
ANTIMICROBIAL AGENTS AND CHEMOTHERAPY, Apr. 2008, p. 1297–1301 Vol. 52, No. 4
0066-4804/08/$08.00�0 doi:10.1128/AAC.01060-07
Copyright © 2008, American Society for Microbiology. All Rights Reserved.

Convergent In Vivo and In Vitro Selection of Ceftazidime Resistance
Mutations at Position 167 of CTX-M-3 �-Lactamase in

Hypermutable Escherichia coli Strains�

Marina N. Stepanova,1 Maxim Pimkin,1† Anatoly A. Nikulin,1 Varvara K. Kozyreva,1
Elena D. Agapova,2 and Mikhail V. Edelstein1*

Institute of Antimicrobial Chemotherapy, Smolensk, Russia,1 and Regional Children’s Hospital, Irkutsk, Russia2

Received 11 August 2007/Returned for modification 23 September 2007/Accepted 31 December 2007

We report on a novel CTX-M extended-spectrum �-lactamase (ESBL), designated CTX-M-42, with enhanced
activity toward ceftazidime. CTX-M-42 was identified in a hypermutable Escherichia coli nosocomial isolate
(isolate Irk2320) and is a Pro167Thr amino acid substitution variant of CTX-M-3. By molecular typing of
ESBL-producing E. coli strains previously isolated in the same hospital ward, we were able to identify a putative
progenitor (strain Irk1224) of Irk2320, which had a mutator phenotype and harbored the CTX-M-3 �-lactamase.
To reproduce the natural evolution of CTX-M-3, we selected for ceftazidime resistance mutations in blaCTX-M-3
gene in vitro both in clinical isolate Irk1224 and in laboratory-derived hypermutable (mutD5) strain GM2995. These
experiments yielded CTX-M-3Pro167Ser and CTX-M-3Asn136Lys mutants which conferred higher levels of resistance
to ceftazidime than to cefotaxime. CTX-M-3Asn136Lys had a level of low activity toward ampicillin, which may explain
its absence from clinical isolates. We conclude that the selection of CTX-M-42 could have occurred in vivo following
treatment with ceftazidime and was likely facilitated by the hypermutable background.

The CTX-M family of extended-spectrum �-lactamases
(ESBLs) is rapidly growing and currently includes over 60 en-
zymes (http://www.lahey.org/studies/other.asp#table 1). These
enzymes pose a major clinical problem by conferring resis-
tance to expanded-spectrum cephalosporins (4, 6, 23, 29).
Many CTX-M ESBLs confer higher levels of resistance to
cefotaxime (CTX) than to ceftazidime (CAZ). Recently,
however, several CTX-M variants have been reported to
contain point mutations at amino acid position 167 or 240
(Ambler’s numbering scheme [1]) in association with in-
creased CAZ-hydrolyzing activity, which leads to a higher level
of CAZ resistance (2, 3, 5, 8, 21, 22, 25, 27, 28). Substitutions
of these amino acids in CTX-M enzymes have been shown in
both clinical isolates (3, 8, 25, 28) and mutants selected in vitro
by CAZ exposure (10, 22, 24, 30). In recent studies by Karisik
et al. (19) and Novais et al. (24), it has been demonstrated that
mutations at position 167 in CTX-M-3, which lead to increased
CAZ resistance, are readily selected in vitro when mutator host
strains are used. The importance of hypermutability in the evo-
lution of ESBLs and the emergence of new resistance mecha-
nisms among CTX-M producers have also been emphasized pre-
viously (13, 14).

In this study, we report a case of the apparent in vivo evo-
lution of CTX-M-3 in a hypermutable clinical strain of Esch-
erichia coli to CTX-M-42, a Pro167Thr variant of CTX-M-3
conferring higher-level resistance to CAZ. We also reproduced
the natural evolution of CTX-M-3 toward the acquisition of
enhanced CAZ-hydrolyzing activity by in vitro selection exper-
iments with clinical and laboratory-derived mutator strains.

(The results of this study were presented in part at the 45th
Interscience Conference on Antimicrobial Agents and Chemo-
therapy, 2005, Washington, DC, and at the 16th European
Congress of Clinical Microbiology and Infectious Diseases,
2006, Nice, France.)

MATERIALS AND METHODS

Clinical isolates. Clinical E. coli isolates Irk2320 and Irk2322 expressing high-
level CAZ resistance were isolated from intensive care unit patients with noso-
comial pneumonia and an intra-abdominal infection in May and June 2003,
respectively. These isolates were included in the study along with 20 other
nosocomial E. coli isolates that were recovered 1 to 32 weeks earlier in same
ward and that exhibited an ESBL phenotype with lower-level CAZ resistance
than CTX resistance due to CTX-M �-lactamase production. One of the latter
group of isolates, isolate Irk1224, which was isolated in March 2003, was found
to be related to Irk2320 and Irk2322 and to produce a CTX-M-3 �-lactamase.

Susceptibility testing. The MICs of ampicillin, amoxicillin-clavulanic acid (2:
1), CTX, CAZ, ceftriaxone, cefepime, cefotaxime-clavulanic acid, and CAZ-
clavulanic acid (4-�g/ml fixed inhibitor concentration) were determined by the
agar dilution method, according to the guidelines of the CLSI (9).

Resistance transfer by conjugation. Isolates Irk1224, Irk2320, and Irk2322
were mated in broth with E. coli AB1456 Rifr F� (20) to determine the trans-
ferability of the CTX-M-coding plasmids. Transconjugants were selected on
Mueller-Hinton (MH) agar plates containing rifampin (100 �g/ml) and CTX (1
�g/ml).

IEF of �-lactamases. Crude �-lactamase extracts were obtained by the soni-
cation method and were analyzed by isoelectric focusing (IEF) with a PhastSystem
apparatus and precast polyacrylamide gels containing ampholytes (Amersham Bio-
sciences, Piscataway, NJ), as described earlier (11, 18).

Molecular typing. The clonality between Irk2320, Irk2322, and the 20 CTX-
M-producing isolates with low-level CAZ resistance was assessed by arbitrarily
primed PCR (AP-PCR) with primer ERIC1, as described previously (12), and
primers AP7 (5�-GTGGATGCGA-3�), OPA4 (5�-AATCGGGCTG-3�), and
M13 (5�-GAGGGTGGCGGTTCT-3�). The compositions of the reaction mix-
tures and the amplification conditions were the same with each of the primers,
except that the annealing temperatures were 47°C for primers ERIC1 and M13
and 35°C for primers AP7 and OPA4. To aid with the identification of clonally
related isolates, cluster analysis of combined AP-PCR profiles was performed by
using GelCompar software (version 4.1; Applied Maths, Sint-Martens-Latem,
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Belgium) with the Pearson correlation coefficient and the unweighted pair group
method with arithmetic averages algorithm.

The relatedness between isolates Irk1224, Irk2320, Irk2322, and Irk1737
(Irk1737 was included as an unrelated isolate) was further assessed by pulsed-
field gel electrophoresis (PFGE) of XbaI-cleaved genomic DNA with a Gene-
Path group 6 reagent kit and a CHEF Mapper XA system (Bio-Rad Laborato-
ries, Hercules, CA) according to a standard protocol (17).

Plasmid analysis. Plasmid DNA was extracted from isolates Irk1224, Irk2320,
and Irk2322 and their respective transconjugants with a plasmid midi kit
(Qiagen, Hilden, Germany). Undigested plasmids were analyzed by field
inversion gel electrophoresis. The plasmids isolated from the transconjugants
were digested with PvuII, and the digests were analyzed by electrophoresis in
a 1.0% agarose gel.

PCR-based replicon typing of the plasmids was performed with the transcon-
jugants, as described by Carattoli et al. (7).

Determination of mutation rate. The rates of spontaneous mutations to ri-
fampin resistance were determined as described elsewhere (16). Briefly, two
independent colonies of each isolate were inoculated in MH broth tubes and
were incubated with rotary movement at 37°C for 24 h. Different dilutions (100
�l) were then seeded onto MH agar plates with and without rifampin (100
�g/�l). The colonies were counted after 48 h of incubation, and mutation fre-
quency values were estimated as the ratio of the number of rifampin-resistant
colonies to the total number of CFU.

Amplification, cloning, and sequencing of blaCTX-M genes. DNA fragments
containing the entire blaCTX-M gene and the upstream part of ISEcp1, including
the putative promoter region, were amplified by PCR with primers 5�-TGTCT
GGTATAATAAGAATATCATC-3� and 5�-CTATTACAAACCGTCGGTGA
C-3� from the sequences of isolates Irk2320 and Irk1224; ligated into the pCC1
vector (Epicenter Biotechnologies, Madison, WI), which lacks �-lactamase
genes; and cloned into E. coli EPI300 (Epicenter Biotechnologies). Plasmids
isolated from the respective transformants were used as templates in sequencing
reactions with primer M13 and primers specific for an internal fragment of
blaCTX-M. The presence of any nucleotide changes relative to the known
blaCTX-M-3 gene sequence was confirmed by direct sequencing of PCR products
independently amplified from the original strains. Sequencing was performed
with an ABI Prism BigDye Terminator (version 3.1) cycle sequencing kit and an
ABI Prism 310 genetic analyzer (Applied Biosystems, Stafford, TX).

Mutagenesis and selection. In vitro CAZ resistance selection experiments
were conducted with both clinical E. coli isolate Irk1224 and laboratory-derived
hypermutable strain GM2995 (mutD5). The former isolate exhibited a mutator
phenotype (26, 27), showing an increased rate of spontaneous rifampin resis-
tance mutations (1 � 10�5 compared to � 5 � 10�8 for the normomutable
strains [16]). The latter strain lacks the proofreading activity of DNA polymerase
III (as a result of a mutation in the dnaQ gene) and thus confers up to a 105-fold
proportional increase in the rates of occurrence of all common point mutations
(15). Both isolate Irk1224 carrying blaCTX-M-3 on a natural plasmid and GM2995
into which blaCTX-M-3 was cloned in the pCC1 vector were subcultured in MH
broth for 14 to 16 h at 37°C and plated on MH agar containing CAZ at
concentrations of two times the MICs: 64 �g/ml for Irk1224 (CTX-M-3) and 2
�g/ml for GM2995 (CTX-M-3). The mutation frequencies were then determined
as described elsewhere (16). Thirty-two colonies of each strain grown on selective
plates were randomly selected for determination of their susceptibilities to am-
picillin, CAZ, and CTX and characterization of the mutations in the blaCTX-M

genes. The blaCTX-M genes were amplified from CAZ-resistant mutants, cloned

into plasmid pCC1, and sequenced as described above. The resulting plasmids
were introduced into E. coli EPI300 by transformation.

Nucleotide sequence accession number. The nucleotide sequence of the
blaCTX-M-42 gene was deposited in GenBank under accession number
DQ061159.

RESULTS AND DISCUSSION

During a survey of ESBL producers, we identified an E. coli
clinical isolate (isolate Irk2320) which was moderately resistant
to cefotaxime (MIC, 8 �g/ml) but highly resistant to CAZ
(MIC, 128 �g/ml). Notably, this isolate was obtained from a
patient who had been treated with CAZ. Another E. coli iso-
late (isolate Irk2322) with a phenotype of resistance identical
to that of Irk2320 was isolated from another patient in the
same ward 10 days later. By PCR amplification with oligonu-
cleotide primers specific for an internal fragment of blaCTX-M,
both isolates were shown to harbor a CTX-M �-lactamase. IEF
showed the expression of a �-lactamase with an isoelectric
point (pI) of about 8.4, consistent with that of CTX-M-type
enzymes, and revealed an additional �-lactamase of pI 5.4 in
the aforementioned isolates and in Irk1224 (described below).
The latter �-lactamase was identified as TEM-1 by PCR am-
plification of the blaTEM gene and direct sequencing of the
PCR products (data not shown).

In mating experiments, the resistance to CAZ was trans-
ferred from isolate Irk2320 to the recipient E. coli strain at a
frequency of 7 � 10�3. The �-lactam resistance patterns of the
transconjugants (AB1456-Irk2320) resembled the �-lactam re-
sistance pattern of the original isolate (Table 1), and PCR and
IEF demonstrated that the isolates carried only a CTX-M
ESBL. Thus, it appeared that the resistance of Irk2320 to CAZ
was likely mediated by a CTX-M enzyme with an enhanced
activity for CAZ. Direct sequencing of the internal blaCTX-M

gene fragment amplified by PCR from the transconjugants and
clinical isolates Irk2320 and Irk2322 revealed a blaCTX-M-3-like
gene carrying a single point mutation that led to a Pro167Thr
substitution in the deduced amino acid sequence.

On the basis of these initial findings, we hypothesized that
the Pro167Thr mutation could have been acquired by isolate
Irk2320 in vivo following treatment of the patient with CAZ. In
order to verify this hypothesis and to identify a possible pro-
genitor of Irk2320 lacking the mutation in the blaCTX-M gene,
we investigated the genetic relatedness between Irk2320,
Irk2322 and 20 CTX-M-producing E. coli isolates with lower-

TABLE 1. Susceptibilities of E. coli clinical isolates, transconjugants, and transformants

Strain �-Lactamase
(mutation)a

MIC (�g/ml)b

AMP AMC CTX CTX-CLA CAZ CAZ-CLA CRO FEP

Irk1224 CTX-M-3 (WT) �256 32/16 �256 2/4 32 4/4 �256 32
Irk2320 CTX-M-42 (Thr167) �256 16/8 8 0.125/4 128 2/4 8 1
Irk2322 CTX-M-42 (Thr167) �256 16/8 8 0.125/4 128 2/4 8 1
AB14156-Irk2320 CTX-M-42 (Thr167) �256 16/8 8 0.125/4 128 2/4 8 1
EPI300 pCC1-1224 CTX-M-3 (WT) �256 8/4 8 0.06/4 1 0.25/4 4 0.5
EPI300 pCC1-2320 CTX-M-42 (Thr167) �256 8/4 0.5 0.06/4 32 1/4 1 0.25
EPI300 pCC1 None 2 2/1 0.06 0.06/4 0.25 0.25/4 0.06 0.06

a All mutations are indicated relative to the CTX-M-3 amino acid sequence. The numbering of the amino acid residues is according to Ambler’s scheme for class
A �-lactamases (1). WT, wild type.

b AMP, ampicillin; AMC, amoxicillin-clavulanic acid; CTX, cefotaxime; CTX-CLA, cefotaxime-clavulanic acid; CAZ, ceftazidime; CAZ-CLA, ceftazidime-clavulanic
acid; CRO, ceftriaxone; FEP, cefepime.
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level CAZ resistance that had been isolated in the same inten-
sive care unit up to 8 months before the isolation of Irk2320.
Cluster analysis of the combined AP-PCR profiles revealed
that one isolate (isolate Irk1224) was clonally related to iso-
lates Irk2320 and Irk2322. As shown in Fig. 1A, the former
isolate differed from the last two isolates by only two bands in
the ERIC1-PCR profile but shared the same global pattern of
bands obtained with the other three primers. In contrast, the
AP-PCR profiles of other isolates (the profile of one of which,
Irk1737, is shown in Fig. 1 for comparison) were clearly distinct
with all four primers used. To confirm the relatedness between
Irk1224, Irk2320, and Irk2322, PFGE analysis was performed
with DNA from these isolates cleaved with the XbaI endonu-
clease. The PFGE profile of Irk1224 differed by four bands
from the profiles of Irk2320 and Irk2322, which were, in turn,
identical to each other. Nevertheless, the profiles of all three
isolates were substantially similar, having at least 16 common
bands. It is worth mentioning that Irk1224, Irk2320, and
Irk2322 demonstrated an elevated frequency of spontaneous
rifampin-resistant mutants (�1 � 10�5) and were therefore
suggested to be mutators. Taking into account the hypermut-
able phenotype of these isolates and the fact that they were
obtained from different patients over a 3-month period, we
concluded that the observed level of genetic similarity was
consistent with the hypothesis of a common ancestry.

In addition to the similarities of the genomic fingerprints,
analysis of the plasmid contents also supported the relatedness
of the isolates mentioned above and the common origin of the
blaCTX-M genes. Electrophoresis of plasmids isolated from
Irk1224, Irk2320, and Irk2322 and their transconjugants re-
vealed a plasmid of approximately 250 kb in all of them.
Irk1224 was found to carry an additional plasmid of approxi-
mately 150 kb that was lacking in its transconjugant (data not
shown). The 250-kb CTX-M-encoding plasmids belonged to

the IncL/M group, according to PCR replicon typing, and had
identical PvuII restriction profiles (Fig. 2).

A 1,225-bp DNA fragment, which included the complete
blaCTX-M open reading frame and part of the upstream ISEcp1
sequence, was amplified from the DNA of both isolate Irk2320
and isolate Irk1224 and was cloned in the pCC1 single-copy
vector. The sequence of the cloned 1,225-bp DNA fragment
from Irk1224 was identical to the previously published
sequence of blaCTX-M-3 and the 5� adjacent part of ISEcp1
(GenBank accession no. AF550415), while the fragment iso-
lated from Irk2320 contained only the previously identified
single nucleotide mutation that leads to the Pro167Thr substi-
tution in the deduced amino acid sequence. No mutations were
detected in the promoter region of the Irk2320 blaCTX-M. The
respective �-lactamase differing from CTX-M-3 at position 167
was designated CTX-M-42.

The pCC1-Irk2320 and pCC1-Irk1224 plasmids were intro-
duced into E. coli EPI300 by transformation. When they were
expressed in the isogenic background of E. coli EPI300, CTX-
M-3 and CTX-M-42 conferred the “cefotaximase” and “cefta-
zidimase” phenotypes, respectively (Table 1), thus clearly sup-
porting the involvement of the Pro167Thr substitution in the
modification of the substrate profile of the enzyme.

The Pro167Thr substitution was previously detected in
CTX-M-23, which is derived from CTX-M-1 (28). Our study
provides an example of the convergent evolution of CTX-M-3
toward the acquisition of CAZ-hydrolyzing activity. The in vivo
acquisition of the Pro167Thr mutation in CTX-M-42 is
strongly supported by the identification of genetically related
clinical isolates that produced CTX-M-3 and CTX-M-42, re-
spectively, and that were consecutively isolated in the same
hospital unit. It seems likely, although it has not been proven,

FIG. 1. AP-PCR (A) and PFGE (B) patterns of CTX-M-producing
E. coli isolates. Lanes: M1, Saccharomyces cerevisiae marker; M2, bac-
teriophage lambda ladder PFGE standard; 1, E. coli Irk1737; 2, E. coli
Irk1224; 3, E. coli Irk2320; 4, E. coli Irk2322.

FIG. 2. RFLP patterns of PvuII-digested plasmids isolated from
transconjugants. Lanes: M, size standard (a mixture of bacteriophage
lambda BstEII and pUC18 HaeIII digests); 1, E. coli AB1456-Irk1224;
2, E. coli AB1456-Irk2320; 3, E. coli AB1456-Irk2322.

VOL. 52, 2008 CEFTAZIDIME RESISTANCE MUTATION SELECTION IN CTX-M-3 1299



that this mutation arose in a hypermutable E. coli strain and
was selected by CAZ treatment.

To further address this hypothesis we conducted experi-
ments for the in vitro selection of mutations in blaCTX-M-3 gene
supporting elevated CAZ resistance. For the selection of CAZ-
resistant mutants, we used both the original clinical isolate,
isolate Irk1224, and a laboratory-derived mutator strain, strain
GM2995, which had been transformed with pCC1-Irk1224
plasmid DNA. For antibiotic susceptibility testing, the blaCTX-M

genes from CAZ-resistant mutants were recloned into pCC1 and
expressed in E. coli EPI300.

The total frequencies of mutants with CAZ resistance at
least twice the MICs of the original strains were 2 � 10�8 and
2 � 10�6 for isolate Irk1224 and strain GM2995, respectively.
Thirty-two mutants obtained from each strain were selected
and analyzed.

As shown in Table 2, the majority of mutants (mutant type
1) with elevated CAZ MICs also had very high CTX MICs
(�256 �g/ml). The blaCTX-M genes from these mutants con-
tained no changes in the promoter or coding region relative to
the sequence of blaCTX-M-3, as shown by PCR amplification
and sequencing, and conferred the same levels of resistance to
�-lactams when they were cloned and expressed in E. coli
EPI300. Thus, the increased resistance of the first type of
mutant to CAZ was not related to the �-lactamase and most
likely resulted from alterations in outer membrane permeabil-
ity. The selection of such mutants was previously reported by
Ellington et al. in experiments with mutator strains producing
TEM-type �-lactamases (13). Another group of mutants was
characterized by CAZ MICs greater than those of CTX. Of
this group, one and eight clones derived from Irk1224 and
GM2995, respectively, contained a single C3T transition in
the blaCTX-M gene that corresponded to the Pro167Ser substi-
tution in the deduced amino acid sequence. This mutation is
found in the naturally occurring enzymes of the CTX-M-2 and
CTX-M-9 clusters (CTX-M-35 and CTX-M-19) and, as shown
by Welsh et al. (30), can be readily selected with CAZ follow-
ing the in vitro mutagenesis of CTX-M-2. It is interesting to
note that our in vitro experiments as well as similar studies
by other authors (10, 19, 24, 30) yielded only the Pro3Ser
mutation at position 167, whereas a variety of substitutions

at this position have been found in the naturally occurring
CTX-M ceftazidimases (e.g., Thr in CTX-M-23 and CTX-
M-42, Ser in CTX-M-52, and Gln in CTX-M-54). Although
the reason for this remains unclear, it may be at least par-
tially explained by the fact that a nucleotide transition re-
quired for the Pro167Ser substitution is more likely to occur
in almost all types of mutators, including the mutD5 strain
used in our experiments and the mutS strains employed in
the other studies (19, 24).

A single CAZ-resistant mutant (mutant type 3) of Irk1224 was
found to carry a previously unknown substitution, Asn136Lys.
Although this mutation increased the MIC of CAZ, it reduced
the MIC of CTX and, especially, that of ampicillin, which may
explain the absence of this substitution in the CTX-M enzymes
from clinical isolates.

None of the selected mutants contained mutations in the
promoter region of the blaCTX-M gene or in the codon for
Asp240.

In conclusion, we described a new CTX-M variant, CTX-M-
42, which was first detected in an E. coli isolate from a patient
treated with CAZ. CTX-M-42 confers a ceftazidimase pheno-
type and is a Pro167Thr variant of CTX-M-3. By examining
several clinical isolates from the same hospital unit, we have
identified a putative progenitor of the CTX-M-42-carrying iso-
lates that expressed CTX-M-3. We suppose that the mutator
phenotype of these isolates was an important factor in the
emergence of the novel CTX-M variant with increased cefta-
zidimase activity. In addition, we were able to reproduce the
natural evolution of the CTX-M-3 �-lactamase by selecting for
CAZ resistance mutations in blaCTX-M-3 in both clinical and
laboratory-derived hypermutable hosts.

Overall, the data presented in this report suggest that be-
cause of the high risk of resistance selection, CAZ should not
be used for the treatment of infections caused by CTX-M
�-lactamase producers, even when in vitro tests indicate sus-
ceptibility to this drug.
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TABLE 2. Susceptibilities of E. coli clinical and laboratory mutator strains and recombinant clones producing the wild-type
(CTX-M-3) and mutant CTX-M �-lactamases

Strains and selected mutants na �-Lactamase
(mutation)b

MIC (�g/ml)c

Mutator strains E. coli EPI300d

AMP CTX CAZ AMP CTX CAZ

Irk1224 CTX-M-3 (WT) �256 �256 32 �256 8 1
Irk1224 mutant type 1 30 CTX-M-3 (WT) �256 �256 �256 �256 8 1
Irk1224 mutant type 2 1 CTX-M-3 (Ser167) �256 64 �256 128 1 16
Irk1224 mutant type 3 1 CTX-M-3 (Lys136) �256 64 �256 32 1 8
GM2995 pCC1-1224 CTX-M-3 (WT) �256 4 1 �256 8 1
GM2995 pCC1-1224 mutant type 1 24 CTX-M-3 (WT) �256 �256 32 �256 8 1
GM2995 pCC1-1224 mutant type 2 8 CTX-M-3 (Ser167) 128 1 32 128 1 16

a n, number of mutants of each type selected.
b All mutations are indicated relative to the CTX-M-3 amino acid sequence. The numbering of the amino acid residues is according to Ambler’s scheme for class

A �-lactamases (1), WT, wild type.
c AMP, ampicillin; CTX, cefotaxime; CAZ, ceftazidime.
d Susceptibilities of E. coli EPI300 strains carrying the blaCTX-M genes from the respective mutants.
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