 and KPC-3 expression plasmids with
native promoters, but with the addition of N-terminal FLAG (DYKDDDDK) epitope tags for each enzyme
(see Table S2). Each assembled plasmid was then transformed into E. coli DH10B. A fresh colony of each
construct (DH10B/pMMB207DblaTEM-1::blaCTXM-15-FLAG, DH10B/pMMB207DblaTEM-1::blaCMY-2-FLAG, and
DH10B/pMMB207DblaTEM-1::blaKPC-3-FLAG) was inoculated separately into overnight cultures of 250 mL
LB broth, with each flask containing a different concentration of ceftiofur. Aliquots (1 mL; two technical
replicates) were collected from each flask at four different time points (8, 10, 12, and 16 h after corre-
sponding antibiotic treatments and controls). Collected samples (three biological replicates per strain
and antibiotic concentration) were pelleted by centrifugation at 4,000 � g (4°C for 2 min) in preparation
for Western blotting.

Protein preparations were resuspended in hot 2� sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis (PAGE) sample buffer and transferred to a heat block (95°C for 10 min). Any kD Tris-gly-
cine precast gels (Bio-Rad Laboratories) were used for SDS-PAGE protein separation (1� SDS-PAGE run-
ning buffer, 100 V, 0.31 A, 95-min run time). A Trans-Blot turbo transfer starter system (Bio-Rad
Laboratories) was used to transfer protein onto 0.2-mm nitrocellulose membranes (Bio-Rad
Laboratories). Ponceau S (ThermoFisher Scientific) staining was used to verify protein transfer prior to
the addition of antibodies for protein detection. Anti-FLAG tag primary antibody (1:1,000; ThermoFisher
Scientific) was used with secondary goat anti-mouse antibody (1:5,000; DyLight 488, conjugate) to
detect CTX-M-15, CMY-2, and KPC-3 FLAG-tagged recombinant proteins. Anti-DnaK primary antibody
(1:1,000; ThermoFisher Scientific) was used with secondary goat anti-rat antibody (1:5,000; DyLight 488,
conjugate) to detect DnaK as a control. A ChemiDoc MP imaging system (Bio-Rad Laboratories) was

Emergence of Novel Genes Applied and Environmental Microbiology

August 2022 Volume 88 Issue 15 10.1128/aem.00791-22 13

https://journals.asm.org/journal/aem
https://doi.org/10.1128/aem.00791-22


used to detect fluorescent signals. Image Lab v.4.1 (Bio-Rad Laboratories) was used to collect densitome-
try data.

Recombinant constructs for kinetic studies. To express and purify recombinant CTX-M-15, CMY-2,
and KPC-3 for enzyme kinetics experiments, blaCTX-M-15, blaCMY-2, and blaKPC-3 (minus native promoter)
were inserted into a high-copy-number pET200 TOPO vector without epitope tags. Blunt-end PCR prod-
ucts were generated using primers (see Table S2) with the following PCR conditions: 95°C for 2 min fol-
lowed by 35 cycles of 95°C (30 s), 60°C (for blaCMY-2 and blaKPC-3) or 62°C (for blaCTX-M-15) (25 s), 72°C (40 s),
and a final extension at 72°C for 5 min. Resulting products were cloned into a pET200 TOPO vector fol-
lowing the manufacturer’s recommendations and reagents (ThermoFisher Scientific). Plasmids were
then transformed into chemically competent E. coli Top10 by the heat shock method. A negative con-
trol, no-gene insert pET200 was transformed into a Top10 E. coli strain. Transformants were selected on
LB agar containing kanamycin (100 mg/mL). PCR was used to amplify inserted genes (using DreamTag
green PCR master mix; ThermoFisher Scientific), and PCR products were confirmed by sequencing of
both strands using primers listed in Table S2. Once confirmed, the vectors were extracted using
PureLink Quick plasmid miniprep kit (Invitrogen) following the manufacturer instructions, and these
were then transformed into E. coli BL21(DE3) for overexpression of the enzymes.

Protein expression. E. coli-BL21(DE3) cells containing pET200 with the gene of interest were grown
overnight at 37°C in LB medium containing kanamycin (100 mg/mL). Cultures were diluted 1:100 with fresh
LB medium containing kanamycin (100 mg/mL), grown at 37°C to an OD600 of 0.5, and induced with a final
concentration of 1 mM isopropyl b-D-1-thiogalactopyranoside (IPTG; ThermoFisher Scientific) at 30°C for 18
h. After induction, cells were harvested by centrifugation at 9,600� g for 15 min at 4°C.

Protein purification. Cells were resuspended in lysis buffer containing 20 mM Tris (pH 8.0) and soni-
cated 10 times with 30-s pulses (Branson Ultrasonics model 450 sonifier; Danbury CT). The lysate was
cleared by centrifugation (31,400 � g, 4°C, 60 min). The extract was loaded at 7 mL/min onto an anion-
exchange column (Hiprep diethylaminoethyl [DEAE] sepharose 16/10; GE Healthcare) that had been pre-
viously equilibrated with 20 mM Tris-HCl (pH 8.0). In the first step of purification, the enzymes (CTX-M-15
[48], CMY-2, and KPC-3) were collected in the flowthrough fraction. The enzymes were concentrated
using an Amicron Ultra 15-10 K apparatus down to 10 mg/mL and applied to a preequilibrated hydroxy-
apatite column (Bio-Rad, Hercules, CA) while exchanging the buffer to 5 mM potassium phosphate, pH
6.8. Concentrated protein was applied to a hydroxyapatite column (HA; Bio-Rad) that was preequili-
brated with buffer A (5 mM potassium phosphate, pH 6.8) and then eluted from the column with a linear
gradient of buffer B (500 mM potassium phosphate, pH 6.8). The enzymes of interest were eluted in
50 mM phosphate and concentrated with a centrifugal concentrator (as described above) to 10 mg/mL
before storage at 280°C. The final concentration of protein was determined in a Bradford protein assay
(Bio-Rad Laboratories). SDS-PAGE was used to confirm the purity of the enzymes. Purity of enzymes was
estimated to be .95% based on the single band identified at 31 kDa for CTX-M-15, 37 kDa for CMY-2,
and 32 kDa for KPC-3. All chromatography steps were performed using an ÄKTA FPLC instrument
(Cytiva).

Rates of enzyme degradation. To determine the rates at which CTX-M-15, CMY-2 and KPC-3 de-
grade, single colonies of DH10B/pMMB207DblaTEM-1::blaCTXM-15-FLAG, DH10B/pMMB207DblaTEM-1::blaCMY-2-
FLAG, and DH10B/pMMB207DblaTEM-1::blaKPC-3-FLAG were inoculated overnight into replicate 250-mL LB
broth cultures with either ceftiofur (8 mg/mL) or no antibiotic. Cultures were allowed to grow for 12 h
before kanamycin (100 mg/mL) was added to stop de novo protein synthesis. After 1-mL samples were
collected from each flask, cultures were then incubated at 37°C with continuous shaking (200 rpm), and
1-mL samples were collected every 30 min for the first 2 h and then every 2 h for up to 12 h. Samples
were pelleted by centrifugation (4,000 � g, 4°C, 2 min). Samples were collected from three biological
replicates, and cell pellets were subjected to Western blot analysis as described above. Enzyme densi-
tometry data were normalized by dividing by the densitometry values for matched DnaK data before
being natural log transformed and averaged across replicates. These averages were regressed against
natural log-transformed hours (1 to 10 or 12 h) after addition of kanamycin. Slopes from these models
were then compared (Student’s t test) to test for significant differences in rates of degradation.

Enzyme kinetics. To estimate catalytic efficiency, purified recombinant proteins were retrieved from
the freezer and their purity and condition were reconfirmed by SDS-PAGE. All kinetic measurements
were performed at 37°C. Antibiotic concentrations (0 to 3 mM) were prepared in 50 mM phosphate
buffer, pH 7.0. Hydrolysis of ceftiofur, DFC, DFC-cysteine, DFC-dimer, and ampicillin was determined after
combining 75 mL of purified recombinant enzyme (CTX-M-15, CMY-2, or KPC-3) (final concentration of
10 nM) with antibiotics in 96-well plates and monitoring changes in absorbance due to cleavage of the
b-lactam ring. Monitored wavelengths included 289 nm for ceftiofur, 238 nm for hydrolyzed ceftiofur,
260 nm for DFC, DFC-cysteine, and DFC-dimer, 225 nm for hydrolyzed DFC, DFC-cysteine, and DFC-
dimer, 220 nm for ampicillin, and 212 nm for hydrolyzed ampicillin. The reactions were performed in
triplicate and monitored every 10 s for 30 min. Absorption data were recorded using a Tecan Spark
instrument. The kinetic parameters (kcat and Km) for the hydrolysis of substrates were determined using
the Michaelis-Menten equations (16–18) in GraphPad Prism.

Statistical analysis. For most experiments, we used two technical and at least three biological replicates
(technical replicates were averaged before statistical analyses). To test for fitness costs in the absence of anti-
biotics, we used 15 biological replicates (each with two technical replicates), and AUC values were compared
using a one-way analysis of variance (ANOVA). Normality of the residues was confirmed with Shapiro-Wilk’s
test (passed, P . 0.05), and equality of variances was confirmed with Bartlett’s test (passed, P . 0.05). All
other analyses were performed using one- or two-way ANOVAs (alpha = 0.05) using GraphPad Prism v. 9.3.1.
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Tukey’s honestly significant difference or an uncorrected Fisher’s least significant difference multiple-compari-
son test were used for pairwise comparisons if the overall model was statistically significant.

Data availability. The sequences determined in this project have been deposited with GenBank
under accession numbers ON412782, ON412783, and ON412784.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 3.3 MB.
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