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Heteroresistance to antimicrobial agents may affect susceptibility test results and therapeutic success. In this study, we investi-
gated heteroresistance to cephalosporins and penicillins in Acinetobacter baumannii, a major pathogen causing nosocomial in-
fections. Two A. baumannii isolates exhibited heteroresistance to ampicillin-sulbactam, ticarcillin-clavulanic acid, cefepime,
and cefpirome, showing a distinct colony morphology of circular rings within the inhibition halos. Pulsed-field gel electrophore-
sis (PFGE) and outer membrane protein (OMP) analysis demonstrated that subpopulations around the disks/Etest strips and the
original strains all belonged to the same PFGE type and OMP profile. Population analysis profile (PAP) showed the presence of
heteroresistant subpopulations with high cefepime resistance levels in two isolates (008 and 328). Interestingly, A. baumannii
008 contained two peaks: one was grown in the presence of up to 1 ug of cefepime/ml, the other apparently occurred when the
concentration of cefepime was raised to 256 pug/ml. After serial passages without exposure to cefepime, the PAP curve main-
tained the same trend observed for the original strain of A. baumannii 008. However, the PAP curve showed a shift to relatively
lower cefepime resistance (from 256 to 64 ug/ml) in A. baumannii 328 after 10 passages in antibiotic-free Mueller-Hinton agar
plates. Convergence to a monotypic resistance phenotype did not occur. Growth rate analysis revealed that slower growth in re-
sistant subpopulations may provide a strategy against antibiotic challenge. To our knowledge, this is the first report of heterore-

sistance to cephalosporins and penicillins in A. baumannii.

A cinetobacterbaumannii,aGram-negative, glucose-nonfermen-
tative coccobacilli, is a major cause of nosocomial infections
such as bloodstream, urinary tract, and wound infections, and
ventilator-associated pneumonia worldwide (8, 10, 11). Treat-
ment of A. baumannii infection has been challenging because this
pathogen is resistant to multiple classes of antimicrobial agents (8,
10, 11). B-Lactams, including penicillins and cephalosporins, and
fluoroquinolones have poor activity against A. baumannii (8, 10).
Recently, combination therapy has been found to be effective in
treatment of A. baumannii infection (8, 10). However, the increas-
ing incidence of multidrug-resistant (MDR) and pan-drug-
resistant (PDR) A. baumannii isolates leads to limited therapeutic
options (8, 10, 11).

Heteroresistance is defined as the occurrence of antimicrobial
resistance where different subpopulations within a genetically ho-
mogeneous isolate exhibit various susceptibilities to antimicrobial
agents (16, 22). Many studies have reported heteroresistance to
methicillin, daptomycin, or vancomycin in staphylococci and en-
terococci (1, 5, 23), heteroresistance to colistin, carbapenems, or
piperacillin-tazobactam in A. baumannii, Klebsiella pneumoniae,
and Pseudomonas aeruginosa (12—14, 18-21, 24), and heteroresis-
tance to penicillin in Streptococcus pneumoniae (16). This indicates
that this phenomenon is not rare and is considered to be a precur-
sor stage, which may lead to the emergence of a resistant strain (6).
Moreover, heteroresistance is believed to be a strategy of natural
evolution to antimicrobial resistance, since it provides bacteria
with an opportunity to explore growth in the presence of antibi-
otics before the acquisition of resistance by the major proportion
of the microbial population (6, 16). Heteroresistance generates
diagnostic and therapeutic problems; therefore, careful interpre-
tation of susceptibility results from disk or Etest methods is man-
datory in order to prevent misreporting and treatment failure.
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In the present study, we found two A. baumannii isolates ex-
hibiting heteroresistance to ampicillin-sulbactam, ticarcillin-
clavulanic acid, cefepime, and cefpirome. They showed a distinct
colony morphology of a circular ring within the inhibition halos.
Based on our knowledge, this is the first report of heteroresistance
to cephalosporins and penicillins in A. baumannii.

MATERIALS AND METHODS

Brief clinical history. Patient A, a 59-year-old woman with lung cancer,
was admitted to the intensive care unit and received mechanical ventilator
support for progressive respiratory failure. Cefotaxime and then cefepime
plus levofloxacin were administered for community-acquired pneumo-
nia. On day 15 of hospitalization, empirical imipenem was given for per-
sistent sepsis. Ten days later, PDR A. baumannii (AB328) was isolated
from the sputum, which was considered as airway carrier. On the next day,
vancomycin-resistant Enterococcus was isolated from the urine. PDR A.
baumannii with the same antibiogram as the previous strain was cultured
from the sputum on days 31 and 36. On day 52, she was transferred to the
respiratory care center with clinical and microbiological resolution with-
out ventilator support.

Patient B, a 42-year-old woman, was admitted to the neurological
ward due to basilar artery occlusion. Fever appeared on the second day of
hospitalization, and cefotaxime plus vancomycin were administered. On
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day 6, A. baumannii was isolated from the sputum. The strain was suscep-
tible to ampicillin-sulbactam, gentamicin, ciprofloxacin, co-trimoxazole,
ceftazidime, cefepime, cefpirome, imipenem, and meropenem and resis-
tant to piperacillin. On day 12, she was intubated for ventilatory support
because of progressive respiratory distress and then was transferred to the
intensive care unit. On day 14, oxacillin-resistant Staphylococcus aureus
and a strain of A. baumannii (AB008) resistant to ampicillin-sulbactam,
ticarcillin-clavulanic acid, cefepime, and cefpirome was cultured from the
sputum. The strain of A. baumannii was considered as pathogen for
ventilator-associated pneumonia and cultured from the sputum on day
16, which showed additional resistance to gentamicin, ciprofloxacin, co-
trimoxazole, and ceftazidime. Meropenem was given, and this patient had
no recurrence of A. baumannii during hospitalization. She was subse-
quently transferred to a general care ward and then discharged on day 34.

Bacterial isolates. Two A. baumannii isolates with heteroresistance to
cephalosporins and penicillins were collected between December 2010
and January 2011 from the Department of Pathology, National Cheng
Kung University Hospital, Tainan, Taiwan. These strains obtained from
sputum were identified by colony morphology, Gram stain, biochemical
tests, and the Vitek 2 system (bioMérieux, Marcy I'’Etoile, France). The
reference strain A. baumannii ATCC 19606 was purchased from the
American Type Culture Collection (Manassas, VA).

Antimicrobial susceptibility testing. Susceptibility to ampicillin-
sulbactam, cefepime, and cefpirome for A. baumannii isolates was deter-
mined by the disk diffusion, agar dilution, and Etest methods on Mueller-
Hinton agar based on the Clinical and Laboratory Standards Institute (CLSI)
guideline (2, 3). Escherichia coli ATCC 25922 was used as the quality control
strain. The resistance breakpoints for these antimicrobial agents were deter-
mined according to the recommendations of the CLSI (4).

PFGE. Pulsed-field gel electrophoresis (PFGE) of Apal-digested genomic
DNA samples of A. baumannii isolates was carried out with a CHEF Mapper
XA apparatus (Bio-Rad Laboratories, Hercules, CA) according to the instruc-
tion manual. PFGE patterns were interpreted in accordance with the criteria
of Tenover et al. (25).

Population analysis profiles (PAP). Bacteria were inoculated into 5
ml of Mueller-Hinton broth (BBL Microbiology Systems) and incubated
overnight at 37°C. Overnight cultures were diluted in 1X phosphate-
buffered saline (pH 7.4), and 100 ul (~10® CFU) was spiral plated on
Mueller-Hinton agar plates containing cefepime (Sigma Chemical Co., St.
Louis, MO) concentrations ranging from 0 to 1,024 pg/ml or 0 to 512
pg/ml, respectively. A 107° dilution of the culture was spread onto
Mueller-Hinton agar plates without antibiotic for determination of CFU/
ml. Colonies were counted after 48 h of incubation at 37°C. The analysis
was conducted in three replicates, and A. baumannii ATCC 19606 was
used as the control.

PAP for the stability of homogeneously resistant population. PAP
for the homogeneously resistant population (HOM*) were performed as
previously described (16, 26). Single colonies, called HOM*1, were se-
lected from agar plates containing the highest cefepime concentrations at
which bacterial growth was detectable. These colonies were subcultured
for 10 passages on Mueller-Hinton agar plates without antibiotics and
frozen at —80°C until PAP analysis to test the stability of cefepime resis-
tance.

Growth rate analysis. Bacteria were inoculated into 5 ml of Mueller-
Hinton broth and incubated overnight at 37°C. Overnight cultures of A.
baumannii strains were diluted 1:100 in Mueller-Hinton broth, and
growth curves were performed in triplicate, incubating the cultures for 10
h at 37°C with shaking at 200 rpm. Bacterial growth was monitored by
measuring the optical density of the culture at 600 nm.

OMP analysis. Bacterial outer membrane proteins (OMPs) were iso-
lated and separated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) using SDS-10% PAGE with 6 M urea (7). Purified
OMPs were obtained by treatment of the cell envelopes with 2% sodium-
N-lauryl sarcosinate (Sigma Chemical Co.). A. baumannii ATCC 19606
was used as the control.
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DNA isolation, PCR amplification, and direct sequencing. Total
DNA of A. baumannii was extracted and suspended in 500 ul of 1X
Tris-EDTA buffer. Cell suspensions were transferred to boiling water for
20 min. Cell debris was removed by centrifugation, and 2 ul of superna-
tant was used as a source of template DNA in a 50-ul PCR. Strains were
analyzed for B-lactamase genes (blacrx v blaoxa> blagry, and blaqgy,),
using the primers described previously (27, 28). The purified PCR prod-
ucts were directly sequenced using the automated ABI Prism 3730 DNA
sequencer (Applied Biosystems, Foster City, CA).

RESULTS

Antimicrobial susceptibility test of A. baumannii strains. Two
A. baumannii isolates, 008 and 328, showing heteroresistance to
ampicillin-sulbactam, ticarcillin-clavulanic acid, cefepime, and
cefpirome, collected from 2010 to 2011 were investigated. Both
the disk diffusion and the Etest results showed unusual pheno-
types in these two isolates (Fig. 1). A large number of resistant
subpopulations were observed in the inner zone of inhibition,
around the disks and Etest strips, with an ampicillin-sulbactam,
cefepime, and cefpirome MIC of >256 ug/ml (Fig. 1). The same
results were obtained when the assay was repeated two to three
times by selecting the inner and outer colonies and retesting the
ampicillin-sulbactam, cefepime, and cefpirome disk diffusion
tests. MICs remained in these ranges, and a subpopulation of re-
sistant isolates also grew around the disks and Etest strips.

The in vitro activities of antimicrobial agents against A. bau-
mannii isolates are presented in Table 1. A. baumannii 328 was
resistant to all of the tested antimicrobial agents; in contrast, the
susceptibility to antimicrobials differed among different isolates
in A. baumannii 008. The original isolates (days 6 and 12) were
susceptible to ampicillin-sulbactam, cefepime, and cefpirome and
intermediate to ticarcillin-clavulanic acid. However, heteroresis-
tance to these agents in A. baumannii 008 was detected after 2 days
(day 14). This strain was resistant to almost all of the tested agents
on day 16, except for imipenem and meropenem (Table 1).

PFGE and OMP profiles and analysis of 3-lactamase genes in
A. baumannii strains. Two A. baumannii isolates, compared to
their subpopulations from around the Etest strips and the original
strains, all belonged to the same PFGE type and OMP profiles (Fig.
2). The original isolates (A. baumannii 008 and 328) and their
subpopulations around the Etest strips did not carry blacrx o
blagyyy, or blapgy,. Only blagy_;, was found in an A. baumannii
328 isolate. However, both heteroresistant populations of A. bau-
mannii 328 showed identical DNA sequences of blagy 5.

PAP for A. baumannii strains. PAP confirmed the presence of
heteroresistant subpopulations with high cefepime resistance lev-
els in A. baumannii isolates 008 and 328 (Fig. 3). Interestingly, an
atypical profile was observed in A. baumannii 008: colonies disap-
peared in the presence of cefepime at 4 to 32 ug/ml and appear
again at cefepime concentrations of =64 ug/ml. Moreover, A.
baumannii 328 also contained highly resistant subpopulations
that grew in the presence of up to 128 g of cefepime/ml.

PAP for the stability of HOM* of A. baumannii isolates. The
stability of the heteroresistant phenotypes in A. baumannii isolates
008 and 328 was investigated. PAP of HOM*3, HOM*5, and
HOM*10 strains showed the same trend as that observed for the
original strain of A. baumannii 008, which indicates the heterore-
sistance is stable even without exposure to cefepime for several
passages (Fig. 4A). With A. baumannii 328, after 10 passages in
antibiotic-free Mueller-Hinton agar plates, the PAP curve showed
a shift to relatively lower cefepime concentrations (from 256 to 64

Journal of Clinical Microbiology


http://jcm.asm.org

Heteroresistance in Acinetobacter baumannii

FIG 1 Characteristics of heteroresistant A. baumannii strains in penicillin and cephalosporin disk and Etest susceptibility tests. The initial MICs of A. baumannii
008 (A) and A. baumannii 328 (B) to ampicillin-sulbactam (AB; SAM), cefepime (PM; FEP), and cefpirome (CR; CPO) are shown. Heteroresistance to these
antimicrobial agents was detected by the disk diffusion and Etest methods, respectively.

png/ml). However, the overall shape of PAP curves was maintained
(Fig. 4B).

Growth rate analysis of A. baumannii strains. Growth curves
among ATCC 19606, A. baumannii 008, and A. baumannii 328
revealed that all of the tested strains displayed slower growth in the
presence of 1 ug of cefepime/ml compared to strains without ex-
posure to cefepime (Fig. 5A). Small colony size was observed in
heteroresistant subpopulations of A. baumannii 008 and A. bau-
mannii 328 growing on Mueller-Hinton agar plates containing
=64-ug/ml concentrations of cefepime. However, these sub-
populations did not grow more slowly than the original isolates
when cultured in Mueller-Hinton broth without cefepime (Fig.
5B and C). Growth curves showed obviously slower growth
among heteroresistant subpopulations that were repeatedly ex-

TABLE 1 In vitro activity of antimicrobial agents against
A. baumannii isolates”

A. baumannii 008 at day: A baumannii

328

,_.
o
—
=~
—
o

Antibiotic

Ampicillin-sulbactam
Piperacillin
Piperacillin-tazobactam
Ticarcillin-clavulanic acid
Co-trimoxazole
Gentamicin
Ciprofloxacin
Ceftazidime

Cefepime

Cefpirome

Imipenem

Meropenem

[ oI R e R o R I N o R - v B ol o))
DL YLD D= W»
[ R R N Rl R
LRI R IR RIA
TIIIIRIRRRII IR

“ S, susceptible; I, intermediate; R, resistant.
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posed to 64 or 128 ug of cefepime/ml compared to subpopula-
tions without exposure to cefepime (Fig. 5B and C).

DISCUSSION

Heteroresistance was first demonstrated in S. aureus to methicillin
(23) and has been reported in Gram-positive bacteria to dapto-
mycin, vancomycin, or penicillin (1, 5, 16) and in Gram-negative
bacteria to colistin, carbapenems, and piperacillin-tazobactam
(12-14, 18-21, 24). The present study investigated the heterore-
sistance to cephalosporins and penicillins in two A. baumannii
isolates. A phenotype of heteroresistance was a distinct colony

kDa
120

86
47

34

26

FIG 2 PFGE and bacterial OMP profiles of A. baumannii isolates. (A) Lanes:
M, lambda ladder; 1 and 2, cefepime-resistant and -susceptible A. baumannii
008 isolates; 3 and 4, cefepime-resistant and -susceptible A. baumannii 328
isolates. (B) Lanes: M, protein molecular mass marker; 1, A. baumannii ATCC
19606; 2 and 3, cefepime-resistant and -susceptible A. baumannii 008 isolates;
4 and 5, cefepime-resistant and -susceptible A. baumannii 328 isolates.
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FIG 3 Population analysis profiles (PAP) for A. baumannii strains. Cefepime
was used to select subpopulations with higher resistance levels.

type: a circular ring within the inhibition halos around disks and
Etest strips, which was not seen before.

Heteroresistance exhibits a resistance phenotype due to the
presence of mixed populations of drug-resistant and -susceptible
organisms in a genetically homogeneous isolate (1, 16, 22). These
heteroresistant isolates were originally susceptible in vitro to low
concentrations of antimicrobial agents and subsequently yielded
heteroresistance after exposure to the agents (1). Both of our pa-
tients were treated with third generation cephalosporins during
hospitalization, and this might be the reason a heteroresistant sub-
population to cephalosporins arose in these patients.

The most prevalent mechanism of B-lactam resistance in A.
baumannii is enzymatic degradation by -lactamases such as car-
bapenemases, including metallo-B-lactamases (IMP, SIM, and
VIM) and the serine oxacillinases (OXA) (10, 11). These confer
high-level resistance to carbapenems and all other 3-lactams, with
the exception of aztreonam (10, 11). A wide range of extended
spectrum f3-lactamases, including CTX-M, SHV, and TEM, also
have been described (11). A. baumannii 008 did not carry
B-lactamase genes that we detected; A. baumannii 328 presented
only OXA-72. However, both heteroresistant populations of A.
baumannii 328 revealed identical sequences of OXA-72. Loss of
OMPs also may be involved in B-lactam resistance in A. bauman-
nii (11). Two of our A. baumannii isolates, compared to their
genetically homogeneous subpopulations, shared the same OMP
profiles. Therefore, the exact mechanisms contributing to hetero-
resistance to cephalosporins and penicillins in A. baumannii still
need to be determined.

Antibiotic-dependent growth was originally described by
Miller and Bohnhoff, who showed that a meningococcus vari-
ant requires streptomycin for its growth (15). Streptomycin-
dependent growth was also observed in Bacillus subtilis, Esche-
richia coli, Haemophilus influenzae type b, Mycobacterium ranae,
and Pseudomonas aeruginosa (17, 29). Vancomycin-dependent
enterococci were subsequently isolated (9). These differ from the
usual antibiotic-resistant variants in that the antibiotic-dependent
variant grows only in the presence of antibiotic. In the present
study, PAP analysis showed the growth at a particular dose range
of cefepime and ampicillin in A. baumannii 008 (Fig. 3), suggest-
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FIG 4 PAP for the stability of homogeneously resistant population (HOM*)
of A. baumannii isolates with heteroresistance to cefepime. HOM*3, HOM*5,
and HOM*10 of A. baumannii 008 (A) and A. baumannii 328 (B) are strains
derived from the plate with the highest cefepime concentration showing bac-
terial growth, and passaged 3, 5, and 10 times on Mueller-Hinton agar plates
without antibiotics before PAP, respectively.

ing the presence of antibiotic dose-dependent heteroresistance in
this isolate. However, the exact regulated mechanism needs to be
further investigated.

Colonies that grew in the presence of the highest carbapenem
concentration exhibited carbapenem MICs that were similar
to those of the native isolates after seven daily subcultures in
antibiotic-free medium (12, 21). High-level cefepime-resistant
subpopulations of our two A. baumannii strains collected from
isolates (HOM*) were stable and retained their high-level resis-
tance trait upon repeated passages in medium without cefepime.
The cefepime MICs of strains from the different passages of
HOM* subcultures in cefepime-free medium were similar to their
parental strains. This implies that heteroresistance may be in-
duced by the antibiotic treatment; however, this phenotype can be
maintained without antibiotic pressure in A. baumannii.

One of the characteristics in heteroresistance subpopulations
was heterogeneity in colony size; however, MIC values and PAP
did not differ between small and large colonies (16). Our resistant
subpopulations exhibited a small colony size when grown on

Journal of Clinical Microbiology


http://jcm.asm.org

12
—e— ATCC 19606
—O— ATCC 19606 + FEP 1
1.0 | —»— ABOO8
—o— ABO0S + FEP 1
—=— AB328
084 | —O— AB328 + FEP 1

0OD600

0.4

0.2

Hour

—e— ABO008

1.24| —O0— ABO008 FEP 64
—w— ABOO8 FEP 64 + FEP 64
—v— ABO008 FEP 128

1.0 | —m— ABO08 FEP 128 + FEP 128

0.8

0OD600

0.4+

0.2

1.2
—e— AB328
—O— AB328 FEP 32
1.04 | —»— AB328 FEP 32 + FEP 32

—v— AB328 FEP 64
—&— AB328 FEP 64 + FEP 64

0.8 1

0.6

0OD600

0.4+

0.2

P

0 1 2 3 4 5 6 7 8 9 10
Hour

FIG 5 Growth rate analyses of A. baumannii strains. (A) ATCC 19606, A.
baumannii 008, and A. baumannii 328 were challenged with or without 1 ug of
cefepime/ml. A. baumannii 008 (B), A. baumannii 328 (C), and its resistant
subpopulations (growth on Mueller-Hinton agar plates containing 64 and 128
g of cefepime/ml, respectively) were challenged with or without 64 or 128 ug
of cefepime/ml.
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Mueller-Hinton plates containing cefepime concentrations of 64
pg/ml and higher. Growth rate analysis revealed that these strains
with small colony sizes showed slower growth when repeatedly
exposed to cefepime. It indicates that slower growth in resistant
subpopulations may provide a strategy against antibiotic chal-
lenge.

Appearance of heteroresistance to cephalosporins and penicil-
lins in A. baumannii isolated from our patients with airway colo-
nization and ventilator-associated pneumonia, respectively, did
not affect the clinical outcome. Combination therapy involving
extended-spectrum penicillins (ampicillin and ticarcillin), broad-
spectrum cephalosporins (ceftazidime and cefepime), or carbap-
enems (imipenem, meropenem, and doripenem) and aminogly-
cosides (amikacin and tobramycin) have been reported to be
effective in treatment of A. baumannii infection (8, 10). Therefore,
due to the presence of heteroresistance to cephalosporins and
penicillins in A. baumannii subpopulations, one might choose
carbapenems for treatment of A. baumannii infections. However,
the similar but unknown mechanism for development of hetero-
resistance to cephalosporins and penicillins might also induce het-
eroresistance to carbapenem, which will result in treatment failure
of A. baumannii infections and increase morbidity and mortality
(12, 18, 22).

In conclusion, two A. baumannii isolates showed heteroresistance
to ampicillin-sulbactam, ticarcillin-clavulanic acid, cefepime, and
cefpirome. To our knowledge, this is the first report of heteroresis-
tance to cephalosporins and penicillins in A. baumannii.
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