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Abstract Bacterial persisters (defined as dormant, non-

dividing cells with globally reduced metabolism) are the

major cause of recurrent infections. As they neither grow

nor die in presence of antibiotics, it is difficult to eradicate

these cells using antibiotics, even at higher concentrations.

Reports of metabolites (which help in waking up of these

inactive cells) enabled eradication of bacterial persistence

by aminoglycosides, suggest the new potential strategy to

improve antibiotic therapy. Here we propose, mannitol

enabled elimination of Salmonella persister cells by the

nisin–antibiotic combination. For this, persister cells were

developed and characterized for their typical properties

such as non-replicative state and metabolic dormancy.

Different carbon sources viz. glucose, glycerol, and man-

nitol were used, each as an adjunct to ampicillin for the

eradication of persister cells. The maximum (but not

complete) killing was observed with mannitol–ampicillin,

out of all the combinations used. However, significant

elimination (about 78%) could be observed, when nisin (an

antimicrobial peptide) was used with ampicillin in presence

of mannitol, which might have mediated the transfer of

antibiotic–nisin combination at the same time when the

cells tried to grab the carbon molecule. Further, the

effectiveness of the trio was confirmed by flow cytometry.

Overall, our findings highlight the potential of this trio-

combination for developing it as an option for tackling

Salmonella persister cells.
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Introduction

Treatment of bacterial infections is getting complicated by

both bacterial resistance and persistence. Bacterial persis-

tence is often responsible for recurrent bouts of the asso-

ciated diseases. Persisters are not the same as antibiotic-

resistant bacteria as the latter survive because of genetic

mutations that protect them from antibiotics. On the other

hand, persisters survive by essentially pretending dead in

presence of stress. They shut down their normal metabolic

functions, lie inactive in the body and refuse to gobble up

the antibiotics designed to poison them. Salmonella Typhi

is one such organism that is posing a major threat to human

health due to its ability to cause a repeated relapse of

typhoid fever [1]. Salmonella has the ability to persist

within the macrophage. After getting phagocytized by the

macrophages, a small proportion of Salmonella population

gets transformed into persisters due to the action of various

factors such as toxin–antitoxin modules, low pH, metabolic

limitations and oxidative stress [2, 3]. Due to the dormancy

of organisms, antibiotic treatment is unsuccessful in con-

trolling relapse of bacterial infections. In this context,

antimicrobial peptides are gaining attention as an alterna-

tive strategy for fighting against these dormant cells. The

major target of antimicrobial peptides (AMPs) is mem-

brane integrity, which is essential for the survival of
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bacteria irrespective of the metabolic state of the cell [4–6].

In the present study, the successful use of trio-combination

of nisin, antibiotic and sugar as an effective cocktail to

eradicate Salmonella persisters is being reported for the

first time.

With a view to restore the activity of previously effi-

cacious drugs; ampicillin was selected for the study as it

has been the drug of choice to treat typhoid fever in the

past. Minimum inhibitory concentration (MIC) of ampi-

cillin against standard Salmonella enterica serovar Typhi

strain Ty2, grown under normal standard condition was

recorded as 4.0 lg/ml. To induce the development of

Salmonella persister cells, 1% overnight culture was see-

ded into 20 ml of fresh nutrient broth and incubated for 6 h

(which attained O.D600nm 1.0, corresponding to approxi-

mately 1010 CFU/ml), washed and suspended in 2 ml of

PBS. Thereafter, cells were exposed to environmental

stresses (10 mM H2O2, having MIC 0.5 mM and 22.5 lg/
ml lysozyme) for 15 min each and enumerated by plating

on nutrient agar plates (Fig. 1a). It has been reported that

exposure to environment stress before the antibiotic stress

helps in turning on stress-responsive cascades, causing a

major number of cells to switch on the tolerant state

thereby increasing the probability of persisters formation

[7, 8]. After exposing the culture to environmental stress, it

was treated for 4 h with ampicillin at its MIC and higher

than MIC values (4, 10, 20, 30, 40, 50, 60, 70, 80 lg/ml) at

standard growth conditions. Earlier work has demonstrated

that treatment under these conditions for 4 h eliminates all

susceptible non-persister cells [9]. We verified that

remaining cells were persisters by increasing the concen-

tration of ampicillin up to 100 lg/ml and noted no further

significant decrease in the viability (after 80 lg/ml) by spot

plating on normal nutrient agar plates (Fig. 1b) and

antibiotic (80 lg/ml) containing nutrient agar plates. On

nutrient agar plates, significant growth was observed,

whereas no growth was observed on antibiotic containing

plates thereby, confirming the formation as well as the

property of persister cells that they resume their growth

when subjected to normal conditions, unlike when exposed

to any stress. Salmonella persisters were isolated under the

simulated conditions encountered by the pathogen in the

intracellular milieu of macrophages, suggesting the favor-

able niche of the organisms [10]. Further, biphasic curve,

which is considered as a characteristic feature of persisters

was studied by time-dependent killing using ampicillin at

80 lg/ml concentration. This resulted in an initial reduc-

tion in the colony forming units (CFU/ml) which corre-

spond to sensitive cells followed by a plateau and fraction

of cells that survived, indicating that persisters are not

vulnerable to even higher concentration of ampicillin

(Fig. 1c) [11]. Unlike resistant cells which replicate even

under the antibiotic stress, persisters do not divide under

such conditions. Isolated persister cells were exposed to

normal (nutrient broth) and antibiotic stress (nutrient

broth ? 80 lg/ml of ampicillin) conditions alternatively,

proved the non-dividing state of dormant/persister cells in

presence of antibiotic stress. Persister cells also considered

as metabolically inactive or slow, because of down-regu-

lation of metabolic genes, in contrast to normal cells [12].

The metabolic state of cells determined using a metabolic

marker dye AlamarBlue� (Invitrogen Tech.), indicated the

difference in the degree of metabolism of persister cells in

presence and absence of stress condition [13] It is based on

the ability of metabolically active cells to reduce resazurin

(a component of dye) into red color compound resorufin

(Fig. 1d).

After confirming the characteristic properties of isolated

persisters, we further looked into the possible way of

eradicating these cells. Recently, it has been found that

addition of carbon sources such as mannitol, glucose,

fructose, and pyruvate could restore the susceptibility of

E. coli persister cells to antibiotics by stimulating their

metabolic activity [14–16]. Different carbon sources such

as glucose, glycerol, and mannitol were used as an adjunct

to ampicillin (80 lg/ml) in two different concentrations (50

and 25 mM). Maximum reduction was observed in man-

nitol (25 mM) ? ampicillin combination followed by

glycerol (50 mM) and glucose (50 mM) combination with

ampicillin (Fig. 2a). Mannitol in addition to, increasing the

metabolic activity of cells by generating proton motive

force (PMF) has also been reported to increase the osmo-

larity of the cells as well as to inhibit starvation and stress-

induced defenses. This could be the reasons for the higher

effectiveness of mannitol and ampicillin combination out

of the rest of the combinations [14, 17, 18]. Moreover, it

has been reported that glycerol mediated antibiotic killing

of persisters is less efficient than that with mannitol

mediated [14]. However, the mannitol–ampicillin combi-

nation did not lead to the complete killing of persister cells.

The reason could be that the intake of antibiotic by the cell

is not carbon source specific but antibiotic specific [14].

Therefore, to further potentiate the influx and killing by the

antibiotic, nisin (AMPs) was used along with mannitol.

Nisin was selected for the study because it is being used for

decades in the food industry as preservative, therefore, is

considered safe to use for the in vivo system [5]. Earlier

reports from our laboratory have shown that beta-lactam

antibiotics could confer higher inhibitory activity when

used in combination with nisin [5]. These antibiotics lead

to changes in cell morphology and might help in perme-

abilization of nisin across the bacterial outer membrane,

enabling nisin to form pores in the inner membrane.

Additionally, this might allow more influx of antibiotics

resulting in more inhibition [19].Therefore, in addition to,

increasing metabolic activity using mannitol, synergistic
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action of ampicillin and nisin was exploited for the eradi-

cation of persister cells.

The 100 lg/ml and 0.5 lg/ml concentration of nisin and

ampicillin, respectively (in synergism, below their MICs)

has been found effective against normal Salmonella [5].

The respective concentrations of both the agents were used

in present study to monitor their effect on the persister

cells. However, this combination was found to be inef-

fective to kill these cells that could be due to the limited

influx of agents, as the cell is in a dormant state (Fig. 2b).

Therefore, the trio of sugar, ampicillin, and nisin was tried

to revert the persister phenotype. Nisin and ampicillin at

two different concentrations (100 lg/ml nisin ? 0.5 lg/ml

ampicillin and 200 lg/ml nisin ?1 lg/ml ampicillin) were

used with a specific concentration of mannitol (25 mM

concentration). The trio combination at concentrations,

200 lg/ml nisin ?1 lg/ml ampicillin ? 25 mM mannitol,

was found to be the most effective showing 78% reduction

rate of the persister cells (Fig. 2b).

To differentiate between live and dead cells before and

after the treatment, flow cytometry analysis was performed.

Data revealed that after 2 h of treatment, a shift in fluo-

rescence peak was recorded that shows the dead population

in comparison to control, represented in Fig. 2c.

This study highlights three main points: (1) the normal

S. Typhi cells were found sensitive to the antibiotic (as per

the CSLI guidelines); however, the developed persister

cells did not respond to even the much higher concentration

of the ampicillin. (2) Persisters partially responded to

ampicillin at 80 lg/ml concentrations in the presence of

carbon source mannitol (25 mM). Further, (3) nisin-

ampicillin (200 and 1 lg/ml, respectively) combination

Fig. 1 Characteristic features of Persister cells. a Exponential phase

S. Typhi cells were subjected to environmental stress (10 mM of

H2O2 and 22.5 lg/ml of lysozyme, 15 min each) and enumerated by

plating on nutrient agar plates. b After environmental stress cells were

further treated for 4 h with different concentrations (at MIC and

higher than the MIC) of ampicillin. After 80 lg/ml no significant

reduction in viability was recorded and these survived cells were

taken as persister cells. c Time-dependent antibiotic (80 lg/ml)

killing kinetics of S. Typhi cells showing biphasic curve; a

characteristic property of persister cells. The initial reduction in the

log10cfu/ml corresponds to sensitive cells followed by a plateau and

fraction of cells that survived, indicating S. Typhi persister cells.

d Metabolic state difference of persister cells under stress and normal

condition: A—Persisters in PBS (Nutrient stress), B—Persisters in

antibiotic stress (80ug/ml) and C—Persisters in nutrient media (no

stress). Tube A and B do not show the change in color in comparison

to tube C, where color is turned pink due to the reduction of resazurin

(a component of dye) into red/pink color compound resorufin by

metabolically active cells (color figure online)

Indian J Microbiol (Apr–June 2018) 58(2):239–243 241

123



tried to eradicate the persister cells in presence of mannitol

(25 mM) was found effective. Considering all these

observations, the study revealed that the mentioned trio

combination might prove to be helpful in developing the

strategic option for combating persister cells.

Statistical Analysis

Experiments were conducted at least three times and data

are expressed as mean ± SD. Statistical significance was

assessed by one-way analysis of variance (ANOVA).

Values less than 0.05 (p\ 0.05) were considered as sta-

tistically significant.
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