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Evaluation of nisin—p-lactam antibiotics against
clinical strains of Salmonella enterica serovar Typhi

Praveen Rishi!, Aman Preet Singhl, Neha Garg1 and Madhuri Rishi?

There is an imperative need to discover novel antimicrobials and anti-infective agents and build up innovative strategies to
combat multidrug-resistant Sa/monella. In this context, we had earlier confirmed that nisin has the potential to act in
conjunction with p-lactams against murine salmonellosis using standard strain. However, evaluation of efficacy of these
combinations against clinical isolates of Salmonella could be the next key step to confirm the value added potential of this
peptide. The present study was therefore planned to validate the synergistic effects of nisin-p-lactams combinations against
clinical isolates of Salmonella enterica serovar Typhi. MICs of the selected p-lactams, EDTA and nisin were determined by
micro and macro broth dilution assays. In-vitro synergism between the agents was evaluated by fractional inhibitory
concentration (FIC) index (checkerboard test) and time-kill assay. All the tested combinations showed synergy against the tested
clinical strains except three, as evident by FIC index (checkerboard test) and time-kill assay. Especially, nisin—ceftriaxone and
nisin—cefotaxime combinations demonstrated excellent synergistic activity. In view of the encouraging results obtained from the
previous and present study, further studies need to be carried out using large number of strains from different regions to take
into account the clinical variability of the strains. Though it is a simple study but highlights an important point about the
possibility of using the said combination while making strategies to develop newer formulations.
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INTRODUCTION

Enteric fever, a systemic disease, with Salmonella enterica serovar
Typhi being the main agent, remains a serious health concern.
Although there is a wide variation in incidence rates and severity of
typhoid worldwide, but in many developing countries, it is a life-
threatening febrile disease turning into a major cause of mortality.
There are an estimated 16 million to 21.6 million cases of typhoid
fever every year, with the highest incidence being reported from
Southeast Asia,' mainly 493.5 cases per 100000 persons/year in India,
15.3 per 100000 persons/year in China to 451.7 per 100 000/year in
Pakistan.>? The true magnitude is difficult to quantify because the
clinical picture is confused with many other febrile illnesses and most
typhoid endemic areas lack facilities to confirm the diagnosis.
However, the cumulative global death toll from typhoid fever is
considerable and highlights the need for research on pathogenesis,
immunity, vaccine development and identification of other
therapeutic agents against the disease.! Currently, the antimicrobials
most widely regarded as optimal for the treatment of enteric fever
are antibiotics like chloramphenicol, ampicillin and extended
spectrum cephalosporins (B-lactams) as well as various quinolones.*
Nevertheless, the emergence of multidrug-resistant strains of
Salmonella species (developed resistance to multiple antibiotics) is
more worrisome in the present therapeutic scenario.> Thus, in light
of the changing pattern to antibiotic sensitivity, there is a need to

revisit the therapeutic regimen combined with efforts toward the
development of effective alternatives.

In this context, bacteriocins appear to be the promising candidates.
One such example is nisin, a well-known broad spectrum bacteriocin
active against Gram-positive pathogens associated with foods.”
However, it is not active against Gram-negative organisms because
the outer membrane (OM) of the Gram-negative cell wall acts as a
barrier for the cell, restricting the access of the peptide to the
cytoplasmic membrane.® Nonetheless, certain agents like EDTA,
citrate and plant essential oils which can disrupt the OM of
Gram-negative bacteria can render them susceptible to nisin, but its
use in clinical trials is restricted due to the limitations on in-vivo use
of EDTA.?

Earlier, the combinations of bacteriocins and antibiotics have been
successfully employed to overcome antibiotic resistance in selected
cases'® and recently, we had also demonstrated that nisin has
the potential to act in conjunction with conventional antibiotics
(B-lactam) against murine salmonellosis.” However, further
evaluation of these nisin—B-lactam combinations against clinical
isolates of Salmonella could be the next key step to confirm the
value added potential of this peptide. The present study was therefore
planned to validate the synergistic effects of nisin, in combination
with conventional B-lactams, against clinical isolates of S. enterica
serovar Typhi.
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MATERIALS AND METHODS
Bacterial strain and growth medium
Standard strain of S. enterica serovar Typhi (Ty2), originally procured from
Central Research Institute, Kasauli, India, (maintained in our laboratory for
the last several years and have also been used in recent studies) along with 12
clinical isolates of serovar Typhi (procured from Government Medical College
and Hospital (GMCH), Chandigarh) were used in the present study. All
isolates included in this study were recovered from random, sporadic and
unrelated cases of typhoid fever. The isolates were revived on nutrient agar
plates and were grown overnight with aeration for 18h at 37 °C in a nutrient
broth (5.0g1~! peptone, 5.0g1~! NaCl, 1.5g1~! beef extract, 1.5g1~! yeast
extract, pH 7.4 %0.2; HiMedia, Mumbai, India) and identified as S. enterica
serovar Typhi by biochemical tests. All the cultures were maintained on
nutrient agar slants and preserved at —80 °C by making 20% glycerol stocks.
For preparation of bacterial cell suspension, bacterial cells grown overnight
(at 37°C, 150r.p.m.) in nutrient broth were collected by centrifugation
(8000 r.p.m., 15min), washed once with 10mm sodium phosphate-buffered
saline (pH 7.2), and resuspended in phosphate-buffered saline to a final
concentration of approximately 107 CFUml .

Agents

Nisin, EDTA, ampicillin, ceftriaxone and cefotaxime powder were obtained
from Sigma-Aldrich (St Louis, MO, USA). Ampicillin, ceftriaxone, cefotaxime
and EDTA were dissolved in distilled water, whereas nisin was dissolved in
0.2N HCI. Stock solutions of 500 mm for EDTA and 1 mgml~! for other
agents were prepared and used within 1 week.

Antimicrobial sensitivity testing

Antibiotic sensitivity profile of the standard strain and all the tested clinical
isolates were checked using HiMedia Octadisc-GII Minus, Combi-508, and
Combi-513 by the method of Bauer et al!! The average inhibitory zone
diameter was compared with the standards provided by the Clinical and
Laboratory Standards Institute (CLSI) guidelines.!> The antibiotic sensitivity
pattern against the following antibiotics was determined: Cefotaxime (CTX)
30 pg, Cefalexin (CN) 30 pug, Co-Trimoxazole (COT) 25 pg, Chloramphenicol
(C) 30pg, Nalidixic acid (NA) 30 pg, Furazolidone (FR) 50 pg, Norfloxacin
(NX) 10 pg, Oxytetracycline (O) 30 pg, Ceftazidime (CAZ) 30 pg, Gentamicin
(GEN) 10pg, Ceftriaxone (CTR) 30pg, Ciprofloxacin (CIP) 5pg, Netillin

(NET) 30 pg, Gatifloxacin (GAT) 30 pg, Cefuroxime (CXM) 30 ug, Ampicillin
(AMP) 10 pg, Amikacin (AK) 30 pg, Cephalothin (CEP) 30 pug.

Quantitative determination of the antibacterial activity

(MIC determination)

The MICs of these agents against standard strain and clinical isolates of serovar
Typhi were determined by macro and micro broth dilution assay methods as
described earlier.””!* Overnight growth was monitored by measuring the OD at
620nm. The MIC was defined as the lowest concentration of each antibiotic
not producing any visible microbial growth.

Fractional inhibitory concentrations

To evaluate synergy, the fractional inhibitory concentration (FIC) index was
determined by checkerboard microtitre test, using an 8-by-8 well configuration
at 64 different combinations as described earlier.” The FIC was calculated after
dividing the MIC of the tested agent in combination by the MIC of tested
agent alone separately. The FIC index, obtained by adding both the FICs, was
interpreted as indicating a synergistic effect when it was <0.5, as additive or
indifferent when it was >0.5 and <2.0, and as antagonistic when it was >2.0.

Time-kill assay

The in-vitro synergy as estimated by checkerboard technique was further
confirmed by time-kill assay. The antimicrobial action of all the antibacterial
agents (nisin, EDTA and antibiotics) was determined at their respective MICs,
when the agents were used alone or in combination against S. enterica serovar
Typhi (Ty2) and one representative clinical isolate as described earlier.” For
each agent, six flasks of nutrient broth were prepared corresponding to various
time intervals; that is, 0, 3, 6, 12, 24 and 48h. The plates were incubated at
37 °C for 24h for enumeration of CFUs.

Statistical analysis

Data were expressed as means+ standard deviations for three to five
independent experiments. Statistical analysis was done by Student’s unpaired
t-test and one-way analysis of variance using Jandel Sigma Stat statistical
software, version 2.0. In all cases, statistical significance was defined as having a
P-value of <0.05.

Table 1 Antibiotic susceptibility pattern of Salmonella enterica serovar Typhi (Ty2) and clinical isolates of S. enterica serovar Typhi as

determined by disc-diffusion technique

Clinical isolates of Salmonella enterica serovar Typhi

Antibiotic Conc. (ug/disc) Serovar Typhi Cl cz c3 c4 ch5 cé6 c7 c8 Cc9 Cl10 Cl1 ciz
Cefotaxime 30 S S S S | S | S S S | S |
Cefalexin 30 S S S S S S S S S S S S S
Co-Trimoxazole 25 S R R S S S S S R R S S S
Chloramphenicol 30 S S S S S S S S R S S S S
Nalidixic acid 30 S R R S R R R R R S R S R
Furazolidone 50 S S S S S S S S R S S S S
Norfloxacin 10 S S S S R S S S S S R S R
Oxytetracycline 30 S S S S S S S S S S S R S
Ceftazidime 30 S R R S | S | S S S | S |
Gentamicin 10 S S S S S S S S S S S S S
Ceftriaxone 30 S S S S S R S S R S S S |
Ciprofloxacin 5 S S S S R S R S S S R S R
Netillin 30 S S S S S S S S S S S S S
Gatifloxacin 30 S S S S S S S S S S R S |
Cefuroxime 30 S R R S S S S S S S R S S
Ampicillin 10 S S S S | S | S R R R S S
Amikacin 30 S S S S S R S S R S S S S
Cephalothin 30 S S S S S R S S R R S S S
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Table 2 MIC values of various antimicrobial agents against
Salmonella enterica serovar Typhi (Ty2) and clinical isolates of S.
enterica serovar Typhi as determined by broth dilution technique

MIC (ugmi=)

EDTA

Isolates Phenotype  Nisir? (mm)  Ampicillin Ceftriaxone Cefotaxime

Serovar Standard  Till 400 20 4 8 20

Typhi Ty2 strain no MIC

C1 Clinical Till 400 40 2 4 16
strain no MIC

c2 Clinical Till 400 40 2 4 16
strain no MIC

Cc3 Clinical Till 400 20 8 4 8
strain no MIC

Cc4 Clinical Till 400 40 8 8 16
strain no MIC

C5 Clinical Till 400 40 8 8 16
strain no MIC

Ccé6 Clinical Till 400 40 8 8 16
strain no MIC

c7 Clinical Till 400 40 8 4 16
strain no MIC

c8 Clinical Till 400 20 8 4 8
strain no MIC

Cc9 Clinical Till 400 40 8 4 16
strain no MIC

C10 Clinical Till 400 40 8 4 24
strain no MIC

Cl1 Clinical Till 400 40 8 4 24
strain no MIC

C12 Clinical Till 400 30 12 12 20
strain no MIC

aMIC of nisin was considered as 400 (ugml~1).
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RESULTS

Antibiogram analysis

Analysis of antibiogram data revealed that serovar Typhi (Ty2) was
sensitive to all the tested antibiotics. On the other hand, clinical
isolate C3 was observed to be sensitive to all the tested antibiotics and
clinical isolates C7 and C11 were observed to be resistant to single
antibiotic, that is, nalidixic acid and oxytetracycline, respectively.
Remaining nine clinical strains were found to be MDR strains as they
were resistant to > 1 antibiotic (Table 1).

MIC determination

MIC for various agents was determined and confirmed by both macro
and micro broth dilution assay. MICs of ampicillin, ceftriaxone,
cefotaxime and EDTA were observed to be 4ug ml—1 8ug ml~L
20pgml~! and 20mM, respectively, against serovar Typhi (Ty2).
Using nisin, no inhibition of growth was observed till 400 ugml !
against all the tested Salmonella strains. The MIC values against all the
tested isolates are summarized in Table 2. According to CLSI
guidelines,'? all the tested clinical isolates of serovar Typhi were
classified as resistant to ceftriaxone and cefotaxime (as per the MIC
breakpoints for ceftriaxone and cefotaxime susceptible (<1),
intermediate (1-4) and resistant (>4)). Conversely, except one
clinical isolate C12, all the tested isolates were observed to be
susceptible to ampicillin (as per the MIC breakpoints for ampicillin
susceptible (<8), intermediate (8-32) and resistant (>32)).

Fractional inhibitory concentrations

Against serovar Typhi (Ty2), all tested combinations (nisin—EDTA,
nisin—ampicillin, nisin—ceftriaxone and nisin—cefotaxime) showed
synergy as indicated by FIC indices, which were <0.5 for all the
combinations. Against clinical isolates C2 and C8, all the tested
combinations were observed to illustrate additive effect as indicated
by FIC indices, which were between 0.5 and 1. Moreover,
clinical isolate C12, the combinations of nisin—ceftriaxone and

Table 3 FIC index of various antimicrobial agents alone and in combinations against Salmonella enterica serovar Typhi (Ty2) and clinical
isolates of S. enterica serovar Typhi as determined by checkerboard method

Nisin+ EDTA Nisin+ ampicillin Nisin+ ceftriaxone Nisin+ cefotaxime
FiC FIC FiC
MIC in combination  index MIC in combination index MIC in combination index MIC in combination
Nisin EDTA Nisin Ampicillin Nisin Ceftriaxone Nisin Cefotaxime FIC

Isolates (wgml=1)  (mm) (ugml—1) (ugmi—1) (ugmi—1) (ugml—1) (ugmi—1) (ugml—1) index
Serovar Typhi 12.5 5 0.282 100 0.5 0.375 12.5 1 0.157 12.5 2.5 0.157
(Ty2)

Cl 12.5 5 0.156 50 0.5 0.375 12.5 0.5 0.157 25 2 0.188
c2 100 20 0.75 200 0.5 0.75 25 2 0.563 200 4 0.75
C3 12.5 2.5 0.156 50 1 0.25 25 0.5 0.188 25 1 0.188
C4 50 2.5 0.188 25 1 0.188 25 2 0.313 100 2 0.375
C5 25 5 0.188 50 0.5 0.188 12.5 0.156 50 1 0.188
C6 50 5 0.25 50 1 0.25 50 2 0.375 50 2 0.25
c7 100 5 0.375 100 1 0.375 100 0.5 0.375 100 1 0.313
c8 200 5 0.75 200 2 0.75 50 2 0.625 50 4 0.625
Cc9 25 10 0.313 50 1 0.25 12.5 0.5 0.156 12.5 2 0.156
C10 25 10 0.313 50 2 0.375 25 1 0.313 25 3 0.188
Cl1 12.5 5 0.156 50 0.5 0.188 12.5 0.5 0.156 12.5 3 0.156
Cl2 200 7.5 0.75 100 3 0.5 12.5 3 0.282 25 5 0.313
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nisin + antibiotic (1 x MIC+ 1 x MIC). Values are expressed as mean + standard deviation of three individual values. ¥P<0.001 versus log;g CFU of serovar
Typhi (Ty2) after 12h in the absence of any antibacterial agent (control); $P<0.01 versus logig CFU of serovar Typhi (Ty2) after 12h in the presence of
nisin (400pug ml—1); *P<0.05 versus log;o CFU of serovar Typhi (Ty2) after 6h in the presence of ampicillin (4 pgml—1); BP<0.05 versus log;g CFU of
serovar Typhi (Ty2) after 6h in the presence of EDTA (20mwm); *P<0.001 versus logig CFU of serovar Typhi (Ty2) after 6h in the absence of any
antibacterial agent (control); #P<0.01 versus log;o CFU of serovar Typhi (Ty2) after 6h in the presence of nisin (400 ugml—1); ¥P<0.05 versus logig CFU
of serovar Typhi (Ty2) after 6h in the presence of ceftriaxone (8 pgml—1); ¢P<0.05 versus log;o CFU of serovar Typhi (Ty2) after 12h in the presence of
cefotaxime (20 pgml—1).
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(20pgml—1).

nisin—cefotaxime were found to be synergistic as indicated by FIC
indices, which were <0.5, whereas nisin—ampicillin and nisin—-EDTA
combinations were found to have additive effects against isolate C12
as indicated by FIC indices. All the remaining nine tested clinical
isolates showed synergy for the three tested combinations, which were
evident by <0.5 FIC indices (Table 3). In other words, when used in
combination with nisin, MICs of EDTA and ampicillin were reduced
by 4- to 8-fold, and MICs of ceftriaxone and cefotaxime were reduced
by 8- to 16-fold, respectively.

Time-kill assay

To confirm the checkerboard analysis, serovar Typhi (Ty2) and isolate
C12 were chosen to perform time-kill assay. Against serovar Typhi
(Ty2), nisin—ampicillin and nisin~EDTA exhibited synergy after 12h,
whereas nisin—ceftriaxone and nisin—cefotaxime showed synergy after
6h, respectively (Figure 1). On the other hand, against clinical isolate
C12, both nisin—ceftriaxone and nisin—cefotaxime combination
showed synergy after 6 and 12h respectively, which was evident by
a =2 log)g unit reduction as compared to the killing of same
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magnitude by each agent alone, which seems to occur at 24h
(approximately) indicating that the combinations could kill bacteria
more rapidly than each single agent. Though nisin~EDTA, nisin—
ampicillin were able to reduce the growth of clinical isolate more
significantly as compared to each single agent, it did not show synergy
because log)( unit reduction was less than 2 logy units at every time
point as compared to the killing of same magnitude by each agent
alone (Figure 2).

DISCUSSION

In the past, the high prevalence of MDR strains among Salmonella
isolates has prompted fluoroquinolones as the primary antibiotics.
However, in the recent past, resistance to this class of antibiotics has
been reported among both serovar Typhi'4 and serovar Paratyphi.'®
Thus, the use of third-generation cephalosporins, such as ceftriaxone,
for the management of enteric fever gained acceptance in the last
decades.'® However, resistance cassettes against third-generation
cephalosporins had already been found in integron-like structures
in other enterobacteriaceae, and resistance to third-generation



cephalosporins was recently described in Salmonella as well.!7>18

Therefore, there is an urgent need to discover novel antimicrobials
and anti-infective agents and to develop innovative strategies to
combat them. Use of antimicrobial peptide in conjunction with
antibiotics can be perceived as a promising solution to the growing
problem of resistance to conventional antibiotics particularly by
facilitating the entry of drug into the cells. Combination therapy
can therefore be used to increase the antimicrobial activity as well as
to broaden the antimicrobial spectrum.

Nisin acts mainly by permeating the cytoplasmic membrane with
the formation of transient pores, which allow leakage of intracellular
metabolites and dissipation of membrane potential and by the
disruption of cell wall biosynthesis through binding to lipid I1.1%2
However, Gram-negative bacteria are covered by an OM composed of
a phospholipid bilayer, surrounded by a network of lipids and
polysaccharides referred to as lipopolysaccharides. Therefore, due to
the barrier provided by the OM, nisin alone is generally not effective
against Gram-negative bacteria as evident by broth dilution assay (no
inhibition of growth was observed till 400 ugml~! against all the
tested Salmonella strains). Nevertheless, in our previous study we
demonstrated that nisin was able to exert its antimicrobial activity
against Salmonella in the presence of conventionally used f-lactams
(ampicillin, ~ ceftriaxone and cefotaxime) at much lower
concentrations.” Therefore, in the present study, nisin—B-lactam
combination was checked against standard strain of S. enterica
serovar Typhi (Ty2) and clinical isolates of S. enterica serovar Typhi
for the validation of the above-mentioned combinations.

Checkerboard assay revealed that out of 13 tested Salmonella
isolates including the standard strain, 10 isolates showed synergy
with all the four tested combination. Remaining three isolates though
did not exhibit any synergy, but were observed to illustrate additive
effect with nisin~EDTA and nisin—ampicillin combinations, which
indicates that there is a need to evaluate the efficacy of other
combinations. These results have strengthen our earlier hypothesis
that P-lactams and nisin acted cooperatively by increasing the
permeabilization of nisin across bacterial OM and by rendering the
drug efflux pumps ineffective, thereby increasing cellular drug
accumulation by altering cell permeability, leading to collapse of
membrane potential and causing rapid efflux of materials present in
cytosolic milieu.?122 In conclusion, when used in combination, nisin
reduced the concentration of the PB-lactams which may reduce the
chances of developing resistance in the pathogens besides reducing the
associated side effects of the former. This careful and limited
antibiotic use might help in removal of selective pressure, thereby
reducing the chances of developing resistance.

Time-kill assay results also supported the checkerboard assay
findings as standard strain exhibited synergy against all the tested
combinations and clinical isolate showed synergy against nisin—
ceftriaxone and nisin—cefotaxime. 3-Lactams have also been reported
to trigger hydroxyl radical and superoxide formation, which damage
DNA, lipids and proteins.?>?* This might be attributed to the fact that
increased influx of the antibiotics due to pore formation by nisin
results in faster inhibition.

Most interesting finding of the study was that addition of nisin
amplified the activity of the B-lactams (ampicillin, ceftriaxone and
cefotaxime) at much lower MICs, thereby rendering serovar Typhi
isolates sensitive to tested [-lactams, which were earlier found to be
resistant as per the CLSI guidelines. This increased therapeutic efficacy
might be attributed to multitargeted approach of the combinations.

In conclusion, nisin—B-lactam combinations, especially nisin—
ceftriaxone and nisin—cefotaxime combinations, demonstrated
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excellent synergistic activity against clinical isolates of S. enterica
serovar Typhi. In view of the encouraging results obtained from the
previous and present study, validation of the efficacy of the tested
combinations further needs to be done having large number of
isolates because of the clinical variability of Salmonella strains in
different geographical areas.
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