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Health care-associated infections present a major threat to modern medical care. Six worrisome nosocomial pathogens—Entero-
coccus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Entero-
bacter spp.—are collectively referred to as the “ESKAPE bugs.” They are notorious for extensive multidrug resistance, yet persis-
tence, or the phenotypic tolerance displayed by a variant subpopulation, remains underappreciated in these pathogens.
Importantly, persistence can prevent eradication of antibiotic-sensitive bacterial populations and is thought to act as a catalyst
for the development of genetic resistance. Concentration- and time-dependent aminoglycoside killing experiments were used to
investigate persistence in the ESKAPE pathogens. Additionally, a recently developed method for the experimental evolution of
persistence was employed to investigate adaptation to high-dose, extended-interval aminoglycoside therapy in vitro. We show
that ESKAPE pathogens exhibit biphasic killing kinetics, indicative of persister formation. In vitro cycling between aminoglyco-

side killing and persister cell regrowth, evocative of clinical high-dose extended-interval therapy, caused a 37- to 213-fold
increase in persistence without the emergence of resistance. Increased persistence also manifested in biofilms and provided
cross-tolerance to different clinically important antibiotics. Together, our results highlight a possible drawback of intermittent,
high-dose antibiotic therapy and suggest that clinical diagnostics might benefit from taking into account persistence.

he discovery of antibiotics is commonly regarded as one of the

greatest medical breakthroughs of the previous century. In-
deed, modern medical care strongly relies on antibiotics for effi-
cient prophylaxis and treatment of bacterial infections. However,
due to widespread antimicrobial resistance, an imminent postan-
tibiotic era threatens to nullify this achievement (1). Particularly
in hospitals, clinicians are running out of treatment options for
infections with antimicrobial-resistant pathogens from the
ESKAPE group (Enterococcus faecium, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa, and Enterobacter spp.) (2—4). ESKAPE pathogens rank
among the most prevalent causative agents in common health
care-associated infections, such as pneumonia, surgical site infec-
tion, urinary tract infection, and bloodstream infection (5). De-
spite concerted efforts targeted at these organisms, few novel an-
timicrobials have been reported, and therapeutic options remain
scarce (6, 7).

In addition to the well-documented burden of antibiotic resis-
tance on health care (8), phenotypic tolerance, mainly caused by
specialized survivor cells called persisters (9), is emerging as an
important factor complicating treatment of numerous infections
(10-12). Free-living persisters are normally killed by the host im-
mune system, but when they are shielded from immune compo-
nents, as is the case in biofilms, or when the host lacks a competent
immune response, persisters can reinitiate infection when antibi-
otic therapy is ceased (13). Indeed, in many chronic and recalci-
trant infections, the causative agents are clearly drug susceptible
yet impossible to eradicate (10). For example, P. aeruginosa iso-
lates from recalcitrant lung infections in cystic fibrosis patients
treated with long-term intermittent inhaled tobramycin show
hardly any increase in MICs (14). In contrast, selection for in-
creased persister fractions under such conditions has been re-
ported (15). Likewise, S. aureus is often involved in chronic cystic
fibrosis lung infections, as well as persistent device-associated in-
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fections (16). E. faecium, P. aeruginosa, and K. pneumoniae are also
commonly isolated from infected medical devices (17), and bio-
film-associated chronic wound infections are often colonized with
S. aureus, P. aeruginosa, Enterococcus spp., and Enterobacter cloa-
cae (18). Apart from directly complicating antibiotic therapy, it
has also been argued that persisters constitute an evolutionary
reservoir from which drug-resistant variants can emerge (19, 20).

Evidently, a better understanding of persistence is required to
increase the effectiveness of existing and future antibiotic com-
pounds. In recent years, awareness of the clinical importance of
persistence has grown, research efforts have increased, and conse-
quently, important mechanistic and other insights have been gen-
erated (21-23). For example, a central role for the stringent re-
sponse and toxin-antitoxin modules in Escherichia coli persistence
has emerged (22, 24), and similar mechanisms seem to be impli-
cated in the persistence of P. aeruginosa (25) and Salmonella en-
terica serovar Typhimurium (26). Additionally, a mechanism for
persister formation based on the depletion of ATP levels was re-
cently described in S. aureus (27). However, it remains unclear to
what extent these findings can be extrapolated to other Gram-
negative or Gram-positive pathogens. Overall, many questions on
the molecular mechanisms and the adaptive nature of persistence
remain (28).
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The objective of the present study was to demonstrate persister
formation in the ESKAPE pathogens. We focused on aminoglyco-
sides, which were only last-resort antibiotics in the past 30 years
due to toxicity concerns and low oral availability, meaning that
resistance to these antibiotics has not yet reached the high levels
seen with antibiotics from other classes (29). Consequently, and
with the help of new dosing regimens to limit toxicity, aminogly-
cosides now play an important role in the treatment of infections
with multidrug-resistant ESKAPE pathogens (29). Following a re-
cent report of fast selection for extremely high persister levels in E.
coli upon repeated rounds of lethal antibiotic dosing (30), we ad-
ditionally investigated the evolutionary response of ESKAPE
pathogens to conditions of periodic, high-dose antibiotic stress.
In summary, our results show that all ESKAPE pathogens form
persisters and that increased persistence but not resistance is
highly selected for under extended-interval antibiotic administra-
tion. Furthermore, the high-persistence phenotypes of evolved
ESKAPE pathogens are also valid in a biofilm model and extend-
able to different clinically important antibiotics.

MATERIALS AND METHODS

Bacterial strains, culture conditions, and antibiotics. The bacterial
strains used in this study were P. aeruginosa PA14, S. aureus ATCC 33591,
A. baumannii NCTC 13423, K. pneumoniae ATCC 13883, Enterobacter
aerogenes ATCC 13048, and E. faecium LMG 8148. All species were rou-
tinely grown in Mueller-Hinton broth (MHB) or on lysogeny broth (LB)
agar at 37°C. Liquid cultures were incubated with orbital shaking at 200
rpm. Biofilms were grown statically for 24 or 48 h from 1:100-diluted
overnight cultures on hanging pegs for P. aeruginosa, A. baumannii, and E.
aerogenes (31) or on the bottom of flat-well non-tissue-culture-treated
microplates for S. aureus, K. pneumoniae, and E. faecium (32), reflecting
the motility or nonmotility and the corresponding in vitro biofilm forma-
tion characteristics of these species. Motile bacteria readily form biofilms
at the air-liquid interface of immersed pegs, while nonmotile organisms
typically form biofilms at the bottom of microplate wells (32).

Amikacin was purchased as a powder from Thermo Scientific. Genta-
micin, tobramycin, ciprofloxacin, colistin, and rifampin were purchased
as powders from Sigma-Aldrich. Antibiotic stock solutions were prepared
in ultrapure water, sterilized by filtration (pore size, 0.2 um), and stored at
4°C (gentamicin), —80°C (meropenem), or —20°C (all others) for a max-
imum of 1 month before use. A rifampin stock solution was made in
dimethyl sulfoxide (DMSO). Vancomycin was purchased as a ready-
made, sterile 100-pg/ml DMSO solution from Sigma-Aldrich and stored
at —20°C.

MIC determination. MICs were determined using the microdilution
method (33). Briefly, an overnight culture was diluted to an inoculum of
approximately 5 X 10> CFU/ml in MHB and incubated with a 2-fold
antibiotic concentration range for 16 to 20 h. The optical density was
measured at 595 nm, and the lowest concentration inhibiting growth was
reported to be the MIC.

Time- and concentration-dependent killing experiments. Single col-
onies were inoculated in 5 ml of MHB and grown overnight. This culture
was subsequently diluted 1:100 in 100 ml of fresh medium in an Erlen-
meyer flask. After 16 h, the initial cell number was determined by plating
using an automated spiral plater (EddyJet spiral plater; IUL Instruments)
and colony counter (Flash&Go automated colony counter; TUL Instru-
ments). Aliquots of 1 ml were incubated (37°C, shaking) in glass tubes in
the presence of the desired concentration of amikacin or gentamicin.
After incubation, the antibiotic was removed by washing with MgSO,
solution (10 mM), and the number of surviving cells was determined by
plating. For concentration-dependent kill curves, the following concen-
trations of antibiotics were applied for 5 h: 10, 20, 50, 100, 200, 400, and
800 pg/ml. For time-dependent kill curves, cultures were incubated with
400 pg/ml of antibiotic for 0.5, 1, 2, 3, 5, 8, 12, and 24 h.
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Evolution experiments. All evolution experiments were founded
from an independent clone. A preculture was grown overnight in 5 ml
MHB and subsequently diluted 1:100 in 100 ml fresh MHB. This culture
was incubated overnight (16 h) to start the first cycle of the evolution
experiment. Each cycle consisted of three phases: (i) antibiotic killing for
5 h, (ii) removal of the antibiotic and transfer to fresh medium, and (iii)
batch growth to stationary phase (34). Antibiotics were removed by three
washing steps with MgSO,, solution (10 mM). Cultures were maintained
in 100 ml MHB in Erlenmeyer flasks throughout, except during antibiotic
treatment, which was carried out in 1-ml volumes in glass tubes. For S.
aureus, E. aerogenes, and E. faecium, each cycle took 24 h. For P. aerugi-
nosa, A. baumannii, and K. pneumoniae, we noted difficulties in regrowth
to stationary phase within 24-h cycles. Therefore, we opted to use 48-h
cycles for these species instead, extending only the duration of batch
growth after treatment, and under these conditions, growth until station-
ary phase was consistently observed within each cycle. Gram-negative
species were evolved using amikacin (400 pg/ml). Because amikacin was
ineffective at killing Gram-positive pathogens, these were evolved using
gentamicin (400 wg/ml) instead. After nine cycles, evolution experiments
were terminated and glycerol stocks from endpoint populations were pre-
pared and kept at —80°C.

Planktonic and biofilm persistence assays. Persistence assays were
carried out as described above for the time-kill experiments using a fixed
treatment duration of 5 h and antibiotics at the following concentrations:
amikacin and gentamicin, 400 pg/ml; ciprofloxacin and levofloxacin, 30
pg/ml; meropenem, rifampin, and colistin, 100 p.g/ml; and vancomycin,
200 pg/ml. These concentrations always correspond to at least six times
the MIC for the least susceptible species, except for A. baumannii, which is
levofloxacin resistant and which was treated with 3.75 times the levofloxa-
cin MIC. For cell wall-acting agents (meropenem and vancomycin), sta-
tionary-phase cultures were diluted 1:10 in fresh medium before adding
antibiotics. For the quantification of persisters in biofilms, initial cell
numbers were determined by washing the biofilms with phosphate-buff-
ered saline (PBS), dislodging adherent cells in MHB—0.5% Tween 20 by
gentle sonication (10 min), diluting in phosphate-buffered saline, and
plating. The number of persisters in the biofilm was determined by trans-
ferring intact, washed biofilms to spent medium containing antibiotics.
Spent medium was prepared separately for each strain by filter steriliza-
tion (pore size, 0.2 um) of stationary-phase cultures. After treatment, the
biofilms were washed in PBS and adherent cells were dislodged, diluted,
and plated out as described above. To more closely mimic the conditions
experienced during the evolution experiment, the incubation time before
initiating antibiotic treatment was adjusted to 40 h instead of 16 h for
planktonic tests and 48 h instead of 24 h for biofilm assays for species
evolved in 48-h cycles.

Statistics. All statistical calculations were done on log, ,-transformed
data using GraphPad Prism (version 6.0) software. When the number of
surviving cells was near the detection limit, some replicates yielded zero
colonies from the lowest dilution. When this was the case, a value of half
the detection limit was assigned and used for statistical calculations. Wild-
type and evolved strain persister fractions for different antibiotics were
analyzed using a repeated-measure two-way analysis of variance
(ANOVA) and Sidék post hoc testing (significance level, a = 0.05). Biofilm
persister levels for wild-type and evolved strains were compared using
unpaired, two-tailed # tests (a = 0.05).

RESULTS

Persistence in the ESKAPE pathogens. First, we assessed the sus-
ceptibilities of the ESKAPE pathogens to three commonly used
aminoglycoside antibiotics: amikacin, gentamicin, and tobramy-
cin (Table 1). According to the most recent clinical breakpoint
values defined by the European Committee on Antimicrobial Sus-
ceptibility Testing (EUCAST; clinical breakpoints, version 5.0,
available at http://www.eucast.org), S. aureus ATCC 33591 is clin-
ically resistant to amikacin at a breakpoint of an MIC of >16
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TABLE 1 Overview of MICs for wild-type strains and evolved high-persistence clones of the ESKAPE pathogens

MIC” (g/ml)

ESKAPE AMK GEN TOB MEM CIP LEV RIF CST VAN

pathogen wt hip wt hip  wt hip  wt hip wt hip wt hip  wt hip wt hip wt hip
P.aeruginosa 1 1 1 ND 05 05 1024 0512 0032 0032 ND ND ND ND 0.5 05 ND ND
S. aureus 32 ND 2 2 512 512 16" 16" 0.5 2 025 05 0.008 0008 ND ND 05 05
A. baumannii 4 2 >256 ND 2 1 4096 2048 >32 >32 8 8 ND ND 05 05 ND ND
K. pneumoniae 1 2 0125 ND 05 05 025 025 0128 0128 ND ND ND ND 2 2 ND ND
E. aerogenes 4 4 0.5 ND 2 1 1.024 1024 0064 0032 ND ND ND ND 1 1 ND ND
E. faecium 8" ND §° 8 64°  64°  2.048" 2.048" 8 8 2 2 0.008" 0.008® ND ND 05 0.5

“ Bold values indicate clinical resistance according to EUCAST guidelines (clinical breakpoints, version 5.0, available at http://www.eucast.org). Abbreviations: AMK, amikacin;
GEN, gentamicin; TOB, tobramycin; MEM, meropenem; CIP, ciprofloxacin; LEV, levofloxacin; RIF, rifampin; CST, colistin; VAN, vancomycin; wt, wild type; hip, high-persistence

clone; ND, not determined.
¥ No breakpoints have been defined.

¢ EUCAST defines no aminoglycoside breakpoints for enterococci but instead classifies strains as having either low- or high-level intrinsic resistance to aminoglycosides on the basis
of their gentamicin MICs. The aminoglycoside MICs of the E. faecium strain used in this study fell below the upper limit for low-level resistance (MIC = 128 wg/ml).

pg/ml and tobramycin at a breakpoint of >1 pg/ml, and A. bau-
mannii NCTC 13423 shows clinical resistance to gentamicin at a
breakpoint of >4 pg/ml.

On the basis of the MICs, amikacin seemed to be the most
effective agent overall. To assess its bactericidal activity, we gener-
ated concentration-kill curves from stationary-phase cultures.
Cultures at the nongrowing, stationary phase were chosen over
exponentially growing cultures because the latter are likely of little
clinical relevance, especially in the context of chronic infections
(10). During stationary phase, bacteria are usually more tolerant
toward antibiotics, owing to the absence of active growth and
division, high cell density, and nutritional starvation. Notably,
they share these physiological aspects with biofilms, which are
strongly linked with persistent infections (35). Amikacin showed
strong bactericidal activity against all Gram-negative pathogens,
while no killing was observed in S. aureus or E. faecium cultures
(Fig. 1A). This was not unexpected, and the high tolerance of
stationary-phase cultures of S. aureus has been described before
(36, 37). Because gentamicin MICs for S. aureus and E. faecium
indicated high susceptibility, we additionally tested concentra-
tion-dependent killing with this antibiotic. After 24 h of treat-
ment, the number of viable cells decreased approximately 1 log for
E. faecium and 4 logs for S. aureus (Fig. 1B). On the basis of the
susceptibility and concentration-kill data, amikacin and gentami-
cin were used for the evolution experiments with Gram-negative
and Gram-positive ESKAPE pathogens, respectively.

Next, we assessed the presence of persister cells. Biphasic kill-
ing kinetics are an indication of the presence of persisters, as the
bulk of the population is killed rapidly, followed by a phase of slow
killing due to the presence of tolerant persisters. We performed
detailed time-based killing experiments using an antibiotic con-
centration of 400 pg/ml, which corresponds to at least 50 times the
MIC and falls within the plateau phase of the concentration-kill
curves in Fig. 1. Persister plateaus were clearly identifiable for all
pathogens (Fig. 2). To exclude the possibility that surviving cells
were resistant mutants, we confirmed that the MICs for the sur-
viving cells were unchanged and, hence, that they were genuine
persisters.

Periodiclethal challenge with aminoglycosides selects for in-
creased antibiotic persistence but not antibiotic resistance. Cur-
rent clinical guidelines suggest high-dose extended-interval ad-
ministration of aminoglycosides, reconciling toxicity concerns
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FIG 1 Concentration-kill curves of the ESKAPE pathogens show various de-
grees of bactericidal activity. (A) Gram-negative ESKAPE pathogens but not
Gram-positive ESKAPE pathogens are readily killed by amikacin (400 pg/ml).
(B) Gentamicin possesses a modest bactericidal effect on the Gram-positive
ESKAPE pathogens. Missing data points at high concentrations indicate that
the number of surviving cells fell below the detection limit (10 CFU/ml). Error
bars represent standard deviations (n = 2).
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FIG 2 Time-kill curves of the ESKAPE pathogens are biphasic and indicate the
presence of persister cells. (A) Amikacin (400 pg/ml) was used for the Gram-
negative pathogens K. pneumoniae, E. aerogenes, P. aeruginosa, and A. bau-
mannii. (Inset) Magnification of the killing during the first 5 h. (B) Gentamicin
(400 pg/ml) was used for the Gram-positive species S. aureus and E. faecium.
Missing data points at long treatment durations indicate that the number of
surviving cells fell below the detection limit (10 CFU/ml). Error bars represent
standard deviations (n = 2).

with efficacy (29, 38). Theoretically, such fluctuating stress condi-
tions are predicted to promote the evolution of antibiotic toler-
ance through increased persister cell formation, rather than to
select for resistant mutants (39). In agreement with our earlier
observations in nonpathogenic E. coli (30), all ESKAPE pathogens
showed a rapid evolution toward high persistence under cyclic
aminoglycoside treatment (Fig. 3). To confirm that our experi-
mental design successfully avoided the selection of resistant mu-
tants, endpoint populations were regrown from glycerol stocks to
test for increased MICs. None of the populations’ MICs deviated
more than 2-fold from the ancestor’s MIC.

Since the evolved populations are likely heterogeneous, a ran-
dom clone from one of the evolved populations was isolated for
further analysis. None of these clones showed an increased MIC
for the antibiotic used during evolution, nor did we observe cross-
resistance or hypersensitivity to any other tested antibiotic, in-
cluding aminoglycosides (amikacin, gentamicin, tobramycin),
fluoroquinolones (ciprofloxacin, levofloxacin), a carbapenem
B-lactam (meropenem), colistin, vancomycin, and rifampin, ex-
cept for a single case where the S. aureus evolved clone showed a
modest 4-fold increase in the ciprofloxacin MIC (Table 1). Con-
firming the evolutionary trajectories in Fig. 3, the levels of persist-
ers among the evolved clones were significantly increased upon
treatment with the antibiotic used during evolution, ranging from
a 37-fold increase for E. faecium to a 213-fold increase for A. bau-
mannii (Fig. 4).

August 2016 Volume 60 Number 8

Antimicrobial Agents and Chemotherapy

Persistence in the ESKAPE Pathogens

(a)

-2+
-34
-4
54 P. aeruginosa
.61 A. baumannii

=
—o—

74/ -& K. pneumoniae
-©- E. aerogenes

Logqo(persister fraction)

=

Logqo(persister fraction) —

-e- S. aureus
8 E. faecium

T T T T T T T T 1

2 3 4 5 6 7 8 9 10
Cycle

FIG 3 ESKAPE pathogens evolve rapidly toward high persister levels under in
vitro intermittent aminoglycoside therapy. The antibiotics used were amikacin
(Gram-negative pathogens) (a) or gentamicin (Gram-positive pathogens) (b)
at 400 pg/ml for 5 h. Each cycle consisted of (i) antibiotic killing for 5 h, (ii)
removal of the antibiotic and transfer to fresh medium, and (iii) batch growth
to stationary phase. Cycles were repeated every 24 h (S. aureus, E. aerogenes,
and E. faecium) or 48 h (P. aeruginosa, A. baumannii, and K. pneumoniae). Two
independent replicates per species are shown.

Evolved high-persistence clones show cross-tolerance to
clinically important antibiotics. Persistence is often denomi-
nated multidrug tolerance, as persister cells can withstand the ac-
tivities of multiple antibiotics (40) and even host-related stresses,
such as complement-mediated lysis (41). Therefore, we compared
persister levels among the wild-type and evolved high-persistence
clones with other important bactericidal antibiotics. For each
pathogen we selected a representative fluoroquinolone (cipro-
floxacin for all Gram-negative pathogens except A. baumannii and
levofloxacin for Gram-positive pathogens and A. baumannii) and
B-lactam (meropenem). For Gram-negative pathogens, we also
included the last-resort antibiotic colistin, and Gram-positive spe-
cies were additionally tested with rifampin and vancomycin. Ex-
cept for A. baumannii, all Gram-negative pathogens showed sig-
nificantly increased persister fractions with most tested antibiotics
(Fig.4). For S. aureus and E. faecium, the rate of survival of the wild
type to stationary phase was already very high with all antibiotics,
and no significant cross-tolerance could therefore be observed.

Increased persistence is also observed in a biofilm environ-
ment. In vivo, persisters surviving antibiotic treatment are nor-
mally efficiently eliminated by the immune system. Therefore,
persisters are clinically problematic only in those situations where
they can escape the action of immune components, e.g., by resid-
ing in the protective environment of a self-produced biofilm ma-
trix (13). This fact prompted us to investigate if the high-persis-
tence clones also showed increased persister levels in biofilms. All
evolved pathogens except K. pneumoniae showed significantly in-
creased persister levels in a biofilm environment (Fig. 5), strength-
ening the clinical relevance of the high-persistence phenotype.

aac.asm.org 4633


http://aac.asm.org

Michiels et al.

P. aeruginosa A. baumannii K. pneumoniae

g 0+ 0 ns 0+ ok N
B8 LTS ok
.g -2 * -2 ok ok -2 ns
% kK -
= -4 -4 -4
o
[
o k%
S -6 -6 -6
8’ ns
-
-8- T T T T -8- r T -8- r T
AMK CIP MEM CST AMK LEV MEM CST AMK cIp MEM CST
. aerogenes . aureus . faecium
E. S. E. f
= ns ns ns ns ns
§ 0 * . 0- *:* ns e " 04 xkx oy oy = el
B kK ns
g 2 -2 -2
3
2 kK
[ -4 -4 -4
[
o
S -6 I -6 -6
(=
S
-8- T T T -8- — — -8- — — — — —
AMK CIP MEM CST GEN LEV MEM RIF VAN GEN LEV MEM RIF VAN

FIG 4 Persister levels for clinically important antibiotics in the wild type (solid bars) and clones isolated from evolved populations (open bars). Stationary-phase
cultures were incubated with a high dose of antibiotic for 5 h to determine persister levels. Antibiotics were used at the following concentrations: amikacin and
gentamicin, 400 pg/ml; ciprofloxacin and levofloxacin, 30 pg/ml; meropenem, rifampin, and colistin, 100 g/ml; and vancomycin, 200 wg/ml. Error bars
represent the standard errors of the means (1 = 3). Statistical significance was determined using a repeated-measure two-way ANOVA with Sidak post hoc testing
(a0 = 0.05). Symbols and abbreviations: ¥, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, nonsignificant; AMK, amikacin; GEN, gentamicin; CIP, ciprofloxacin; LEV,

levofloxacin; MEM, meropenem; CST, colistin; RIF, rifampin; VAN, vancomycin.

DISCUSSION

Despite increased efforts in recent years, the problem of antibiotic
resistance continues to grow (1, 8, 42). It has been postulated that
persistence is an important contributor to the emergence of resis-
tance because it produces a continuous reservoir of viable cells in
the presence of antibiotics (19). Additionally, many of the pro-
cesses involved in persistence, e.g., multiple stress responses, have
also been found to accelerate adaptive evolution by increasing
mutation rates and promoting horizontal gene transfer (20). In
this light, a better understanding of the persistence phenomenon
not only is required to fight chronic and recurrent infections but
also has the added benefit to yield strategies that limit the spread of
resistant pathogens.

Persistence has previously been described in P. aeruginosa (37,
43),S. aureus (37,44), A. baumannii (45, 46), and very recently, K.
pneumoniae (47), but to our knowledge, no reports on persistence

in E. aerogenes or E. faecium have been published. Our results thus
expand the growing list of pathogens for which persistence has
been observed, and it is indeed expected that persistence is a uni-
versal trait of bacteria as insurance against unforeseeable harsh
environments (39). We note that the observed levels of persisters
of the different ESKAPE species varied substantially. Indeed, it is
known that persister levels differ strongly between species or even
between strains of the same species, for example, in A. baumannii
(45).

In previous work, we showed strong selection for nonpatho-
genic E. coli mutants with extremely high levels of persistence
under periodic aminoglycoside treatment (30). Here, we show
that this is not only of fundamental clinical interest but also of
important clinical interest by extending this observation to six of
the most challenging human pathogens. Antibiotic dosing in our
in vitro evolution experiments shares certain aspects with the cur-
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FIG 5 Increased persister levels of evolved ESKAPE clones in biofilms. The antibiotics used were amikacin for P. aeruginosa, A. baumannii, K. pneumoniae, and
E. aerogenes and gentamicin for S. aureus and E. faecium. Biofilms were challenged with antibiotic in spent MHB medium. Error bars represent the standard errors
of the means (n = 6). Statistical significance was determined using unpaired ¢ tests (a = 0.05). Symbols and abbreviations: *, P < 0.05; ***, P < 0.001; ns,
nonsignificant; hip, high-persistence clone.
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rent clinical practice of once-daily aminoglycoside dosing, under-
scoring the relevance of these findings. Although we acknowledge
that our experiments do not truly simulate in vivo pharmacoki-
netics, they do recapitulate two important characteristics: very
high, lethal peak doses followed by a considerable time window
with no or only low concentrations of antibiotic. We used amika-
cin and gentamicin at 400 pg/ml, which is a concentration higher
than what is usually achieved clinically. However, recent guide-
lines suggest that gentamicin and amikacin peak serum concen-
trations in critically ill patients should reach up to 40 and 80 g/
ml, respectively (48), and pathogens might encounter even higher
concentrations upon administration through inhalation (49).

Two other recent studies have reported the evolution of anti-
biotic tolerance without resistance using ampicillin in E. coli (50)
and daptomycin in S. aureus (51), indicating that these observa-
tions are not restricted to aminoglycosides. Studies of longitudinal
isolates from long-term chronic infections have also delivered in-
direct evidence that the evolution of persistence occurs in vivo. In
long-term P. aeruginosa lung infections, selection for increased
persister levels without an increase in resistance was reported (15),
and similar observations were made in uropathogenic E. coli (52)
and the fungal pathogen Candida albicans (53). However, no se-
lection for increased persistence in Burkholderia species was seen
during prolonged treatment of infected lungs (54). Remarkably,
increased E. coli persister levels decreased again during in vitro
evolution in the absence of antibiotic stress (30), but whether this
also applies to other pathogens, antibiotics, or clinical situations
remains unknown.

A noteworthy finding was that, similar to what we described
previously in E. coli (30), the tolerance of high-persistence clones
isolated from endpoint populations was not restricted to the an-
tibiotic used during evolution. With the exception of A. bauman-
nii, all Gram-negative pathogens showed cross-tolerance toward
at least one other antibiotic. This is remarkable, because these
antibiotics were never present during evolution and have very
different mechanisms of action. These results indicate that the
high-persistence clones evolved a generic strategy conferring mul-
tidrug tolerance rather than an antibiotic-specific adaptation.
This could have important clinical consequences, as unsuccessful
antibiotic treatments might select for cross-tolerance and limit the
efficacy of subsequent treatments with other antibiotics. It is also
interesting to note how our observations differ from the results of
recent work on the experimental evolution of aminoglycoside re-
sistance (55). In this work, researchers describe how increased
aminoglycoside resistance correlates with enhanced susceptibility
to a whole range of other antibiotics, including ciprofloxacin, van-
comycin, and B-lactams. The contrasting effects on cross-protec-
tion against unrelated antibiotics during the controlled evolution
of aminoglycoside persistence described in our work and amin-
oglycoside resistance described elsewhere (55) could, hypotheti-
cally, favor the evolution of persistence over resistance in real-life
situations when aminoglycosides are alternated or combined with
other antibiotics.

The high-persistence phenotype, which was evolved under
strictly planktonic conditions, was retained when the bacteria ad-
opted a sessile biofilm lifestyle, suggesting that similar mecha-
nisms underlie increased antibiotic persistence under planktonic
and biofilm conditions. Biofilm persisters are clinically highly im-
portant, as they have been shown to be a major contributor to the
antibiotic recalcitrance of biofilms (36, 56). A recent, large-scale
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survey found that 25.6% of all hospital-acquired infections were
due to device-associated infections (i.e., ventilator-associated
pneumonia, catheter-associated urinary tract infection, and cen-
tral catheter-associated bloodstream infection) (5). These kinds of
infections are usually accompanied by the formation of biofilms
(57), showing that there is an urgent need for a better understand-
ing of persister cell formation by nosocomial pathogens.

Recent studies have investigated the role of global regulators
and the genetic basis of aminoglycoside persistence in E. coli (58,
59). Analysis of the genetic basis for the high-persistence pheno-
type of the isolated clones is outside the scope of this report, but
based on our and others’ previous work (30, 50, 51), we expect
that the high-persistence phenotype results from only one or a few
discrete mutations. In ongoing work, we are trying to identify
these causal mutations and explain how they lead to increased
persistence.

Taken together, we showed that ESKAPE pathogens form per-
sisters and that this trait is under strong selective pressure during
periodic, high-dose antibiotic administration, hence revealing a
new adaptive strategy employed by pathogens to withstand anti-
biotic eradication. Moreover, the evolved high-persistence phe-
notype was retained in biofilms and with different classes of anti-
biotics. Importantly, these high-persistence mutants would go
undetected in routine clinical tests and thus might form the bac-
terial pathogens’ actual, but invisible, first line of defense against
antibiotic therapy. Thus, our work adds to the emerging view that
persistence is an overlooked and underestimated adaptive strategy
allowing pathogens to survive antibiotic treatment.
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