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Survival of Bactericidal Antibiotic Treatment by a Persister
Subpopulation of Listeria monocytogenes
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Department of Systems Biology, Technical University of Denmark, Lyngby, Denmark

Listeria monocytogenes can cause the serious infection listeriosis, which despite antibiotic treatment has a high mortality. Understand-
ing the response of L. monocytogenes to antibiotic exposure is therefore important to ensure treatment success. Some bacteria survive
antibiotic treatment by formation of persisters, which are a dormant antibiotic-tolerant subpopulation. The purpose of this study was
to determine whether L. monocytogenes can form persisters and how bacterial physiology affects the number of persisters in the popu-
lation. A stationary-phase culture of L. monocytogenes was adjusted to 10° CFU ml ™", and 10° to 10* CFU ml™" survived 72-h treatment
with 100 pg of norfloxacin ml™', indicating a persister subpopulation. This survival was not caused by antibiotic resistance as regrown
persisters were as sensitive to norfloxacin as the parental strain. Higher numbers of persisters (10° to 10®) were surviving when older
stationary phase or surface-associated cells were treated with 100 jrg of norfloxacin ml~". The number of persisters was similar when a
AsigB mutant and the wild type were treated with norfloxacin, but the killing rate was higher in the AsigB mutant. Dormant norfloxa-
cin persisters could be activated by the addition of fermentable carbohydrates and subsequently killed by gentamicin; however, a stable

surviving subpopulation of 10> CFU ml~" remained. Nitrofurantoin that has a growth-independent mode of action was effective
against both growing and dormant cells, suggesting that eradication of persisters is possible. Our study adds L. monocytogenes to the
list of bacterial species capable of surviving bactericidal antibiotics in a dormant stage, and this persister phenomenon should be borne

in mind when developing treatment regimens.

O ne of the greatest achievements in medicine was the discovery
of antibiotics that have enabled treatment of a wide range of
microbial diseases. However, the extensive use of antibiotics is also
a known driver for the development of resistance, rendering even
simple infections difficult to treat (1). The presence of bacterial
biofilms is another cause of treatment failure, since biofilm cells
tend to be more tolerant to antibiotics. This tolerance is often
caused by the presence of dormant antibiotic-tolerant bacterial
persisters (1-3). The first description of bacterial persisters was
published only a few years after the discovery of penicillin, when
Joseph Bigger observed that a small subpopulation of Staphylococ-
cus aureus survived treatment with penicillin. Bigger concluded
that penicillin was incapable of sterilizing an infection as persist-
ing cells, temporarily in a nondividing phase, were tolerant to
penicillin (4). Persisters have been described in other pathogens
such as Escherichia coli, Pseudomonas aeruginosa, Mycobacterium
tuberculosis, and Candida albicans (5-9). Recent studies have
shown a direct link between relapse of chronic infections such as
tuberculosis, cystic fibrosis pneumonia, and candidacies and the
presence of persister (6, 10, 11). Persisters are a subpopulation of
the total population that are in (or develop into) a dormant, non-
dividing state that enables them to survive treatment with other-
wise bactericidal antibiotic (3, 12). This dormant state can be ob-
served by a typical biphasic antibiotic killing pattern with an initial
rapid killing of bulk population and plateau where only the per-
sister subpopulation remains alive or are slowly killed. This bipha-
sic pattern is observed both with increasing concentrations of an-
tibiotics or with increasing treatment time (3, 12).

The entry of bacterial cells into dormancy can be regarded as an
insurance policy wherein a small subpopulation allows the sur-
vival of the organism during stress exposure (13). The best-stud-
ied example of dormancy is spore formation; however, nonsporu-
lating species can also enter dormancy such as the persister state
(14). Persister formation is a stochastic event caused by pheno-
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typic switching (15). Recent studies have suggested that the exit of
dormancy, i.e., the revival postantibiotic treatment is also a sto-
chastic event (14, 16). Although being a stochastic event, the for-
mation of persisters can be induced by environmental factors
(type I persisters), but they are also continuously generated during
growth (type II persisters) (15). The level of persisters, i.e., the
number of persisters surviving antibiotic treatment compared to
the initial total population, is influenced by cell physiology and
environmental conditions such as the length of stationary phase
(9, 17), biofilm growth (8, 18), sublethal antibiotic concentration
(19), indole (20), and oxidative stress (21). Shah et al. (22) com-
pared the transcriptome of E. coli persisters with stationary-phase
cells and showed that specific genes such as toxin-antitoxin (TA)
systems are induced in persisters. Persisters were therefore de-
scribed as a distinct physiological state, but the regulatory and
genetic mechanisms involved in persister formation are not fully
understood. TA systems contribute to bacteriostasis and can facil-
itate survival during stress such as antibiotic exposure (23), since
fluctuations of toxin levels above and below a certain threshold
cause the phenotypic switch and thereby the coexistence of ac-
tively growing and dormant cells (24).

The food-borne pathogen Listeria monocytogenes can cause a
noninvasive gastroenteritis in people with normal immune de-
fense or an invasive infection in the immunocompromised, the
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TABLE 1 L. monocytogenes strains used in this study

Strain Description Source or reference
EGD Lineage II, serotype 1/2a Werner Goebel
EGD AsigB 60

EGDe (BUG1600) Lineage II, serotype 1/2a O. Dussurget

4446 Lineage I, serotype 4b 38

N53-1 Lineage II, serotype 1/2a 39

F2365 Lineage [, serotype 4b 40

elderly, or the unborn fetus. The mortality in patients with liste-
riosis is high and can reach 20 to 30% (25). The clinical symptoms
of invasive listeriosis can appear within days but may not be evi-
dent for up to 2 months (26, 27). Relapse of listeriosis is rare, but
cases where unique strains have caused a second infection have
been reported (28, 29). However, in most of the reported relapse
cases, there has been an underlying illness causing the host to be
immunocompromised (28, 29). Although L. monocytogenes s sus-
ceptible to a wide range of antibiotics, treatment of listeriosis is
complex. Most antibiotics have a bacteriostatic effect on L. mono-
cytogenes, and only a few have a bactericidal effect (30, 31). On the
other hand, the bacterium is only intrinsically resistant to a few
antibiotics, i.e., nalidixic acid, fosfomycin, and broad-spectrum
cephalosporins (31), and acquired resistance to other antibiotics is
only slowly increasing (32). L. monocytogenes is an intracellular
organism and replicate in the cytosol of the host cell, where only a
limited number of antibiotics are effective (33). For years the stan-
dard treatment has been a combination of gentamicin and ampi-
cillin (31). A third obstacle to antibiotic treatment success could
be formation of persisters but this phenomenon has not been
described in L. monocytogenes. However, in a previous study we
observed a biphasic killing pattern when L. monocytogenes was
exposed to increasing concentrations of norfloxacin and gentami-
cin (34). A similar biphasic killing patterns can be found in older
literature when the bacterium was treated with bactericidal antibi-
otics (35), although some reports also demonstrate a complete killing
of L. monocytogenes by bactericidal antibiotics (36, 37).

Based on biphasic killing pattern of L. monocytogenes observed
in previous studies (34, 35), we hypothesized that L. monocyto-
genes could form persisters, as observed in other pathogens, and
the aim of the present study was to investigate whether L. mono-
cytogenes can form persisters and, if so, how physiological factors
affect the number of persisters in the population and finally
whether dormant L. monocytogenes persisters can be killed by dif-
ferent strategies.

MATERIALS AND METHODS

Bacterial strains and growth conditions. L. monocytogenes strains used in
the present study were shown in Table 1. The panel included well-studied
laboratory strains (EGD and EGDe) and lineage I and II strains, i.e., a
human clinical isolate L. monocytogenes 4446 (38), a persistent strain iso-
lated from the fish smokehouse L. monocytogenes N53-1 (39), and an
outbreak strain caused by Mexican-style soft cheese L. monocytogenes
F2365 (40). Bacterial stock cultures were stored at —80°C and grown on
brain heart infusion (BHI; Oxoid, catalog no. CM 1135) agar at 37°C. One
colony was inoculated in 5 ml of BHI and incubated overnight aerobically
at 37°C with shaking (250 rpm). To obtain a standardized stationary-
phase culture, the overnight culture was diluted 1,000-fold, and 10 pl of
this diluted culture was inoculated in 10 ml of fresh BHI in 50-ml Falcon
tubes (corresponding to a 10° dilution) and incubated at 37°C for 16 h at
250 rpm.
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Determining the presence and level of persisters. To allow compar-
ison between different treatments and cells in different growth phases, we
used an experimental setup with a constant stoichiometric ratio between
biomass and antibiotics consistent with other studies (5, 9). All cultures,
i.e., exponential- and stationary-phase cultures, as well as surface-associ-
ated cells, were adjusted to optical density at 600 nm (ODyy,) of 0.2 in
either fresh BHI or peptone saline (0.9% saline with 0.1% peptone) before
addition of antibiotics. The treatments included bactericidal antibiotics: 4
to 200 g of norfloxacin ml ™" (dissolved in 0.99 ml of sterile MilliQ water
with 10 pl of glacial acetic acid; Fluka, catalog no. N9890), 0.5 to 40 g of
gentamicin ml~" (dissolved in sterile MilliQ water; Sigma, catalog no.
G3632), a combination of gentamicin and ampicillin (dissolved in sterile
MilliQ water; Sigma, catalog no. A9518) in 0.2 to 20 pg ml~ ' and 1 to 100
pgml ™!, respectively, or 1 to 500 pg of nitrofurantoin ml ™' (dissolved in
dimethylformamide; Sigma, catalog no. N7878). Cultures were incubated
at 37°C at 250 rpm during antibiotic treatment. Bacterial counts were
determined just before treatment and at subsequent time points by plate
counting on BHI agar. All experiments were performed with two or three
independent biological replicates, and the number of replicates in each
experiment has been indicated in the figure legends.

Effect of physiological state of L. monocytogenes on the persister
level. The effect of growth phase on persister level in the population was
investigated by comparing stationary phase cells to exponentially growing
cells. The latter were obtained by diluting an overnight culture 10° or 10'°
times in fresh BHI in a 50-ml Falcon tube and incubating at 37°C at 250
rpm. This resulted in a balanced exponentially growing culture (ODg,, =
0.2 to 0.6) after 16 h. The effect of static/aerated conditions on persister
level in the population was investigated by diluting an overnight culture
10° times in BHI and incubating it under static conditions at 37°C for 16
h. The shaken and static cultures were also sampled after 3 and 6 days of
incubation. The effect of surface-associated growth on persister level was
performed as described by Singh et al. (18). An overnight culture was
diluted 1,000-fold, and 10 pl was spotted onto 0.2-pwm-pore-size GE poly-
carbonate filter (GE Water & Process Technologies, catalog no.
K02CP04700) that was placed on a BHI agar and incubated at 37°C. The
persister level was determined at 16 h, 3 days, and 6 days by submerging a
filter with bacterial growth in 10 ml of BHI and vortexing the sample
vigorously for 1 min before adjusting the ODy, to an 0.2 and exposing the
sample to antibiotics. The effect of indole was investigated as described by
Vega et al. (20). L. monocytogenes was grown in BHI with or without 15
wM indole before treatment with antibiotics. The effect of short-term
exposure to 500 wM indole was investigated by adjusting an exponentially
growing culture to an OD, 0f 0.2, adding 500 wM indole, and incubating
the sample for 1 h. The ODg,, was adjusted to 0.2 after 1 h, and the
persister level was determined as described. All experiments were per-
formed with three independent biological replicates except the indole
experiments that were performed twice.

Killing of persisters by carbohydrate and antibiotic addition. The
addition of fermentable carbohydrate allows killing of E. coli persisters by
gentamicin (41). In the present study, norfloxacin persisters were ob-
tained as described above by using 100 or 200 g of norfloxacin ml~*. The
persister population was isolated after 4 h treatment by centrifugation at
8,000 X g for 5 min, washed with improved minimal medium (IMM
[42]), centrifuged, and finally resuspended in IMM without any carbon
source. The persister population was then treated with 10 g of gentami-
cin ml~ ! with or without addition of carbohydrates: 10 or 20 mM glucose,
10 mM fructose, 10 nM mannitol, or 10 mM glycerol. Controls with no
gentamicin or glucose were included. Bacterial counts were done as de-
scribed previously. The experiment was performed with at two or three
independent biological replicates.

Statistical analysis. Bacterial counts from each biological replicate
were log,, transformed prior to statistical analysis using Microsoft Excel.
A Student t test with a significance level of P < 0.05 was used to determine
whether the number of surviving persisters was significantly different
upon the different conditions.
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FIG 1 Concentration-dependent killing kinetics of L. monocytogenes treated with bactericidal antibiotic. (A) Treatment of L. monocytogenes EGDe (H) with
increasing concentrations of norfloxacin for 4 h. The experiment was performed with two biological replicates, and error bars indicate the standard deviations.
(B) Treatment of L. monocytogenes EGDe (B) with increasing concentrations of gentamicin for 4 h. The experiment was performed with two biological replicates,
and error bars indicate the standard deviations. (C) Treatment of L. monocytogenes EGDe (M) with increasing concentrations of a mixture of gentamicin and
ampicillin. The ratio of gentamicin (G) to ampicillin (A) was 1:5. The experiment was performed with three biological replicates, and error bars indicate the
standard deviations. (D) Treatment of L. monocytogenes wild types—EGD (), 4446 (A), N53-1 (X), and F2365 (@)—with increasing concentrations of
norfloxacin for 4 h. The experiment was performed with two biological replicates, and error bars indicate the standard deviations.

RESULTS

L. monocytogenes persisters are formed when treated with bac-
tericidal antibiotics. We previously observed a surviving subpop-
ulation when L. monocytogenes was treated with bactericidal anti-
biotics (34), and to investigate this possible persister phenomenon,
we exposed stationary-phase L. monocytogenes EGDe to increasing
norfloxacin concentrations and found a similar biphasic killing pat-
tern (Fig. 1A). The bulk population (10* CFU ml ") was killed rap-
idly reaching a plateau of surviving cells of 10* to 10> CFU ml ™!
consistent with our previous study (34). A similar biphasic killing
pattern was observed in treatments with increasing concentrations of
gentamicin for 4 h (Fig. 1B) and in treatments with a combination of
gentamicin and ampicillin (Fig. 1C). Biphasic killing patterns such as
these are characteristic of the presence of persisters (3, 12). Similar
results were obtained when testing an EGD strain instead of EGDe
(see Fig. S1A to C in the supplemental material).

Persisters are defined as the surviving population when a mi-
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crobial culture is exposed either to increasing concentration of
bactericidal antibiotics or to a fixed concentration over longer
time (12). A biphasic killing pattern was also seen, when L. mono-
cytogenes was treated with 100 g of norfloxacin ml~" over a 72-h
period (Fig. 2A). The bulk of the population was rapidly killed;
however, from 24 h and onward a low, but stable, subpopulation
of ~10° CFU of L. monocytogenes ml™" survived. To ensure that
the surviving bacteria were in fact persisters and not resistant bac-
teria, we isolated surviving persister cells from 24 h treatment with
100 pg of norfloxacin ml™". These persister isolates were inocu-
lated in fresh medium and grown to stationary-phase cultures and
treated with 100 g of norfloxacin ml~". They were as sensitive to
norfloxacin treatment as the parental strain EGDe and similar
biphasic killing pattern was observed (Fig. 2B). Collectively, this
indicates that the surviving subpopulation was persisters since
they had not acquired resistance allowing survival upon norfloxa-
cin treatment.
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FIG 2 Time-dependent killing of L. monocytogenes treated with 100 pg of
norfloxacin ml™ . (A) L. monocytogenes EGDe (M) in BHI (full line) or pep-
tone saline (broken line). Experiments were performed with three and two
biological replicates, respectively, and error bars indicate the standard devia-
tions. (B) Killing of surviving persisters from panel A. Two persister isolates,
Bl (®) and B2 (A), which survived 24 h of treatment with 100 pg of norfloxa-
cin ml~" in BHI, were exposed to a second 24-h treatment with 100 pg of
norfloxacin ml~ ' in BHI. One persister isolate, B3 (@), which survived the
second cycle (B1) of 24 h of treatment with 100 pg of norfloxacin ml ™" in BHI,
was exposed to a third 24-h treatment with 100 pg of norfloxacin ml™'. As a
control, a nonpersister EGDe (M) was included. The experiment was per-
formed once.

To verify that the persister phenomenon was not unique to the
laboratory strain EGDe wild type, we treated a small panel of wild-
type strains with norfloxacin. The killing kinetics of all strains
were similar (Fig. 1D), although the strains differed slightly in the
level of surviving cells. For all strains, more cells survived when
treated for 4 h with 200 as opposed to 100 g of norfloxacin ml ™",
This paradoxical phenomenon of reduced killing by increasing
concentration of antibiotics is known as the Eagle effect (43, 44).
Although the EGDe strain showed Eagle effect at 4 h, the persister
level after 24 h norfloxacin treatment was similar at 100 and 200
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pg ml™! (data not shown), indicating that increased incubation
time eliminated the Eagle effect for this strain.

The L. monocytogenes persister level is dependent on the
growth phase and conditions. Persisters are assumed to gener-
ated during growth, i.e., preexist in the population before an-
tibiotic treatment (15, 45, 46); however, the number of persist-
ers in the total population is dependent on the growth
condition and/or growth phase (8, 9). Compared to the sta-
tionary-phase culture (16 h), an exponentially growing culture
had significantly fewer surviving bacteria (P = 0.01) when
treated for 4 h with 100 wg of norfloxacin ml~' (Fig. 3A), but
the persister level was similar in an exponentially growing and
stationary phase when treated for 24 h (P = 0.95, Fig. 3A). A
significantly (P = 0.01 and 0.01) higher level of persisters were
seen when 3- and 6-day-old stationary-phase cultures were
treated with 100 g of norfloxacin ml~' compared to a 16-h
stationary-phase culture (Fig. 3A), indicating the age of the
stationary-phase population influenced the level of persisters.
Killing kinetic of the different cultures also indicated a rela-
tionship between the age of the L. monocytogenes culture and
the rapidness of the killing (Fig. 3A).

Surface-associated growth or biofilm growth generate higher
levels of persisters in P. aeruginosa and S. aureus compared to
planktonic growth (8, 18). There is also a tendency toward in-
creased levels of L. monocytogenes persister during surface-associ-
ated growth compared to planktonic culture at all investigated
time points, i.e., 16 h, day 3, and day 6; however, the increase is not
significant (P = 0.10, P = 0.11, and P = 0.11, respectively; Fig.
3B). With increased age, the difference in the persister level be-
tween surface-associated and planktonic shaken cultures were re-
duced (Fig. 3B), possibly due to increased heterogeneity in plank-
tonic aged cultures since the biofilm cells are known to have high
heterogeneity (47).

Further, we analyzed whether the level of oxygen affected the L.
monocytogenes persister level. The persister level was lower in
static cultures compared to shaken cultures at 16 h (P = 0.03) and
day 3 (P = 0.003) but not at day 6 (P = 0.67; Fig. 3B). This
difference could in part be caused by lower growth rate during
static growth and the growth phases, i.e., the ages of static and
shaken cultures may not be comparable.

Since the persister level was dependent on the length of the
stationary phase and surface-associated growth, this could indi-
cate a relationship with the general stress response, and we com-
pared the persister level in a wild-type EGD and isogenic AsigB
mutant. In an early-stationary-phase culture, the number of sur-
viving persisters was lower in the AsigB mutant compared to the
wild-type at 4 h (P = 0.06) and 12 h (P = 0.01) of norfloxacin
treatment (Fig. 3C), but at 24 h there was no difference between
the wild type and the AsigB mutant (P = 0.69). When 3- or 6-day
stationary-phase cultures were treated, there was no difference in
the persister levels of the wild type and the AsigB mutant (data not
shown).

In E. coli, the stationary-phase signal, indole, increases the level
of persisters (20); however, we found that growth in BHI with 15
M indole had no effect on the L. monocytogenes persister level
compared to BHI control (data not shown). Similarly, a short time
exposure to 500 wM indole did not affect persister level (data not
shown). This suggests that indole does not affect the persister level
in L. monocytogenes and might not act as a stationary-phase signal
in L. monocytogenes.
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FIG 3 Effect of physiological factors on the level of L. monocytogenes per-
sisters. (A) Time-dependent killing of L. monocytogenes EGDe with 100 pg
of norfloxacin ml™". The results for exponentially growing cells at 16 h (A,
broken line), stationary-phase cells at 16 h (A, full line), stationary-phase
cells at day 3 (), and stationary-phase cells at day 6 (M) are shown. The
experiment was performed with three biological replicates, and error bars
indicate the standard deviations. (B) Effect of different growth conditions
and lengths of incubation on the persister level of L. monocytogenes EGDe
when treated with 100 pg of norfloxacin ml™"' for 24 h. The results for
stationary-phase planktonic cells grown aerated (A), stationary-phase
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Addition of fermentable carbohydrates to gentamicin re-
duced the L. monocytogenes persisters. Several studies have been
dedicated to approaches that resensitize persisters to antibiotics
(5,41, 48). We added fermentable carbohydrates and gentamicin
to norfloxacin persisters of L. monocytogenes EGDe and found that
addition of 10 mM glucose to 10 g of gentamicin ml ™" killed two
log units of the L. monocytogenes persisters compared L. monocy-
togenes persisters to which no carbohydrate was added during
treatment with 10 wg of gentamicin ml ™" (Fig. 4A). In IMM with-
out carbohydrates, no growth was observed but L. monocytogenes
persisters would regain growth capacity by addition of 10 mM
glucose to IMM without antibiotic. Addition of 20 mM glucose
instead of 10 mM had no effect further on the killing of L. mono-
cytogenes persister. Similar to glucose, 10 mM fructose induced
rapid gentamicin killing of the persisters, whereas 10 mM glycerol
induced a slow killing of persisters (Fig. 4A). In contrast, 10 mM
mannitol, which cannot be metabolized by L. monocytogenes, was
not capable of inducing gentamicin killing of L. monocytogenes
persisters (Fig. 4A). Similar results were obtained when testing
EGD persisters isolated after treatment with 100 or 200 g of
norfloxacin ml~" (see Fig. S2A and B in the supplemental mate-
rial).

Although the addition of fermentable carbohydrates allowed
killing L. monocytogenes persisters with gentamicin, this was not a
complete eradication since ~10° CFU ml ™" survived for 24 h of
treatment, a finding consistent with the persisting population af-
ter norfloxacin treatment.

Active metabolism is required for killing of L. monocyto-
genes by norfloxacin but not by nitrofurantoin. Many antibiot-
ics, including gentamicin (Fig. 4A), have a mechanism of action
that is dependent on active bacterial metabolism. We investigated
norfloxacin killing when a stationary-phase L. monocytogenes cul-
ture was diluted in peptone saline instead of BHI. In peptone
saline, less than 1 order of magnitude of killing was observed over
the 72 h tested (Fig. 2A), indicating that the killing of L. monocy-
togenes by norfloxacin was dependent on an active metabolism.
However, other antibiotics do not require growth or active metab-
olism to exert their effect and one such antibiotic is nitrofurantoin
(49). Indeed, nitrofurantoin caused the same killing pattern of L.
monocytogenes cells when diluted in either BHI or peptone saline,
indicating a killing not dependent on active metabolism (Fig. 4B).
The nitrofurantoin killing of L. monocytogenes continued, albeit at
a slower pace, after 24 h, suggesting that nitrofurantoin is capable
of reducing the otherwise stable L. monocytogenes persister popu-
lation.

DISCUSSION

We here demonstrate that a subpopulation of a L. monocytogenes
culture can survive treatment with bactericidal antibiotics such as
norfloxacin and gentamicin. This dormant, antibiotic-tolerant
state has been described in several pathogens, including E. coli, S.

planktonic cells grown statically (®), and surface-associated cells (H) are
shown. The experiment was performed with three biological replicates, and
error bars indicate the standard deviations. (C) Time-dependent killing of L.
monocytogenes EGD and AsigB mutant with 100 pg of norfloxacin ml™'. The
results for stationary-phase cells of EGD at 16 h (A, full line) and stationary-
phase cells of the AsigB mutant at 16 h (A, broken line) are shown. The exper-
iment was performed with two biological replicates, and error bars indicate the
standard deviations.
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FIG 4 Killing kinetics of L. monocytogenes persisters treated with gentamicin
and carbohydrates or by nitrofurantoin. (A) Gentamicin killing of persisters
with different fermentable carbohydrates. The results obtained for gentamicin
in IMM (M, full line), gentamicin plus 10 mM glucose in IMM (@, full line),
gentamicin plus 10 mM fructose in IMM (A, full line), gentamicin plus 10 mM
mannitol in IMM ([, broken line), gentamicin plus 10 mM glycerol in IMM
(@, full line), and the growth control of 10 mM glucose in IMM (4, broken
line) are shown. The experiment was performed with two biological replicates,
and error bars indicate the standard deviations. (B) Time-dependent killing of
L. monocytogenes EGDe (A) with 400 g of nitrofurantoin ml™" in either BHI
(fullline) or peptone saline (broken line). The experiment was performed with
three biological replicates, and error bars indicate the standard deviations. At
48- and 72-h time points, only two biological replicates were performed.

aureus, M. tuberculosis, P. aeruginosa, and C. albicans (2, 4, 6-8),
and we can now add L. monocytogenes to this list. Persister forma-
tion is a significant challenge in treatment of chronic diseases (3,
10), and bacterial populations forming high levels of persisters
have been isolated in cystic fibrosis lungs (11) and from cancer
patients with oral candidiasis (6). Although there are only few
reports on treatment failure or relapse of listeriosis (28, 29), our
data indicate that the persister phenomenon should be borne in
mind, especially since persisters were formed when L. monocyto-
genes was exposed to a combination of gentamicin and ampicillin,
which is the standard clinical treatment.

The persister phenomenon was not restricted to laboratory
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strains, i.e., EGD and EGDe, but was also found in clinical and
outbreak wild types such as 4446 and F2365. Increasing concen-
trations of norfloxacin did not increase or stabilize the killing but
rather reduced the killing of several L. monocytogenes strains. This
so-called Eagle effect (44) was first described over 60 years ago;
however, the mechanism is still not fully understood (43). Re-
cently, Tanouchi et al. (50) observed that altruistic death could
generate an Eagle effect as death and lysis of some cells in the
population caused the release of enzymes, which increased the
surviving chances for the rest of the population. Other mecha-
nisms, such as reduced antibiotic activity or the induction of re-
sistance mechanisms, have been suggested as cause of the Eagle
effect (referred to in reference 50). In E. coli, the Eagle effect ap-
pears to be strain specific (51), and we similarly observed strain
differences in L. monocytogenes. Therefore, the Eagle effect is more
likely caused by altruistic death or differences in resistance and/or
tolerance than reduced antibiotic activity since this likely would
not have caused differences between strains. The Eagle effect was,
however, time dependent, and this could have serious implica-
tions for short but high doses of antibiotic treatment compared to
lower doses of antibiotics used for longer treatments.

Low levels of persisters are found in exponentially growing E.
coli and P. aeruginosa, whereas the persister level increase in sta-
tionary phase (8, 9). In agreement with these studies, we found
that an extended incubation time of the culture, i.e., the length of
the stationary phase, increased the persister level, especially after 6
days of incubation. A difference in killing between exponentially
growing cells and early-stationary-phase cultures was seen after 4
h treatment with norfloxacin but not after 24 h, indicating that the
killing of exponentially growing cells was faster than of an early
stationary-phase culture. The level of persisters in E. coli increase
with 4 logs during the first 18 h of stationary phase (9), whereas the
L. monocytogenes persister level increased only ~2logs over 6 days.
This slower and lower increase in levels of persisters could be
caused by the slower growth rate of L. monocytogenes compared to
E. coli. However, other factors could affect this differential in-
crease of persisters in stationary phase. One such factor could be
the lack the sucB gene encoding the 2-oxoglutarate dehydrogenase
(52), causing a noncyclic tricarboxylic acid pathway in L. monocy-
togenes. An E. coli sucB mutant has a very low level of persisters,
and no increase in persister level was observed upon entry to sta-
tionary phase (9). However, the L. monocytogenes persister level in
exponentially growing cultures and the early stationary phase are
higher than those observed E. coli and P. aeruginosa (8, 9). This
initial high level of persisters could be due to the lack of hydroxyl
radical production upon antibiotic exposure, which appears to be
absent in L. monocytogenes (34). Persisters produce fewer hy-
droxyl radicals after antibiotic treatment than normally growing
cells, and this could be one of the mechanisms by which they
escape the antibiotic activity and killing (53).

We had expected SigB to play a role in persister formation in L.
monocytogenes, since the only TA systems in L. monocytogenes
Imo0887-1mo0888, which is a homolog to the S. aureus MazEF
system, is located immediately upstream of the sigB operon (54).
In S. aureus, mazEF is cotranscribed with sigB and induces bacte-
riostasis during exposure to the antibiotics and other stressors
(55). However, SigB did not appear to be involved in L. monocy-
togenes persister formation, and the role of its putative TA system
is unknown.

Eradication of persisters is important due to their clinical im-
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pact (5, 41, 48, 49), and studies have targeted specific characteris-
tics of persisters, such as activating metabolism by the addition of
fermentable carbohydrate (41) or inducing hydroxyl production
with the antibiotic clofazimine (5). The addition of fermentable
carbohydrate to L. monocytogenes persisters could activate the
dormant cells, as seen for E. coliand S. aureus (41). However, even
after activation and gentamicin killing, a stable surviving subpop-
ulation was still present, and we speculate that the addition of
fermentable carbohydrate do not kill the truly dormant L. mono-
cytogenes population. In contrast, nitrofurantoin seems to be a
promising candidate for killing L. monocytogenes persisters in
vitro, a finding consistent with reports in Mycobacterium bovis
(49).

Our discovery of L. monocytogenes persisters could potentially,
in part, explain the behavior of this organism in both food pro-
duction and during infection. L. monocytogenes has a saprophytic
lifestyle with a niche in soil and decaying plant material (56) and is
a common contaminant of raw materials and subsequently food
products. Complete eradication of the bacterium from food pro-
cessing is almost impossible, and particular molecular subtypes of
L. monocytogenes can persist in production facilities for up to 5 to
10 years (39, 57); one could speculate that a persister response to
the cleaning and sanitation treatment is a factor enabling persis-
tence. During infection, clinical symptoms of listeriosis often
appear after a long incubation time (26, 27), and the bacterium
survives the host immune system for extended periods. Using a
bio-luciferase-tagged L. monocytogenes, Hardy et al. (58, 59)
found the bacteria were undetectable in mice for up to 15 days
prior spreading to gallbladder, bone marrow, etc., and they sug-
gested that the persisting bacteria were dormant during this pe-
riod (59). L. monocytogenes enters the host by crossing the gastro-
intestinal barrier, and it quickly translocate to the spleen and liver,
where it grows intracellularly in macrophages (25). At this stage, L.
monocytogenes is capable of modulating the innate immune sys-
tem (25); however, while this hampering can explain the immedi-
ate evasion of the immune system, it does explain the long-term
survival of L. monocytogenes in the host. One could speculate that
the persister phenomenon could be a survival strategy of the or-
ganism when exposed to the host immune defense factors. How-
ever, further studies on mechanisms and regulation are needed to
disclose the full implications of L. monocytogenes persisters.
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